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ABSTRACT OF THE DISSERTATION 

 

Astrocyte and neuron subproteomes reveal 

cell-specific contributions relevant to obsessive-compulsive disorder behaviors 

 

by  

 

Joselyn Sarai Soto 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2023 

Professor Baljit S. Khakh, Chair 

 

     Astrocytes are morphologically complex and bushy cells that tile the entire central nervous 

system and contribute, along with neurons, to the formation of a complex network with dense 

physical, chemical, and electrical connectivity. In the striatum, astrocyte fine processes contact 

about eleven neuronal somata and their synapses where they mediate homeostatic and supportive 

roles. Because there is a clear spatial and functional relationship between astrocytes and neurons, 

we used cell- and subcompartment-specific proximity dependent biotinylation to explore the 

proteomes of striatal astrocytes and neurons in vivo. We studied cytosolic and plasma membrane 

compartments of astrocytes and neurons to assess how these cells differ at the protein level. 

Furthermore, we assessed functional subcellular compartments of astrocytes, including the end 

feet and fine processes, to understand the molecular basis of essential astrocytic functions. 

Surprisingly, SAPAP3 protein (gene: Dlgap3) associated with obsessive-compulsive disorder 

(OCD) was detected at equivalent levels in both cell types and in select astrocyte subcompartments 
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including the plasma membrane and fine processes. Validation with transcriptomics, in situ 

hybridization, and protein labeling revealed that SAPAP3 RNA and protein are highly expressed 

in astrocytes. Furthermore, causal genetic experiments in the SAPAP3 knockout mouse model of 

OCD revealed cell-specific contributions of astrocytes and neurons to repetitive and anxiety-

related behaviors. Thus, our data define the molecular basis of astrocyte and neuronal signaling in 

the striatum and how astrocyte and neuronal SAPAP3 mechanisms contribute to OCD phenotypes 

in mice. Taken together, our findings suggest that targeting both astrocytes and neurons could 

likely be effective in OCD and potentially other neuropsychiatric disorders.  
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CHAPTER 1: INTRODUCTION 

Section 1.1: Historical perspective on astrocytes 

     While giving a lecture on a warm spring day in 1858, famed physician, Rudolf Virchow 

announced the concept of ‘neuroglia,’ or nerve glue, to a class of medical students. Virchow 

understood that neurons, the electrical conduit cells of the nervous system, did not exist alone in 

the nervous system. However, Virchow deduced that this neuroglia was a connective-like tissue 

that merely provided structural support to the neurons and did not contain any cells (Virchow, 

1856; Virchow, 1858).  

     The first conclusive investigation of neuroglia came from Camillo Golgi in the early 1870s 

when he developed a robust method to stain cells with silver nitrate solution. Golgi’s method, as 

this staining procedure is now called, allowed visualization of single cells and in this way the cells 

making up the neuroglia were visualized. Golgi was able to visualize and illustrate the first images 

of glial-vascular contacts (Golgi, 1873; Golgi, 1903) and pioneered the first theory of glial function 

which proposed that glial cells of the central nervous system were responsible for mediating 

substance exchange between the vasculature, thus providing metabolic support to the rest of the 

brain through these specialized glial-vascular contacts. Because Golgi’s intricate illustrations 

showed these glial cells as stellate with protruding branches, Hungarian anatomist, Michael von 

Lenhossek named these cells ‘astrocytes’ (Lenhossek, 1891).  

     As the 19th century came to a close, novel anatomical methods began to emerge and astrocyte 

research advanced as Santiago Ramon y Cajal developed a gold sublimate staining method that 

allowed visualization of astrocytes (Ramon y Cajal, 1913). With this method, Cajal found that 

astrocytes and neurons spatially and intimately interact and thus, he thought that astrocytes perhaps 

worked spatially to regulate neuronal information flow (Parpura and Verkhratsky, 2012). As 

visualizations and illustrations of astrocytes began to emerge in this time period, the idea that 
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astrocytes and neurons functionally interact began to take shape. German surgeon, Carl Ludwig 

Schleich, proposed that astrocytes could be driving general inhibitory mechanisms in the brain via 

their peri-synaptic processes and that the size of these processes could control information flow 

through synapses (Schleich, 1894). Cajal also suggested that the swelling of peri-synaptic 

processes could block neurotransmission and was a mechanism of sleep (Ramon y Cajal 1925).  

     Finally, astrocytes began to become implicated in pathological contexts. Alzheimer began to 

contemplate the role of astrocytes in disease, including dementia (Alzheimer 1910), while 

Andriezen observed that in pathological conditions, astrocytes became ‘hypertrophic’ (Andriezen, 

1893). While these observations led to exciting questions emerging in the novel astrocyte field, 

the function of astrocytes remained unexplored for the next part of the century. As novel methods 

for recording and studying the electrically excitable neurons began to emerge, research on the 

electrically “silent” astrocytes was neglected. Furthermore, because of the technical advents of 

electrophysiology, the neuroscience field began to adopt a neuro-centric doctrine in which neurons 

are considered the sole drivers of brain signaling, disease, and behavior. As the novelty of single-

cell electrophysiology decreased, the past forty years have seen a plethora of data supporting the 

early ideas of astrocytes as functional components of the central nervous system and its function. 

However, outstanding questions remain in our understanding of astrocyte function and its relation 

to neuronal function. 

 

Section 1.2: Astrocytes play essential roles in the central nervous system 

     In order for the central nervous system to function properly, adequate maintenance of the 

microenvironment is essential for normal neuronal function.  This includes regulation of the 

extracellular pH, osmolarity, extracellular ion composition, and the neurotransmitter concentration 
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(Benarroch, 2005). Furthermore, as deduced by Golgi, there should be an abundant supply of fuel 

for neuronal metabolism and local regulation of blood flow in order to meet the energy demands 

of active populations of neurons.  

     Astrocytes are the most abundant glial cells in the brain and make up about half of the cells in 

the human adult brain (Barres, 2008). Using specialized genetic and imaging tools for astrocytes, 

we now know that astrocytes are remarkably complex and “bushy” cells with thousands of finger-

like processes extending from the cell body (Bushong et al., 2002; Shigetomi et al., 2013; Moye 

et al., 2019). The finest of these processes interact intimately with synapses where they can regulate 

neurotransmitter concentration, synapse formation, synapse removal, and overall synapse function 

(Allen, 2014; Allen and Lyons, 2018). Furthermore, astrocytes contain a specialized perivascular 

endfoot which fully ensheathes the cerebral vasculature, regulates blood flow, regulates nutrient 

uptake and contributes to the blood brain barrier (Nuriya and Yasui, 2013; Belanger et al., 2011; 

Bazargani and Attwell, 2016). Additionally, astrocytes are the only cells in the central nervous 

system that store glycogen (Ventura and Harris 1999; Lundgaard et al., 2014) and are a major 

source of cholesterol and lipoproteins, which are structural components of cell membranes.   

     As Cajal and Schleich had reasoned, recent evidence has also shown that astrocytes can 

influence neuronal function. Neurons and astrocytes are intimately associated and form two 

separate interactive networks: the neuronal network which is connected by synapses and an 

astrocyte network connected via gap junctions composed of connexin proteins to form a 

syncytium. These interactions allow astrocytes to modulate neuronal function by regulating 

neuronal excitability. Indeed, astrocytes facilitate repetitive neurotransmission through uptake of 

potassium ions (K+) and neurotransmitters such as glutamate and GABA (Walz 2000, Oliet et al., 

2001). Because astrocytes are highly permeable to K+ ions, and thus, their very low resting 
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potential does not allow neuronal-like action potentials to occur, these cells have been canonically 

considered as electrically “silent” and unresponsive. This is mostly because the 

electrophysiological tools by which neurons are studied cannot be used to the same effect in 

astrocytes. However, the advent of genetically targeted and cell-specific tools have demonstrated 

that astrocyte responses exist via changes in intracellular calcium (Ca2+).  Ca2+ changes have been 

observed in astrocytes in response to local neuronal activity (Charles et al., 1991; Dani et al., 1992; 

Kang et al., 1998) and during discrete behavioral responses in vivo such as self-grooming and 

locomotion in mice (Paukert et al., 2014, Shigetomi et al., 2016, Srinivasan et al., 2015, Yu et al., 

2018). Evidence also shows that these astrocyte Ca2+ signals are directly involved in complex 

mouse behaviors such as self-grooming (Yu et al., 2018; Halassa and Haydon 2010).  

     While we have learned much about astrocyte function in the brain over the last forty years with 

the advents of new tools catered for astrocytes, the fundamental biological mechanisms by which 

astrocytes and neurons interact in vivo are still unknown. Furthermore, the channels and molecules 

implicated in regulating Ca2+ pathways, regulating endfoot function, and regulating peri-synaptic 

processes have not been fully described. This missing puzzle piece would give great insight on 

how astrocytes fulfill their many functions in the central nervous system. 

 

Section 1.3: Molecular methods to study astrocytes 

     With the genomic revolution occurring at the beginning of the 21st century and molecular 

methods such as genomic sequencing and RNA-sequencing becoming high-throughput and readily 

available, understanding the genes expressed by astrocytes in normal and pathological contexts in 

mouse models became crucial to understand basic astrocyte biology. Methods to isolate astrocytes 

in order to obtain cell-specific transcripts were developed including: primary cell culture (Bachoo 
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et al., 2004; Zhang et al., 2014), dissociation for fluorescence activated cell sorting (FACS) of 

genetically fluorescent astrocytes (Cahoy et al., 2008), cell-specific mouse lines expressing tagged 

ribosomes in astrocytes (Heiman et al., 2008; Srinivasan et al., 2016), and more recently, single 

cell sequencing (Yu et al., 2020). The advent of these methods allowed astrocyte RNA profiles to 

be studied extensively in a variety of contexts including throughout development / aging (Zhang 

et al., 2014; Clarke et al., 2018), during spinal cord injury (Anderson et al., 2016), in the context 

of stroke (Rakers et al., 2019), in different brain regions (Lin et al., 2017; Chai et al., 2017; Endo 

et al., 2022) and many more contexts (Yu et al., 2020). Cell-specific RNA sequencing methods 

have thus, allowed us to understand astrocytes in an unprecedented manner. For example, we now 

understand that not all astrocytes express glial acidic fibrillary protein (GFAP), the protein that 

Cajal’s gold sublimate method stained. We now also understand that depending on the context, 

different molecular pathways within an astrocyte change which could give rise to a variety of 

functional responses.  

   While RNA sequencing has been invaluable in the quest to understand astrocyte function in 

health and disease, it is important to reassess what this readout signifies. While the central dogma 

of biology states that the nucleotide sequence of a gene determines the sequence of its mRNA 

product and this mRNA’s sequence determines the amino acid sequence of a polypeptide chain, 

there is no easy way to explain the relationship between the concentration of an mRNA transcript 

and the concentration of the resulting protein (Liu et al., 2016).  Post-translational modifications 

(Tang and Amon, 2013), translation rates (Wethmar et al., 2010), translational modifications 

(Barrett et al., 2012), and cell states (Liu et al., 2016) all have a complex influence on protein 

abundance and its relation to mRNA abundance. Furthermore, there are different types of mRNA-

protein correlations that must be clearly identified (Vogel and Marcotte, 2012). For example, if an 
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astrocyte upregulates GFAP expression under a variety of conditions, the correlation of GFAP 

mRNA and protein could be measured across different conditions. This type of analysis would 

address to what extent the variation of protein levels is determined by variations of its 

corresponding mRNA levels. However, if multiple genes are changed under a certain condition, 

assessing the mRNA and protein level concentration of those genes would address to what extent 

concentration differences between transcripts of different genes show up at the protein level. 

(Vogel and Marcotte, 2012; Marguerat et al., 2012). Furthermore, because a cell in itself is not a 

stable entity, as it is constantly changing its energy needs and regulating itself, mRNA and protein 

levels can vary in relationship to each other both spatially and temporally. For example, if a new 

nascent polypeptide chain is being translated, the mRNA levels will be significantly higher than 

the protein levels at time = 0 versus at time = 30 sec. Therefore, it is important to consider how 

much we can interpret from mRNA in relation to astrocyte function.  

     Proteins are the main macromolecules that mediate function and are the primary output of gene 

expression. Proteins have discrete and precise engineered parts that are coupled to chemical events 

(Alberts et al., 2002) and are the only type of macromolecule that interacts with all other 

macromolecules such as lipids, carbohydrates, RNA, DNA, and other proteins to conduct their 

functions. Proteins are highly specialized to their interactors, are precisely localized within a cell, 

and have a vast repertoire of diverse functions. Therefore, a cell’s functional output is highly 

dependent on the proteins it expresses. Recent advents in protein biology, including the inception 

of mass-spectrometry based proteomics forty years ago, have allowed analysis of proteins in 

diverse biological samples (Han et al., 2008). While a variety of different mass-spectrometry 

approaches have been developed over the last four decades, a generic workflow has emerged and 

has been continuously refined to ask address a variety of different questions in neuroscience. In 
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short, proteins from any source are extracted and prepared for enzymatic digestion. The resulting 

short peptides are separated based on selected parameters such as hydrophobicity or charge with 

liquid-chromatography. The liquid-chromatographer is coupled to a mass spectrometer via an 

electrospray ionization source which sprays the ionized peptides into the mass spectrometer. The 

mass and intensity of the peptides are then measured in a series of mass spectrometry scans that 

alternate between fragmentation and peptide selection so that peptides may be identified by 

comparing the fragments to a sequence database (Hosp and Mann, 2017). The use of this standard 

workflow allows the identification and quantification of the proteins present in the sample. In the 

protein field, this type of workflow is termed “bottom-up” and when coupled with up-front 

enrichment of a specific cell-type or a cell sub-compartment could identify the proteins found 

within a specific cell-type or compartment (Larance and Lamond, 2015). Therefore, the use of 

mass-spectrometry based proteomics is a valuable tool to assess the proteins expressed by different 

cell types, including astrocytes. 

     To obtain a readout on the proteins expressed by astrocytes, one must first be able to extract 

proteins only from astrocytes. As with RNA-sequencing, different methods have emerged to allow 

astrocyte-specific proteomes to be studied. Traditionally, astrocytes have been cultured (Yang et 

al., 2005; Han et al., 2014) or have been dissociated and isolated with FACS (Chai et al., 2017) in 

order to be processed for downstream mass-spectrometry proteomics analyses. However, under 

the microscope, both the cultured and the FACS isolated astrocytes look different from their in 

vivo and in situ counterparts. Therefore, it is important to acknowledge that the proteomes 

identified from these isolated astrocytes may not directly reflect the proteins of those that exist in 

vivo physiological conditions. Therefore, new tools are needed to reliably assess the protein 

profiles of astrocytes to assess their function in relation to neural circuitry. 
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Section 1.4: Astrocytes and neural circuits: focus on the striatum 

     In order to understand how astrocytes function within neural circuits, it is imperative to 

comprehensively study astrocytes in a single brain area to understand functions that are tailored to 

a specific and discrete circuit (Khakh, 2019). The basal ganglia (BG) consists of subcortical nuclei 

that are primarily responsible for motor control, motor learning, innate behaviors, executive 

behaviors, habit formation, and emotions (Lanciego et al., 2012; Graybiel and Grafton, 2015). The 

striatum is the largest input nucleus of the basal ganglia and is the largest subcortical brain structure 

in the mammalian brain with an estimated volume of 23 mm3 in mice (Schrӧeder et al., 1975; Yin 

et al., 2009). The striatum receives excitatory input from various cortical and subcortical structures, 

such as the thalamus, and projects to several basal ganglia nuclei (Graybiel and Grafton, 2015). 

The neuronal populations in the striatum have been extensively characterized and have been shown 

to primarily consist of two populations: the spiny γ-aminobutyric acid (GABA) projection neurons 

termed medium spiny neurons (MSNs), which make up about 95% of total neurons, and 

interneurons, which make up about 5% of the total neuronal population and primarily serve to 

regulate local MSNs (Kawaguchi et al., 1995). MSNs consist of two populations which are 

determined by the type of dopamine receptor expressed by each: either D1-dopamine receptor 

expressing neurons or D2-dopamine receptor expressing neurons referred to as D1 MSNs or D2 

MSNs, respectively. The primary function of striatal circuitry is to regulate which population of 

MSNs fire when excitatory input reaches the striatum which then influences the activity of 

downstream BG nuclei, and thus BG-mediated behaviors (Nicola et al., 2000; Grillner and 

Graybiel, 2006; Kreitzer and Malenka, 2008). 
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     In brief, activation of D1 MSNs via the “direct” pathway inhibits the firing of the BG output 

nuclei including the substantia nigra pars reticulate (SNr) and globus pallidus (GPi), resulting in 

disinhibition of thalamic projections unto the cortex. However, activation of D2 MSNs via the 

“indirect” pathway enhances SNr activity which continues to chronically inhibit the thalamic 

projections unto the cortex. The complementary roles of D1 and D2 MSNs and their respective 

pathways, thus have important implications for pathophysiological disorders such as Parkinson’s 

disease or Huntington’s disease which produce disrupted motor functions such as dystonia, chorea, 

or bradykinesia (Lanciego et al., 2012; Bates et al., 2015). Furthermore, D1 and D2 pathways have 

been implicated in psychiatric disorders such as obsessive-compulsive disorder, attention-deficit 

hyperactivity disorders, habits, addictions, and tics (Graybiel, 2008; Burguiere et al., 2015). 

Because of its large size, its well characterized input / output, its well characterized MSN 

population, and its distinct anatomical units, the striatum presents itself as an ideal microcircuit in 

which to study astrocyte function in relation to neuronal circuitry. 

     Recent studies have begun to address outstanding questions in astrocyte biology using the 

striatum as a model circuit. In order to assess the identity of striatal astrocytes, molecular methods 

such as the ones detailed previously such as transcriptomics and were used. Transcriptomic 

analysis of adult mouse astrocytes using a mouse line with epitope-tagged ribosomes in astrocytes 

showed 1180 genes that were significantly enriched in striatal astrocytes when compared to 

hippocampal astrocytes, and 337 genes were significantly enriched in striatal astrocytes when 

compared to twelve other brain regions (Chai et al., 2017; Endo et al., 2022). There are also sets 

of genes that are both highly expressed and not differentially expressed in striatum which represent 

genes involved in core functions of astrocytes such as glutamate transporters and potassium 

channels. Together these data show that there are molecularly separable pathways in astrocytes 
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that are unique to striatum, but there are core functions that are shared among astrocytes across the 

central nervous system. When proteomics analysis of FACS isolated striatal astrocytes was 

conducted, 18 proteins were highly enriched in striatal astrocytes when compared to hippocampal 

astrocytes. One of these proteins was protein μ-crystallin (gene: Crym) which was also highly 

enriched in the transcriptomic datasets. The function of this protein in striatal astrocytes is 

unknown, nevertheless, the proteomics data showed unique striatal astrocyte functional identity in 

a similar manner to the transcriptomic data (Chai et al., 2017). A caveat of this study was that 

about 10% of the highest abundance proteins showed low mRNA abundance values, indicating the 

non-linearity of mRNA and protein abundance or as an artifact of FACS isolation not reflecting in 

vivo astrocyte physiology. To assess this, novel tools are needed to isolate striatal astrocyte 

proteins in a non-disruptive manner.  

     Functional studies of striatal astrocytes have also been conducted in order to assess their 

interactions with neurons. When astrocytes in the striatum are filled in situ with a diffusible 

fluorescent dye, the astrocyte looks “star-like” with a 20 μm diameter soma, about six primary 

branches arising from the soma, multiple smaller branches, one or more thick endfoot associating 

with blood vessels, and a cloud-like eminence comprised of thousands of fine finger-like processes 

(Chai et al., 2017, Moye et al., 2019).  The entire volume that the astrocyte encompasses from its 

soma to its finest finger-like processes is called the astrocyte territory and in the striatum an 

average territory is about 60,000 μm3 (Chai et al., 2017). Within a striatal astrocyte territory, there 

are an average of 12 NeuN positive neuronal somas interacting intimately with the astrocyte 

(Figure 1.1). Among the 12 neurons found within an astrocyte territory, there are about six D1  
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Figure 1.1: Astrocytes and neurons in the striatum spatially interact. Striatal astrocyte 

sparsely labeled with tdTomato fluorescent protein and co-stained with nuclear marker DAPI and 

neuronal marker NeuN. Quantification shows DAPI+ nuclei and NeuN+ cell bodies found in a 

single tdTomato+ astrocyte’s territory (n = 12 tdT+ cells per group from 4 mice). 
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MSNs and five D2 MSNs which is similar to the relative densities of D1 and D2 MSNs within the 

striatum (Chai et al., 2017). Because striatal astrocytes are so proximal to many MSN somata, this 

suggests a spatially critical role of astrocytes in regulating the extracellular environment of MSNs. 

Due to the density of excitatory synapses in the striatum being about 0.9 / μm3, this implies that 

an astrocyte territory can surround about 50,700 excitatory synapses (Ingham et al., 1998). These 

spatial interactions between striatal astrocyte processes with synapses were assessed with a 

fluorescence energy transfer (FRET)-based method and with high resolution serial block face 

scanning electron microscopy (SBF-SEM) (Chai et al., 2017; Octeau et al., 2018). The average 

distance from the pre or postsynaptic membrane to the membrane of the nearest astrocyte process 

was found to be about 50 nm, however, the distance between astrocyte processes and the pre-

synaptic membrane was variable with the closest contacts being about 10 nm away, while the 

farthest were 400 nm away. This variability could indicate that striatal astrocytes make variable 

finger-like associations with synapses (Ventura and Harris, 1999; Khakh. 2019). Taken together, 

these structural data all indicate that astrocytes are spatially primed to conduct functions that 

regulate neuronal function.  

     Like neuronal Ca2+ signaling, astrocyte Ca2+ signaling is thought to be a major pathway by 

which astrocytes integrate and process information. Since the 1990s, it has been hypothesized that 

astrocyte Ca2+ signals may influence neuronal signaling and thus, neural circuits (Smith, 1994). 

Striatal astrocytes display a complex array of intracellular Ca2+ elevations in which Ca2+ enters 

through the plasma membrane and is also released from intracellular stores (Srinivasan et al., 2016; 

Jiang et al., 2016). In the striatum, attenuation of intracellular Ca2+ signaling by overexpression of 

a plasma membrane pump in mice showed an increase in excessive self-grooming behaviors (Yu 

et al., 2018). Molecular data in these mice showed that ambient GABA was reduced and thus, 
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astrocytes regulate striatal MSNs and concordant behaviors by GABA-mediated modulation of 

large volumes of tissue (Khakh 2019). Furthermore, when specific Ca2+ signaling pathways are 

activated in astrocytes, this too can cause changes in MSN physiology. When Gi-coupled G-

protein-coupled receptor (GPCR) activation is conducted in striatal astrocytes, these show 

elevations in Ca2+ levels (Chai et al., 2017; Nagai et al., 2019). Release of GABA from MSNs 

activates endogenous GABA sensitive GPCRs in astrocytes and this activation of the endogenous 

Gi pathway results in elevation of intracellular Ca2+ levels in astrocytes. When chemogenetics 

were used to activate the Gi pathway even more, this resulted in elevated excitatory transmission, 

increased excitatory synapse formation, and increased MSN firing which led to a hyperactive 

phenotype with disrupted attention in mice (Nagai et al., 2019). Taken together, these data show 

that striatal astrocyte Ca2+ changes could lead to direct MSN modulation and changes in striatal 

linked behaviors.  

     While this past decade has indeed shown that astrocytes can play a causal role in complex 

behaviors, the precise mechanisms by which these roles are played remain unknown. Furthermore, 

the relative contributions of astrocytes and neurons to complex behaviors remain to be explored. 

Molecular methods for studying astrocytes have proven useful for a variety of contexts and brain 

regions, however at the heart of basic astrocyte biology lies the complex morphological structure 

that gives astrocytes their functional identity. The next step to understand astrocyte biology is to 

assess what proteins are expressed at the plasma membrane and other functionally relevant 

subcompartments in order to understand how astrocytes conduct their diverse functions at 

interfaces of cell-cell contacts in a well described brain circuit such as the striatum. 
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Section 1.5: Cell- and subcompartment-specific proteomes 

     In order to understand the basic biology of astrocytes and neurons, including how they interact, 

there is a necessity to assess protein identities and their fundamental differences in vivo. As 

mentioned previously, cell culture and cell dissociation procedures disrupt astrocyte and neuronal 

morphology (Figure 1.2). Furthermore, cultured astrocytes have been shown to be molecularly 

distinct from freshly dissociated astrocytes (Cahoy et al., 2008) indicating that the two may be 

molecularly dissimilar to intact astrocytes. Thus, the in vivo proteomes of astrocytes and neurons 

have not been directly measured or compared to understand their basic biology.  

     The advent of genetic tools to target specific cell-types has allowed scientists to ask meaningful 

questions related to brain cell physiology in vivo. Adeno-associated viruses (AAVs) allow discrete 

populations of cells in a specific brain region to be transfected with a gene of interest and 

subsequently, these cells can express the gene of interest (Kwon and Schafer, 2008; Burger et al., 

2004). Coupled with cell-specific promoters which allow only a specific cell type to express the 

gene of interest, AAVs can be made for astrocytes and neurons to express a wide array of genetic 

products. Furthermore, with the addition of genetically coded sub-cellular tags, a particular protein 

of interest can be targeted to a discrete sub-cellular compartment. In astrocytes, it has been possible 

to target a green fluorescent protein to the plasma membrane using an Lck protein tyrosine kinase 

peptide sequence in order to visualize the entire bushy morphology of the cell (Benediktsson et 

al., 2005; Shigetomi et al., 2013).  

     With these technical advents in mind, a genetic toolkit that allows proteins to be captured and 

identified cell-specifically and within subcellular compartments would be ideal to dissect the 

protein underpinnings of astrocytes and neurons. Enzyme-mediated ligation methods have been 

used for decades to understand protein-protein interactions and their biological mechanisms. Most  
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Figure 1.2: Cell dissociation leads to loss of astrocyte complex morphology. (a) In situ Lucifer yellow iontophoretically filled striatal 

astrocyte. Right panel shows GFP+ striatal astrocytes after a dissociation preparation for fluorescence activated cell sorting (FACS). (b) 

Quantification of territory area, number of primary branches, and number of secondary branches showed that GFP+ dissociated 

astrocytes have more decreased cellular complexity than Lucifer yellow dyed astrocytes (n = 40 cells from 15 mice for Lucifer yellow 

and n = 164 cells from 8 mice for Aldh1l1-GFP, respectively; territory area and number of primary branches: two-tailed student’s 

unpaired t-test, P = 0.0002; number of secondary branches: two-tailed one-sample t-test, P = 0.003)
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recently, the proteins that compose the inhibitory post-synapse in the hippocampus were 

characterized in vivo with a biotin-ligase called iBioID (Uezu et al., 2016). As a proof of concept, 

this biotin ligase was selectively expressed in the post-synaptic densities of neurons using AAV. 

Upon the addition of exogenous biotin, BioID labels proteins within a 10nm radius with biotin at 

free lysines. These biotinylated proteins can then be isolated with streptavidin, a strong biotin 

binder. These sampled proteins can then be identified with mass-spectrometry based proteomics 

(Roux et al., 2018; Sears et al., 2019).  Novel BioID methods have been reported, including the 

development of BioID2. 

     A key feature for BioID to work in sub-cellular compartments is for its size to be as small and 

efficient as possible. This is because a larger enzyme is not trafficked along the cell as well as a 

smaller enzyme. While iBioID is based on proximity dependent biotinylation by a biotin ligase 

isolated from Escherichia coli and is 321 amino acids large, BioID2 is a smaller 233 amino acid 

long biotin ligase isolated from Aquifex aeolicus (Kim et al., 2016). Both its small size and higher 

biotinylation efficiency at lower concentrations of exogenous biotin are ideal for studying 

proteomes at distinct cellular compartments. 

 

Section 1.6: Hypothesis and rationale 

     The central theme of this dissertation was to assess functional differences of astrocytes and 

neurons in a well described circuit, the striatum, at the proteomic level in vivo. This had not been 

previously explored and is the next frontier of glial biology. While we know that astrocytes and 

neurons are functionally distinct, a ground molecular basis of this distinction had not been assessed 

or addressed. Furthermore, functional differences between sub-cellular compartments had never 

been explored in either cell type. Using genetically-targeted BioID2 AAVs, we sought to obtain 
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and identify proteomes of astrocytes and neurons at the cytosol and at the plasma membrane 

(Figure 1.3). We then went further and assessed the sub-cellular proteomes of astrocytes by 

targeting BioID2 to five distinct genetically defined functional sub-compartments where astrocytes 

form functional contacts with other cells (Figure 1.4). These functional subcompartments are: (1) 

the astrocyte endfoot, which is the astrocyte interface with the brain vasculature using the 

Aquaporin-4 endfoot protein (Aqp4-BioID2), (2) the astrocyte gap junctions which are the 

interfaces at which astrocytes interact with other astrocytes using the Connexin-43 gap junction 

protein (Cx43-BioID2), (3) the astrocyte finest processes which interact with multiple cell types 

using actin regulatory protein, Ezrin (Ezr-BioID2), (4) astrocyte sites of glutamate buffering using 

astrocyte glutamate transporter protein Glt-1 (Glt-1-BioID2), and (5) astrocyte sites of potassium 

homeostasis using the astrocyte inward rectifying K+ channel, Kir4.1 (Kir4.1-BioID2).  

     I hypothesized that key protein differences between astrocytes and neurons would be more 

prominent at the plasma membrane. Due to their distinct ionic properties, I hypothesized that 

astrocytes and neurons would express different ionic channels and receptors that reflect their 

differences in excitability (or lack thereof). Furthermore, proteins found within astrocytes sub-

compartments could show major differences when compared to one another. Using the data we 

generated, I discovered that obsessive-compulsive disorder related protein, SAPAP3 (gene: 

Dlgap3), is highly expressed in astrocytes and in select subcompartments including the astrocyte 

plasma membrane and the astrocyte fine processes where astrocytes abut synapses with Ezr-

BioID2. I then utilized these proteomes to understand contributions of these cells to striatal 

physiology and relevant behavioral phenotypes, including behavior related to obsessive-

compulsive disorder. Assessment of astrocyte and neuron proteomes in a circuit specific manner 

does not only allow us to understand fundamental functions and interactions of astrocytes and  
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Figure 1.3: Workflow to assess cell- and subcompartment specific proteomes in vivo. (a) Diagram of BioID2 biotin labeling in 

mammalian cells. Proximal (~10nm) proteins are biotinylated upon the addition of exogenous biotin. (b) Schematic of the cell and 

compartment specific in vivo BioID2 experimental design using adeno-associated viruses (AAVs). 
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Figure 1.4: Astrocyte subcompartment specific BioID2. Cartoon illustrating five astrocyte 

subcompartments that were genetically targeted with BioID2.
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neurons, but also allows a discovery platform for treatments of specific psychiatric or degenerative 

diseases. 

 

Section 1.7: Summary 

     Ever since Virchow’s famed lecture to a group of medical students a century ago, the 

implication that astrocytes are dynamic contributors to brain function and dysfunction has been 

largely explored, but discrete mechanisms remain to be elucidated. While much progress has been 

made on astrocyte-neuron interactions in the striatum, assessing the protein profiles that allow 

these interactions to occur had not been done. The goal of identifying cell- and subcompartment- 

specific proteomes of neurons and astrocytes in the striatum was to identify the molecularly 

functional correlates that give rise to cell function. Furthermore, exploration of these proteomes 

gave rise to a range of diverse hypotheses, one of which we tested in the context of obsessive 

compulsive disorder.  

     While we focused on the striatum, the palette of targeted BioID2 constructs for astrocytes and 

neurons built in this dissertation can be of use for other brain regions and in a variety of different 

contexts. In this way, a systematic analysis of functional proteomes allows us to go one step further 

in our understanding of astrocytes in complex neural circuits. 
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CHAPTER 2: METHODS 

 

Section 2.1: Experimental model and subject details 

 

Cell lines 

HEK293 cells (sex: female, RRID: CVCL_0045) were obtained from ATCC and maintained in 

25cm2 cell culture flasks in DMEM/F12 media with Glutamax (Invitrogen) supplemented with 

10% fetal bovine serum and penicillin/streptomycin. Cells were grown in a humidified cell culture 

incubation with 95% air/5% CO2 at 37°C. 

 

Mouse models 

     All experiments were conducted in accordance with the National Institutes of Health (NIH) 

Guide for the Care and Use of Laboratory Animals and were approved by the Chancellor’s Animal 

Research Committee at the University of California, Los Angeles (UCLA). Male and female mice 

aged between 3 weeks and 28 weeks were used in this study. Mice were housed in the vivarium 

managed by the UCLA Division of Laboratory Animal Medicine with a 12h light/dark cycle and 

ad libitum access to food and water. Wild-type C57BL/6NTac mice were purchased from Taconic 

Biosciences. Targeted knockout mice for DLGAP3/SAPAP3 (B6.129-Dlgap3tm1Gfng/J) were 

obtained from Jackson laboratories and maintained as a heterozygous line (Welch et al., 2007). 

     All animal experiments throughout this dissertation represent a minimum of three animals per 

group replicated at least two times. For injection of adeno-associated viruses (AAVs), mice were 

randomly assigned to each AAV construct group. Alternating batches of female and male mice 

were used when possible and when available. 
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Section 2.2: Cloning and generation of adeno-associated viruses (AAVs)  

     The BioID2 (BirA) sequence with an HA tag was PCR amplified from pAAV-BioID2-Linker-

BioID2-HA plasmid (a kind gift from Dr. Scott Soderling) and incorporated into pZac2.1 vector 

using the In-fusion cloning kit (Takara Bio) to generate plasmids, PZac2.1 GfaABC1D  BioID2-

Linker-BioID2-HA (Astro BioID2) and PZac2.1 hSyn1 BioID2-Linker-BioID2-HA (Neuro 

BioID2) which carry the astrocyte-specific promoter and the human Synapsin-1 neuronal 

promoter, respectively.  

     For generation of the sub-compartment specific BioID2 constructs, the Astro BioID2 plasmid 

was cut by restriction digest at the XhoI site. Sequences for each sub-compartment were amplified 

by PCR, and the sequences were cloned into the XhoI site using the In-fusion cloning kit (Takara 

Bio). The Aqp-4 sequence was PCR amplified from GeneCopoeia plasmid EX-Mm20326; the Cx-

43 sequence was amplified from msfGFP-Cx43 plasmid (Addgene #69024); the GLT-1 sequence 

was amplified from GeneCopoeia plasmid Mm27106; the Ezr sequence was amplified from 

GeneCopoeia plasmid Mm2129m; the Kir4.1 sequence was amplified from GfaABC1D-eGFP-

Kir4.1 plasmid (Addgene #52874). The sub-compartment GFP controls were generated by 

digesting the resulting sub-compartment BioID2 plasmids with BamHI, which removed the 

BioID2 sequence, and inserting PCR amplified eGFP sequence from GfaABC1D-eGFP-Kir4.1 

plasmid (Addgene #52874) using Infusion cloning kit (Takara Bio).  

     To generate the eGFP-SAPAP3 and the HA-BioID2-SAPAP3 AAVs, the SAPAP3 sequence 

was amplified from GeneCopoeia plasmid Mm16264. PZac2.1-gfaABC1D-BioID2-Linker-

BioID2-HA and PZac2.1 hSyn1 BioID2-Linker-BioID2-HA were digested with BamHI and the 

SAPAP3 sequence was cloned into the BamHI sites using In-fusion cloning kit (Takara Bio) which 

generated PZac2.1 GfaABC1D SAPAP3 and PZac2.1 hSyn1 SAPAP3. This resulting plasmid was 
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then digested with BmtI. eGFP sequence was PCR amplified from GfaABC1D-eGFP-Kir4.1 

plasmid (Addgene #52874) and cloned into the PZac2.1 SAPAP3 plasmids at the BmtI site with 

In-fusion cloning kit (Takara Bio) producing PZac2.1 GfaABC1D eGFP-SAPAP3 and PZac2.1 

hSyn1 eGFP-SAPAP3. The HA-BioID2 sequence was PCR amplified from an existing PZac2.1 

plasmid and cloned into the PZac2.1 SAPAP3 plasmids at the BmtI site using the Infusion cloning 

kit (Takara Bio) producing PZac2.1 GfaABC1D HA-BioID2-SAPAP3 and PZac2.1 Syn1 HA-

BioID2-SAPAP3. Generation of pZac2.1 GfaABC1D 3xHA-SAPAP3 consisted of digesting the 

pZac2.1 GfaABC1D SAPAP3 plasmid with BmtI and ligating an annealed oligo with the 3xHA 

sequence into the BmtI sites using T4 ligase.  

     To generate the astrocyte specific LifeAct-eGFP AAV, the LifeAct-eGFP sequence was 

amplified from pEGFP-C1 LifeAct-EGFP (Addgene #58470). pZac2.1 GfaABC1D BioID2-

Linker-BioID2-HA plasmid was digested with BamHI, and the LifeAct-eGFP sequence was 

cloned into the BamHI sites using In-fusion cloning kit (Takara Bio) producing pZac2.1 

GfaABC1D LifeAct-eGFP. 

     All plasmids generated in this study are listed in Table 2.1. All BioID2 plasmids and their GFP 

counterparts were sent to the Penn Vector core for AAV production. All SAPAP3 associated 

plasmids were sent to Virovek for AAV production. Astrocyte specific constructs were produced 

in AAV2/5 serotype while neuron specific constructs were produced in AAV1 serotype. AAV 

titers can be found in Table 2.1. 

     For HEK293 cell transfection, the BioID2 sequence was cloned into pcDNA3.1 vector between 

BamHI sites to generate pcDNA3.1-CMV-BioID2-Linker-BioID2-HA and pcDNA3.1-CMV-

Lck-BioID2-Linker-BioID2-HA. 
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Table 2.1. Plasmids for AAV production used in this study (* new AAV plasmids generated in 
this dissertation). 
 

  

AAV plasmid construct Addgene ID AAV Titer 

*AAV2/5 GfaABC1D BioID2-Linker-BioID2-HA 176740 3.7 x 1013 gc/ml 

*AAV2/5 GfaABC1D Lck-BioID2-Linker-BioID2-HA 176741 3.1 x 1013 gc/ml 
*AAV2/5 GfaABC1D Aqp4-BioID2-Linker-BioID2-
HA 

176742 1.1 x 1013 gc/ml 

*AAV2/5 GfaABC1D Cx43-BioID2-Linker-BioID2-
HA 

176743 2.5 x 1013 gc/ml 

*AAV2/5 GfaABC1D Ezr-BioID2-Linker-BioID2-HA 176744 1.0 x 1013 gc/ml 
*AAV2/5 GfaABC1D Glt1-BioID2-Linker-BioID2-HA 176745 2.0 x 1013 gc/ml 
*AAV2/5 GfaABC1D HA-BioID2-Linker-BioID2-
Kir4.1 

176746 6.3 x 1013 gc/ml 

AAV2/5 GfaABC1D tdTomato 44332 1.4 x 1013 gc/ml 
AAV2/5 GfaABC1D Lck-eGFP 52925 1.5 x 1013 gc/ml 
*AAV2/5 GfaABC1D eGFP  176861 1.1 x 1013 gc/ml 
*AAV2/5 GfaABC1D Aqp4-eGFP 176747 2.4 x 1013 gc/ml 
*AAV2/5 GfaABC1D Cx43-eGFP 176860 1.4 x 1013 gc/ml 
*AAV2/5 GfaABC1D Ezr-eGFP 176856 1.6 x 1013 gc/ml 
*AAV2/5 GfaABC1D Glt1-eGFP 176862 5.8 x 1013 gc/ml 
AAV2/5 GfaABC1D eGFP-Kir4.1 52874 2.7 x 1012 gc/ml 
*AAV5 GfaABC1D eGFP-SAPAP3 176859 1.0 x 1013 gc/ml 
*AAV5 GfaABC1D HA-BioID2-SAPAP3 176858 2.4 x 1013 gc/ml 
AAV2/5 GfaABC1D Rpl22-HA 111811 2.1 x 1013 gc/ml 
*AAV5 GfaABC1D HA-SAPAP3 190200 1.0 x 1013 gc/ml 
*AAV5 GfaABC1D LifeAct-eGFP 190199 1.0 x 1013 gc/ml 
*AAV1 hSyn1 HA-BioID2-SAPAP3 176857 2.0 x 1013 gc/ml 
*AAV1 hSyn1 eGFP-SAPAP3 176853 2.0 x 1013 gc/ml 
*AAV5 hSyn1 Rpl22-HA 177685 1.0 x 1013 gc/ml 
*AAV1 hSyn1 eGFP  50465 1.3 x 1013 gc/ml 
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Section 2.3: HEK293 cell experiments 

HEK293 cell immunocytochemistry 

     HEK293 cells were prepared for transfection by plating onto six-well plates and transfection 

was performed when cells reached 80% confluence. For expression in HEK293 cells, 0.4 μg 

plasmid DNA was transfected using Effectene transfection reagent (QIAGEN). Biotin (Sigma 

B4501) was dissolved in sterile 0.1M PBS to make a 1mM stock solution. The stock solution was 

added to the HEK293 cell media for a final concentration of 50 mM biotin. 48 hours post-

transfection, the cells were trypsinized and were transferred to poly-D-lysine coverslips. 24 hours 

later the cells were washed once with 0.1 M phosphate buffered saline (PBS) and then fixed with 

10% formalin for 10 minutes. Cells were washed in 0.1M PBS and then incubated with agitation 

in a blocking solution containing 5% NGS in 0.1M PBS with 0.2% Triton-X (Sigma) in PBS for 

1 hr at room temperature. The cells were then incubated with agitation in mouse anti-HA primary 

antibody (1:1,000; Biolegend, 901514) diluted in 0.1M PBS with 5% NGS at 4°C overnight. Cells 

were then incubated with agitation with the following secondary antibodies and fluorophores in a 

solution containing 5% NGS in 0.1M PBS for 2 hrs at room temperature (1:1,000; Molecular 

probes): Alexa Fluor 546 goat anti-mouse (A11003), Streptavidin, Alexa Fluor 488 conjugate 

(S11223). The cells were rinsed 3 times in 0.1M PBS for 10 minutes each. The coverslips 

containing the cells were then mounted onto microscope slides in fluoromount-G. Fluorescent 

images were taken using UplanSApo 40x 1.30 NA oil immersion objective lens on a confocal 

laser-scanning microscope (FV10-ASW; Olympus). Laser settings were the same for all cells. 

Images represent maximum intensity projections of optical sections with a step size of 1.0 μm. 
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HEK293 cell western blots 

     For western blotting the cells were directly lysed in RIPA buffer (150 mM NaCl, 50 mM Tris 

pH 8.0, 1% Triton-X, 0.5% Na Deoxycholate, 0.1% SDS, and Halt protease inhibitor (Thermo 

Scientific 78429). The cells were homogenized using a cell scratcher and the lysate was incubated 

at 4°C while rotating for 30 mins. The samples were sonicated for 10 minutes and then centrifuged 

at 16500 x g for 10 minutes at 4°C. The supernatant was collected and the protein concentrations 

were measured using the BCA protein assay (Thermo scientific). The samples were then mixed 

with 2x laemmli solution (BioRad) containing β-mercaptoethanol. The samples were boiled at 

95°C for 10 minutes before being electrophoretically separated by 10% SDS-PAGE (30 μg protein 

per lane) and transferred unto nitrocellulose membrane (0.45 μm). The membrane was incubated 

with agitation in a solution containing 5% BSA, 0.1% Tween-20, and 0.1M PBS for 1 hr. The 

membrane was probed with streptavidin-HRP (Sigma RABHRP3) at 1:250 for two hours. The 

membrane was then treated with the Pierce chemiluminescence solution for 1 min and imaged. 

The blot was incubated overnight at 4°C with rabbit anti-β-actin (1:1,1000; abcam ab8227). IR-

dye 800CW anti-rabbit (1:10,000; Li-Cor) secondary was used and images were acquired on a Li-

Cor odyssey infrared imager. Signal intensities at expected molecular weight were quantified using 

ImageJ. The streptavidin signal levels were normalized to β-actin by dividing the streptavidin 

signal intensity by the β-actin signal intensity. 

 

Section 2.4: Stereotaxic microinjections of adeno-associated viruses (AAVs) 

Microinjections for proteomic and RNA-sequencing studies 

     All surgical procedures were conducted under general anesthesia using continuous isoflurane 

(induction at 5%, maintenance at 2% vol/vol) in 6 week old C57/BL6NTac mice unless otherwise 
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stated. Anesthetic depth was continuously monitored and adjusted when necessary. After induction 

of anesthesia, mice were fitted into the stereotaxic frame (David Kopf Instruments), their noses 

placed into a veterinary grade anesthesia ventilation system (VetEquip) and their heads were 

secured by blunt ear bars. Mice were administered 0.1 mg/kg of buprenorphine (Bupranex) 

subcutaneously before surgery. The surgical incision site was cleaned three times with 10% 

povidone iodine and 70% ethanol (vol/vol). A skin incision was made followed by craniotomies 

(1-2 mm in diameter) above the left parietal cortex using a small steel burr (NeoBurr) powered by 

a high speed drill (Midwest Tradition). Sterile saline (0.9%) was applied onto the skull to reduce 

heating caused by drilling. One craniotomy was made for unilateral injections, while two 

craniotomies were made for bilateral injections. The injections were carried out by using the 

stereotaxic apparatus to guide the placement of beveled glass pipettes (1B100-4, World Precision 

Instruments). For the left striatum the coordinates were: 0.8mm anterior to bregma, 2mm lateral to 

the midline, and 2.4 mm from the pial surface. Adeno-associated virus (AAV) was injected by 

using a syringe pump (SmartTouch Pump, World Precision Instruments).  

     Following AAV microinjection, the glass pipette was left in place for at least 10 min prior to 

slow withdrawal. Surgical wounds were closed with external 5-0 nylon sutures. Following surgery, 

animals were allowed to recover overnight in cages placed on a low-voltage heating pad. 

Buprenorphine was administered two times a day for 48 hrs after surgery. Thimethoprim 

sulfamethoxazole was provided in food to the mice for one week. Virus injected mice were used 

for experiments at least three weeks post-surgery.  

     All AAV titers were adjusted to 1.0 x 1013 genome copies/mL with sterile 0.1 M phosphate 

buffered saline (PBS). The viruses used were: 0.5 μl AAV2/5 GfaABC1D BioID2-Linker-BioID2-

HA, 0.5 μl AAV2/5 GfaABC1D Lck-BioID2-Linker-BioID2-HA, 0.5 μl AAV2/5 GfaABC1D 
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Aqp4-BioID2-Linker-BioID2-HA, 0.5 μl AAV2/5 GfaABC1D Cx43-BioID2-Linker-BioID2-HA, 

0.5 μl AAV2/5 GfaABC1D Ezr-BioID2-Linker-BioID2-HA, 0.5 μl AAV2/5 GfaABC1D Glt1-

BioID2-Linker-BioID2-HA, 0.5 μl AAV2/5 GfaABC1D HA-BioID2-Linker-BioID2-Kir4.1, 0.5 

μl AAV2/5 GfaABC1D tdT (Addgene #44332-AAV5),  0.5 μl AAV2/5 GfaABC1D Lck-eGFP 

(Addgene #105598-AAV5), 0.5 μl AAV2/5 GfaABC1D  Aqp4-eGFP, 0.5 μl AAV2/5 GfaABC1D 

Cx43-eGFP, 0.5 μl AAV2/5 GfaABC1D Ezr-eGFP, 0.5 μl AAV2/5 GfaABC1D Glt1-eGFP, 0.5 μl 

AAV2/5 GfaABC1D eGFP-Kir4.1, 0.5 μl AAV1 hSyn1 BioID2-Linker-BioID2-HA, 0.5 μl AAV1 

hSyn1 Lck-BioID2-Linker-BioID2-HA, 0.5 μl AAV1 hSyn1 eGFP (Addgene #50465-AAV1), 0.5 

uL AAV1 hSyn1 Lck-GFP, 0.5 μl AAV2/5 GfaABC1D Rpl22-HA (Addgene #111811), and 0.5 

μl AAV1 hSyn1 Rpl22-HA. For co-immunoprecipitation experiments, 0.1 μl of GfaABC1D Ezr-

eGFP was co-injected with 0.1 μl of GfaABC1D 3xHA-SAPAP3 (Addgene #190200) and 0.1 μl 

of GfaABC1D Glt1-eGFP was co-injected with 0.1 μl of GfaABC1D 3xHA-SAPAP3. 

 

Microinjections for studies of SAPAP3 

     Surgical procedures for SAPAP3 KO mice were conducted as described above. Briefly, GFP, 

GFP-SAPAP3 AAV, LifeAct-GFP, or tdTomato was bilaterally injected into the striatum of 3-4 

week old mice through 2 sites at 3 locations per hemisphere. At each of the injection sites, the 

microinjection needle was advanced to the deepest (ventral) position for the first injection while 

the additional injections were made every 0.3 mm while withdrawing the injection needle. The 

coordinates from bregma were: injection site 1: anterior 0.5 mm, mediolateral 1.5mm, dorsoventral 

2.9 mm, 2.6 mm, 2.3 mm from pial surface; injection site 2: anterior 0.5 mm, mediolateral -1.5mm, 

dorsoventral 2.9 mm, 2.6 mm, 2.3 mm from pial surface.  
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     For each injection location, 150 nl of virus was injected and the needle was left in place for 5 

min after each injection. All AAV titers were adjusted to 1.0 x 1013 genome copies/ml with sterile 

0.1 M phosphate buffered saline (PBS). The viruses used were: AAV 2/5 GfaABC1D LifeAct-

eGFP (Addgene # 190199), AAV2/5 GfaABC1D tdT (Addgene #44332-AAV5), AAV2/5 

GfaABC1D eGFP-SAPAP3, AAV2/5 GfaABC1D eGFP, AAV1 hSyn1 eGFP-SAPAP3, AAV1 

hSyn1 eGFP (Addgene #50465-AAV1). Litters with multiple SAPAP3 KO mice were split 

between experimental groups. 

 

Section 2.5: in vivo BioID2 protein biotinylation 

     3 weeks post-AAV microinjection, mice were treated with a subcutaneous injection of biotin 

at 24mg/kg (Millipore Sigma RES1052B-B7) dissolved in sterile 0.1 M phosphate buffered saline 

(PBS) once per day for 7 consecutive days. The mice were processed 16 hours after the last biotin 

injection. 

 

Section 2.6: Immunohistochemistry of floating sections 

     Mice were transcardially perfused with chilled 0.1 M phosphate buffered saline (PBS) followed 

by 10% formalin. After gentle removal of the skull, the brains were post-fixed in 10% formalin for 

6 hours. The brains were then cryoprotected in 30% sucrose with 0.1 M PBS solution for at least 

48 hours at 4°C. Serial coronal sections (40 μm) containing striatum were prepared using a cryostat 

microtome (Leica) at -20°C and processed for immunohistochemistry. Sections were washed 3 

times in 0.1 M PBS for 10 min each and then incubated in a blocking solution consisting of 5% 

NGS in 0.1 M PBS with 0.2% Triton-X for 1 hr at room temperature with agitation. Sections were 

then incubated in primary antibodies diluted in 5% NGS in 0.1 M PBS solution overnight at 4°C. 
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The following primary antibodies were used: mouse anti-HA (1:1,000; Biolegend, 901514), rabbit 

anti-HA (1:1000; abcam ab9110), rabbit anti-S100β (1:1,000; Abcam ab13970), rabbit anti-NeuN 

(1:1,000; Cell Signaling 12943S), guinea pig anti-neuN (1:1000; Synaptic Systems 266004), rabbit 

anti-DARPP32 (1:1,000; Abcam ab40801), guinea pig anti-DARPP32 (1:1000, Frontier Institute 

DARPP-Gp-A250), chicken anti-GFP (1:1,000; Abcam ab13970), rabbit anti-SAPAP3 (1:100; a 

kind gift from Dr. Guoping Feng), mouse anti-RFP (1:500; Rockland 600906379), rabbit anti-

PAICS (1:100; Invitrogen 92985), mouse anti-Nebl (1:100; Santa Cruz Biotechnology 393784), 

rabbit anti-Slc4a4/NBC1 (1:100; Novus NBP32020), rabbit anti-Arpc1a (1:100; Invitrogen 

102339), rabbit anti-Faim2 (1:100; Origen TP300196), rabbit anti-Hepacam (1:100; Novus 

Biologicals 04983), mouse anti- APC (1:500; abcam ab16794), rabbit anti- Olig2 (1:500; Millipore 

AB9610),  rabbit anti- ΔFosB (1:500; Cell Signaling Technology 14695S). 

     Sections were then incubated with the following secondary antibodies for 2 hrs at room 

temperature (1:1,000; Molecular probes): Alexa Fluor 488 goat anti-chicken (A11039), Alexa 

Fluor 647 goat anti-rabbit (A21244), Alexa Fluor 546 goat anti-mouse (A11003), Alexa Fluor 488 

goat anti-rabbit (A11008), Streptavidin, Alexa Fluor 488 conjugate (S11223).  

     The free floating sections were mounted on microscope slides in fluoromount-G. Fluorescent 

images were taken using UplanFL 40x 1.30 NA oil immersion or PlanApo N 60x 1.45 NA oil 

immersion objective lens on a confocal laser-scanning microscope (FV3000; Olympus). Laser 

setting were kept the same within each experiment. Images represent maximum intensity 

projections of optical sections with a step-size of 1.0 μm. Images were processed on ImageJ. Cell 

counting was done on maximum intensity projections using the Cell Counter plugin; only cells 

with somata completely in the region of interest were counted. Co-localization analysis was 

conducted with the ImageJ Coloc2 plugin. 
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Section 2.7: Dual in situ hybridization with RNAscope and IHC 

     Fixed-frozen tissue was processed as described above. Serial coronal sections (14 μm) 

containing striatum were prepared using a cryostat microtome (Leica) at -20°C and mounted 

immediately unto glass slides. Dual ISH-IHC was performed using the Multiplex RNAscope v2 

with integrated co-detection work flow (ACDBio 323180 and 323110). Sections were baked for 

30 min at 60°C. Sections were washed for at least 15 mins in 0.1 M phosphate buffered saline and 

then incubated in 1x Target Retrieval Reagents for 5 min at 95°C. After washing with ddH2O 

twice, the sections were dehydrated with 100% ethanol and dried at room temperature. Sections 

were then incubated with primary antibodies rabbit anti- S100β (1:500; Abcam ab13970), rabbit 

anti-RFP to amplify astrocyte specific tdTomato signal (1:500; Rockland 600-401-379), guinea 

pig anti-NeuN (1:500; Synaptic Systems 266004) overnight at 4°C. Sections were then incubated 

with Protease Pretreat-4 solution (ACDBio 322340) for 30 min at 40°C. The sections were washed 

with ddH2O twice for 1 min each and then incubated with probe for 2 hours at 40°C: Mm-

DLGAP3-C3 (ACDBio 586091-C3), Mm-Mapt-C1 (ACDBio 400351), Mm-Tjp1-C1 (ACDBio 

440411). The sections were incubated in Amp 1-FL for 30 min, AMP 2-FL for 15 min, AMP 3-

FL for 30 min, and AMP 4-FL for 15 min at 40°C while washing in 1x wash buffer (ACDBio 

310091) between incubations. The HRP-C3 signal was developed with Opal 690 fluorophore 

(Akoya Biosciences FP1497001KT). The HRP-C1 signal was developed with Opal 520 

fluorophore (Akoya Biosciences FP1487001KT). All incubations at 40°C or 60°C were performed 

in the HybEZ hybridization System (ACDBio).  

     Lastly, sections were incubated with Alexa Fluor goat secondary antibodies described in the 

IHC section for 45 min at RT.  Images were obtained in the same way as IHC as described above 

with a step size of 0.5 μm. Images were processed with ImageJ. Astrocyte somata were labeled 
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with S100β signal and number of puncta within each soma was measured. Astrocyte territories 

were labeled with tdTomato signal and the number of puncta within each territory was measured. 

 

Section 2.8: Proximity ligase assay (PLA) for protein-protein interaction validation 

     Fixed frozen tissue was processed as described above. Serial coronal sections (20 μm) 

containing striatum sparsely labeled with astrocyte-specific tdTomato were prepared using a 

cryostat microtome (Leica) at -20°C and mounted immediately unto glass slides. The proximity 

ligation assay was performed using the Sigma-Aldrich Duolink PLA fluorescence protocol 

(Sigma-Aldrich DUO92101 and DUO92013). Sections were baked for 30 min at 60°C. Sections 

were washed for at least 15 mins in 0.1 M phosphate buffered saline (PBS). After washing, sections 

were incubated in 1x citrate pH 6.0 antigen retrieval buffer (Sigma C999) for 10 min at 90°C. After 

washing three times in 0.2% Triton-X in PBS (PBS-T), the sections were blocked for 45 min at 

RT with 5% Donkey serum (Sigma D9663) in PBS-T. Sections were then incubated with primary 

antibodies overnight at 4°C: rabbit anti- SAPAP3 (1:50), mouse anti- Glt1 (1:50; Santa Cruz 

Biotechnology sc-365634), mouse anti- Ezrin (1:100; BioLegend 866401), guinea pig anti- RFP 

(1:500; Synaptic Systems 390004). Sections were then incubated with PLA probe cocktail 

containing the anti-rabbit PLUS primer probe (DUO92002) and the anti-mouse MINUS primer 

probe (DUO92004) for 1 hr at 37°C. The sections were washed twice in 1X wash buffer A 

(DUO82049). Sections were then incubated with ligation solution containing ligase for 30 min at 

37°C. Sections were once again washed twice with 1X wash buffer A and then incubated with 

amplification solution containing DNA polymerase for at least 3 hours at 37°C. Sections were then 

washed twice in 1X wash buffer B (DUO82049) and then washed in 0.01X wash buffer B. To 

amplify the tdTomato signal, sections were then incubated with donkey anti-guinea pig Cy3 
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(1:500; Jackson ImmunoResearch 706-165-148) for 45 min at RT. Sections were washed twice 

with PBS and then coverslips were mounted with DuoLink mounting medium with DAPI 

(DUO82040). Images were obtained in the same way as IHC as described above with a step size 

of 0.5 μm. Images were processed with ImageJ. Astrocyte territories were labeled with tdTomato 

signal and number of puncta and integrated intensity within each territory was measured. 

 

Section 2.9: Western blots of in vivo BioID2 samples 

     Mice were decapitated and striata were dissected and homogenized with a dounce and pestle in 

ice cold RIPA buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% Triton-X, 0.5% Na Deoxycholate, 

0.1% SDS, and Halt protease inhibitor (Thermo Scientific 78429). The homogenate was incubated 

at 4°C while spinning for 1 hr. The homogenate was sonicated and then centrifuged at 4°C for 10 

minutes at 15600 xg. The clarified lysate was collected and the protein concentration was measured 

using the BCA protein assay (Thermo). The samples were then processed as described for HEK 

cells above and analyzed as stated above with 30 ug of protein loaded into each gel well.  

 

Section 2.10: Co-immunoprecipitation of SAPAP3 interacting proteins 

     Mice injected with either combination in the striatum: GfaABC1D 3xHA-SAPAP3 and 

GfaABC1D Glt1-eGFP, GfaABC1D 3xHA-SAPAP3 and GfaABC1D Ezr-eGFP, GfaABC1D 3xHA-

SAPAP3 only, GfaABC1D Glt1-eGFP only, or GfaABC1D Ezr-eGFP only were decapitated and 

striata were dissected and homogenized with a dounce and pestle in ice cold lysis buffer (25 mM 

HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5 mM NaF, 1 mM orthovanadate, and 

Halt protease inhibitor cocktail (Thermo Scientific 78429)). The homogenate was incubated at 4°C 

while spinning for 1 hr. The homogenate was then centrifuged at 4°C for 15 min at 15,000 x g. 
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The supernatant was further cleared by ultracentrifugation at 100,000 x g for 30 min at 4°C. The 

cleared lysate was then incubated with GFP-trap beads (chromotek #gtma) or incubated with anti-

HA tag beads (Thermo #88836) overnight at 4°C. The beads were then washed 3 times with wash 

buffer (25mM HEPES pH 7.5, 500 mM NaCl, 1mM EDTA, 1% NP-40, 5 mM NaF, 1 mM 

orthovanadate, and Halt protease inhibitor cocktail). 1x Laemmli buffer was prepared with β-

mercaptoethanol (BioRad #1610737) and added to the beads. The beads were boiled in the 

Laemmli buffer for 10 min at 95°C. The bead supernatants were cooled and loaded on an SDS-

PAGE gel for western blot analyses as described above. Primary antibodies used were: chicken 

anti-GFP (1:1,000; Abcam ab13970), rabbit anti-HA (1:1000; abcam ab9110). Secondary 

antibodies used were: goat anti-rabbit plus 647 (1: 2000; Invitrogen A32733) and goat anti-chicken 

plus 555 (1: 2000; Invitrogen A32932).  

 

Section 2.11: Whole tissue protein extraction for mass spectrometry 

     Striata from 6 month old SAPAP3 WT or KO mice were lysed in 200 μl lysis buffer containing 

8 M urea, 50 mM Tris-HCl pH 8.2, 75 mM NaCl, 5 mM EDTA, 5 mM EGTA, 10 mM sodium 

pyrophosphate, and protease inhibitor cocktail. Tissue was dounce homogenized sonicated for 10 

minutes at 80% power in a bath soniciator. Samples were centrifuged at 15,000 x g for 20 min at 

4°C to remove debris. The supernatant was collected and then processed for downstream mass 

spectrometry analysis. 

 

Section 2.12: in vivo BioID2 biotinylated protein pulldown 

     Purification of biotinylated proteins was conducted as previously described (Uezu et al., 2016). 

Each AAV BioID2 probe and its counterpart AAV GFP control were injected into the striatum of 
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6 week old C57/BL6NTac mice. 3 weeks post-AAV microinjection, biotin (Millipore Sigma 

RES1052B-B7) was subcutaneously injected at 24 mg/kg for 7 consecutive days. All mice were 

processed 16 hours after the last biotin injection. 8 mice were used for each biotinylated protein 

purification and each purification was performed independently 4 times. Mice were decapitated 

and striata were microdissected. Striata from 4 mice were dounce homogenized with 600 μl of 

lysis buffer 1 (1 mM EDTA, 150 mM NaCl, 50 mM HEPES pH 7.5 supplemented with Halt 

protease inhibitor (Thermo Scientific 78429). Immediately after homogenization, 600 μl of lysis 

buffer 2 (2% Na Deoxycholate, 2% Triton-X, 0.5% SDS, 1mM EDTA, 150 mM NaCl and 50 mM 

HEPES pH 7.5) was added. The lysed samples were sonicated for 5 min at 60% power and then 

centrifuged at 15,000 x g for 15 min at 4°C. The resulting supernatant was then ultracentrifuged at 

100,000 x g for 30 min at 4°C. SDS was added to the supernatant for a final concentration of 1%. 

The sample was then boiled at 95°C for 5 minutes. Sample was cooled on ice and incubated with 

35 μl of equilibrated anti-pyruvate carboxylase (5 ug; abcam 110314) conjugated agarose beads 

(Pierce 20398) for 4 hrs at 4°C while rotating. Subsequently, the sample was centrifuged at 2000 

rpm for 5 mins at 4°C and the supernatant was incubated with 80 μl NeutrAvidin agarose at 4°C 

overnight while rotating.  

     The NeutrAvidin beads were then washed twice with 0.2% SDS, twice with wash buffer (1% 

Na deoxycholate, 1% Triton-X, 25 mM LiCl), twice with 1M NaCl, and 5 times with 50 mM 

ammonium bicarbonate. Proteins bound to the agarose were then eluted in elution buffer (5 mM 

biotin, 0.1% Rapigest SF surfactant, 50 mM ammonium bicarbonate) at 60°C for a minimum of 2 

hr.  

     The final protein concentration was measured by BCA. Eluted proteins were subject to 

reduction using 5mM Tris (2-carboxyethyl) phosphine for 30 min and then alkylated by 10 mM 
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iodoacetamide for another 30 min. Proteins were digested with Lys-C for 4 hrs at a 1:100 protease-

to-peptide ratio overnight. The digestion reaction was terminated with the addition of formic acid 

to 5% (vol./vol.) with centrifugation. Each sample was then desalted with C18 tips (Thermo 

Scientific, 87784) and dried with a SpeedVac vacuum concentrator. The peptide pellet was 

reconstituted in 5% formic acid before liquid chromatography-tandem mass spectrometry (LC-

MS/MS). A schematic of the biotinylated protein pulldown procedure is provided as Figure 2.1. 

 

Section 2.13: Quantitative mass spectrometry analysis of biotinylated proteins 

     Tryptic peptide mixtures were fractionated online using a 25 cm long, 75μm ID fused-silica 

capillary that was packed in-house with bulk ReproSil-Pur 120 C18-AQ particles as described 

previously (Jami-Alahmadi et al., 2021). Peptides were analyzed using a 140-min water-

acetonitrile gradient. The solvent gradient began with LC buffer B (acetonitrile solution with 3% 

DMSO and 0.1% formic acid) to LC buffer A (water solution with 3% DMSO and 0.1% formic 

acid) increasing from 0 to 6% over 5 min at a flow rate of 400 nL/min. The flow rate was then 

reduced to 200 nL/min and a linear gradient beginning at 6-28% LC buffer B was applied to the 

column over the course of 123 min. The linear gradient of LC buffer B was then further increased 

to 28-35% for 8 min followed by a rapid ramp-up to 85% for column washing using a Dionex 

Ultimate 3000 UHPLC (Thermo Fisher Scientific). The eluted peptides were then ionized via 

nanoelectrospray ionization and entered the Orbitrap Fusion Lumos high resolution accurate 

tandem mass spectrometer (Thermo Fisher Scientific) with an MS1 resolution (r) of 120,000 

followed by sequential MS2 scans at a resolution (r) of 15,000. Data generated by LC-MS/MS 

was processed in two discrete bioinformatic pipelines. The first analysis used the Integrated 

Proteomics Pipeline 2 (Integrated Proteomics Applications; San Diego, CA) to generate spectral  
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Figure 2.1: Biotinylated protein pulldown workflow. Schematic shows tissue processing steps to obtain biotinlylated proteins from 

striatal cells expressing BioID2. High performance liquid chromatography with tandem mass spectrometry (LC-MS/MS) is used to 

identify the biotinylated proteins
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counting across multiple runs. MS2 spectra were searched using the ProLuCID algorithm against 

the Uniprot Mus musculus reference proteome (UP000000589) followed by filtering of peptide-

to-spectrum matches (PSMs) by DTASelect with a “decoy” database-estimated false discovery 

rate (FDR) < 1%. In the second analysis, label-free quantification (LFQ) was carried out by 

integrating the total extracted ion chromatogram (XIC) at the MS1 level of parent peptide ions 

with a specific retention time and m/z through MaxQuant software as described previously (Cox 

et al,. 2008). To generate protein expression and quantification values, the LFQ intensity was used. 

The raw dataset generated by mass spectrometry has been deposited to the online database PRIDE 

with accession number PXD029257.  

     To account for variations in pulldown efficiency, all proteins and their LFQ values were 

robustly normalized to Pyruvate carboxylase (Uniprot ID Q05920).  Downstream analysis was 

conducted only on proteins with non-zero LFQ values in 3 or more experimental BioID2 replicates. 

Data analysis for whole bulk tissue analyses was carried out identically except samples were 

normalized by median intensity. 

 

Section 2.14: Statistical analysis of differentially expressed proteins 

     The LFQ intensity values were used for protein quantification across samples. Statistical 

analysis of differentially expressed proteins was done using Bioconductor package limma v 3.54. 

To generate a list of proteins with high confidence, all mitochondrial proteins including 

carboxylases and dehydrogenases were manually filtered as they are artifacts of endogenously 

biotinylated proteins. Proteins with Log2FC > 1 and FDR < 0.05 versus GFP controls were 

considered putative hits and used for subsequent comparison between subcompartments and cell-

types. Comparison between subcompartments and cell types was also performed with limma 
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utilizing the same thresholds (Log2FC > 1 and FDR < 0.05). To generate a P-value for proteins 

that appeared in one group in > 3 replicates, but had a zero value in all the control experimental 

runs, the zero values were imputed with the lowest LFQ value in the entire dataset.  

     The gene ontology enrichment analysis for cellular compartments and biological function was 

performed using PANTHER overrepresentation test (GO ontology database released 2020-01-01) 

with FDR < 0.05 and with all Mus musculus genes used as reference and with STRING (string-

db.org) with an FDR < 0.05 and with all Mus musculus genes used as a reference. Gene ontology 

pathway analysis for the astrocytic subcompartments was done with Enrichr 

(https://maayanlab.cloud/Enrichr/). 

 

Section 2.15: Protein networks and protein-protein interaction analysis 

     Network figures were created using Cytoscape (v3.8) with nodes corresponding to the gene 

name for proteins identified in the proteomic analysis. A list of protein-protein interactions from 

published datasets was assembled using STRING. In all networks, node size is proportional to the 

fold enrichment over GFP control. To identify interactors of SAPAP3 protein, Significance 

Analysis of INTeractome (SAINTexpress; Choi et al,. 2013) was employed with a BFDR cutoff 

of 0.05. 

 

Section 2.16: RNA-seq analysis of striatal astrocyte and neuron transcriptomes  

     RNA extraction from striatal astrocytes and neurons was performed as previously described 

(Nagai et al., 2019, Yu et al., 2020, Gangwani et al., 2023). Briefly, RiboTag AAV (AAV 2/5 

GfaABC1D Rpl22-HA or AAV 1 hSyn1 Rpl22-HA) was injected into the dorsal striatum of adult 

C57BL/6NTac mice at 6 weeks of age. For RNA extraction of SAPAP3 KO mice, RiboTag AAV 
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was injected into the dorsal striatum at 4.5 months of age. Freshly microdissected striata were 

collected and individually homogenized. RNA was extracted from 10%-20% of cleared lysate as 

input sample, which contained RNA from all striatal cell types. The remaining lysate was 

incubated with mouse anti-HA antibody (1:250; Biolegend, 901514) with rotation for 4 hrs at 4°C 

followed by addition of IgG magnetic beads (Invitrogen Dynabeads #110.04D). The samples were 

left for overnight incubation at 4°C. The beads were then washed three times in high salt solution. 

RNA was purified from the immunoprecipitate and the corresponding input samples with the 

Qiagen RNAeasy kit (Qiagen 74034). RNA concentration and quality were assessed with Agilent 

2100 Bioanalyzer. RNA samples with RNA integrity number (RIN) greater than 7 were used for 

multiplexted library preparation with the Nugen Ovation RNA-seq System V2. For each 

experiment, all samples were multiplexed into a single pool in order to avoid batch effects (Auer 

and Doerge, 2010). Sequencing was performed on Illumina NextSeq 4000 for 2 x 75 yielding at 

least 45 million reads per sample. Demultiplexing was performed with Illumina Bcl2fastq2 v 2.17 

program. Reads were aligned to the mouse mm10 reference genome using the STAR spliced read 

aligner (Dobin et al., 2013). Approximately 70% of the reads mapped uniquely to the mouse 

genome and were used for downstream analyses. Differential gene expression analysis was 

performed on genes with FPKM > 0.01 in at least 4 samples per condition and Log2FC > 1 or < -

1 using Bioconductor package limmaVoom with the false discovery rate (FDR) threshold set at < 

0.05. Combat was applied to remove batch effects. Differentially expressed genes (DEGs) that 

were more than two-fold higher in the IP samples than the input samples were designated as 

astrocyte or neuron enriched DEGs. RNAseq data has been deposited within the Gene Expression 

Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo), accession ID# GSE184773. 
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Section 2.17: Behavioral tests of SAPAP3 WT and KO mice  

     Behavioral tests were performed during the light cycle between 10am and 2pm (Welch et al., 

2007). Mice were assessed at 6 months of age or 5 months post-AAV microinjection. All 

experimental mice were transferred to the behavior testing room at least 30 min before testing to 

acclimatize to the environment and to reduce stress. Temperature and humidity of the experimental 

rooms were kept at 23 ± 2°C and 55 ± 5%, respectively. The brightness of the experimental room 

was kept dimly lit unless otherwise stated. Background noise (60-65 dB) was generated by a white 

noise box (San Diego Instruments). 

 

Self-grooming behavior 

The procedure of self-grooming behavior measurement was adapted from previously published 

work (Yu et al., 2018; Kalueff et al., 2007). The recording was conducted at 35 lux. Mice were 

placed individually into plastic cylinders (15 cm in diameter and 35 cm tall), and allowed to 

habituate for 20 minutes. Self-grooming behavior was recorded for 10 minutes. A timer was used 

to assess the cumulative time spent in self-grooming behavior which included paw licking, 

unilateral and bilateral strokes around the nose, mouth, and face, paw movement over the head and 

behind the ears, body fur licking, body scratching with hind paws, tail licking, and genital cleaning. 

The number of self-grooming bouts and rearing bouts was also counted. Separate grooming bouts 

were considered when the pause was more than 5 sec or if behaviors other than self-grooming 

occurred. The microstructure of self-grooming was not assessed. 

 

Assessment of skin lesions 
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Mice were anesthetized in 5% isoflurane with 1% O2 via a veterinary grade anesthesia ventilation 

system (VetEquip). Mice were placed on an opaque Plexiglass board and photos of their head and 

torso were taken bilaterally. Images were scaled with a ruler (Fine Science Tools) and the images 

were analyzed on ImageJ software. Measurements were all scaled to the ruler on ImageJ. 

 

Open field test 

     The open field chamber was illuminated at 35 lux. The open field chamber consisted of a square 

arena (28 cm x 28 cm) enclosed by walls made of opaque white Plexiglass (19 cm tall). The 

periphery of the arena was defined as the area within 2.5 cm adjacent to the walls of the chamber 

and the center of the arena was defined as the area 2.5 cm away from the chamber walls. Each 

mouse was placed into an open field box to habituate for 20 min. Locomotor activity was then 

recorded for 30 minutes using a camera (Logitech) located right above the open field chamber. 

Anymaze video analysis software was used to quantify time spent in center, total distance traveled, 

and speed.  

 

Elevated plus maze 

     All four arms of the elevated plus maze were illuminated at 25 lux. The elevated plus maze 

consisted of arms that were 30 x 7 cm with closed arm walls with a height of 20 cm. The maze 

was elevated 65cm above floor level and was placed in the center of the room away from other 

stimuli. Mice were placed in the center of the maze facing an open arm. Mice were recorded for 

10 minutes using a camera (Logitech) located above the maze. Anymaze video analysis software 

was used to quantify time spent in open arms and percent time spent in open arms. 
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Section 2.18: Quantification and statistical analyses 

     Data from every experiment represent at least four replicates. All statistical tests, unless 

otherwise stated, were run in OriginPro 2018 and GraphPad InStat3. Data are presented as mean 

± SEM along with the individual data points. The results of statistical comparisons, n numbers, 

and exact p-values are shown in the figure panels or in the figure legends along with the average 

data. N is defined as the number of cells or mice on a case-by-case basis throughout the manuscript. 

We determined whether each set of data was normally distributed or not by using GraphPad Instat3 

and OriginPro 2018. If the data were normally distributed we employed parametric tests, while if 

they were not normally distributed we used parametric tests. Paired and unpaired Student’s two-

tailed t tests (as appropriate) and two tailed Mann-Whitney tests were used for most statistical 

analyses with significance declared at p < 0.05, but stated in each case with a precise P value. 

When P values were greater than 0.05, it is stated as non-significant (n.s.). All proteomic and 

transcriptomic analyses used a statistical FDR value < 0.05 unless otherwise stated. All mice were 

assigned to particular experimental groups at random. No data points were excluded from any 

experiment. 
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CHAPTER 3: ASTROCYTE AND NEURON PROTEOMES 

Section 3.1: Introduction 

     In the central nervous system there exists various cell types. Neurons are the electrical conduits 

of the brain and are responsible for sending, receiving, and transmitting electrochemical signals 

throughout the entirety of the central nervous system. Glial cells are the cells which are not neurons 

and are responsible for all other aspects of brain function such as keeping the neuron axons 

ensheathed with myelin for fast electrical signal propagation (oligodendrocytes), immune 

surveillance (microglia), or maintenance of local circuitry (astrocytes). Although both astrocytes 

and neurons arise from the same developmental pathway during embryogenesis (Bayraktar et al., 

2015) the fundamental difference between neurons and astrocytes are the core functions that each 

cell type conducts after differentiation. By definition, neurons are electrical conduits, and this 

function is attributed to the proteins related to electrical signaling it expresses. Thus, if this is the 

case, electrically “silent” cells such as astrocytes should express very little to no proteins related 

to electrical conductivity such as voltage gated Na+ channels. While there is a logic to these 

assumptions, there has been no direct systematic measure of the difference between astrocytes and 

neurons at the proteomic level in a defined circuit. Furthermore, while invaluable extensive 

databases have curated transcriptomic profiles of astrocytes and neurons with deep RNA-

sequencing and single-cell sequencing (Zhang et al., 2014; Saunders et al., 2018; Tian et al., 2019) 

these profiles have not been compared to each other nor have they been compared to the resultant 

protein profiles of astrocytes or neurons. 

     In order to assess the core molecular distinctions and similarities between astrocytes and 

neurons at the protein level and in vivo, we developed a proximity labeling based approach to label 

and capture proteins in both cell types, selectively. To do this, we used genetically targeted biotin 
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ligase, BioID2. BioID2 is a small biotin ligase isolated from the organism Aquifex aeolicus with a 

humanized modification at the biotin catalytic domain (R40G) for more promiscuous biotinylation 

activity (Kim et al., 2016). In the presence of exogenous biotin, magnesium (Mg2+), and ATP as 

an energy source, BioID2 catalyzes the fusion of biotin with a free lysine of a proximal protein 

(Figure 3.1), thus enabling the protein to be labeled and subsequently visualized or isolated with 

streptavidin, a strong biotin binder.  

     To selectively target either astrocytes or neurons in the striatum we utilized cell-selective 

AAVs. We utilized the human Synapsin-1 (hSyn1) gene promoter (Kügler et al., 2003) in 

combination with the AAV 1 serotype to selectively target neurons in the striatum. For astrocytes, 

we used the astrocyte minimal promoter, GfaABC1D (Lee et al., 2008) in combination with the 

AAV 2/5 serotype to selectively target astrocytes in the striatum. In all constructs, BioID2 

contained a hemagglutinin (HA) tag at the C-terminus in order to be able to visualize its specificity 

and localization in the striatum with antibody staining. In this way, we created Neuro BioID2 

(hSyn1 BioID2-BioID2-HA) and Astro BioID2 (GfaABC1D BioID2-BioID2-HA) which localized 

freely diffusible, cytosolic BioID2 to either neurons or astrocytes (Figure 3.2).  

     Additionally, to take advantage of the nanoscale range of BioID2 biotinylation, we created 

constructs that targeted BioID2 to the plasma membrane. The Src family of protein tyrosine 

kinases contain an N-terminal motif that specifies modifications necessary for precise intracellular 

localization to the plasma membrane. This motif, termed the Lck peptide, sequence allows direct 

protein targeting to the plasma membrane (Zlatkine et al., 1997). Using the Lck peptide, we created 

Neuro Lck-BioID2 (hSyn1 Lck-BioID2-BioID2-HA) and Astro Lck-BioID2 (GfaABC1D Lck-

BioID2-BioID2-HA) for labeling and capture of proteins at the plasma membrane of these cells 

(Figure 3.2). With the development of these cell and subcompartment-specific constructs, our 
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Figure 3.1: Chemical reaction catalyzed by BioID2. Schematic of the BioID2 biotinylation reaction in the presence of biotin, Mg2+, 

and ATP. Free lysine residues on a protein are biotinylated. 
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Figure 3.2: Cell and subcompartment specific AAVs. Cartoon illustrating four adeno-associated 

virus (AAV) constructs for cell and subcompartment specific targeting of BioID2 in astrocytes and 

neurons.
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studies provide a basis for functional differences between astrocytes and neurons with some 

surprising similarities.  

 

Section 3.2: Validation of BioID2 subcompartment localization with HEK293 cells 

     In order to assess whether BioID2 could be targeted to the plasma membrane in mammalian 

cells, we used HEK293T kidney cells to explore BioID2 expression before applying BioID2 in 

vivo. We made to expression construct plasmids using pcDNA3.1 as the vector for mammalian 

expression and used the cytomegalovirus (CMV) promoter for expression in mammalian cells. 

This resulted in two constructs: pcDNA3.1 CMV BioID2-BioID2-HA for cytosolic BioID2 

expression and pcDNA3.1 CMV Lck-BioID2-BioID2-HA for plasma membrane expression. 

     When cells were transfected with either of these plasmids, we observed that both BioID2 

constructs reliably expressed in mammalian cells (Figure 3.3) and in the case of plasma membrane 

Lck-BioID2, BioID2 was highly expressed at the plasma membrane. Interestingly, cytosolic 

BioID2 was also shown to be expressed in the nucleus of the cell, indicating that freely diffusing 

BioID2 is small enough to cross the nuclear envelope. This nuclear expression was not seen in the 

case of Lck-BioID2.  

     Upon addition of exogenous biotin at a concentration of 5 mM, we detected a strong 

biotinylated protein signal when the cells were probed with streptavidin. This signal was only 

detected upon addition of exogenous biotin as compared with media-only controls (Figure 3.3). 

This result indicated that (1) BioID2 does not sequester endogenous biotin and (2) biotinylation of 

proteins by BioID2 is temporally specific and can be controlled by the addition of exogenous 

biotin. Furthermore, biotinylated proteins were highly co-localized with the BioID2-HA 

expression signal indicating that indeed, BioID2 is proximity dependent and labels proteins within 
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10nm. This was exceptionally clear for plasma membrane targeted Lck-BioID2 as most of the 

biotinylated protein signal was found at the plasma membrane of the HEK cell.  

     Because localized expression of BioID2 and subsequent protein biotinylation was possible in 

mammalian HEK293 cells, we then conducted a western blot for biotinylated proteins in these 

cells in order to assess the range of biotinylation by BioID2. Upon gel separation of proteins and 

western blotting with Streptavidin conjugated-horseradish peroxidase (HRP) staining, we found 

that a range of proteins across the entire molecular weight spectra was biotinylated by both 

cytosolic and plasma membrane localized BioID2 constructs (Figure 3.4). Furthermore, in 

concordance with the immunocytochemistry data, the signal of this range of biotinylated proteins 

was significantly higher upon addition of exogenous biotin (Figure 3.4) Since biotinylated 

proteins were detected at the western blot level and these proteins ranged across molecular weights, 

the results indicated that these proteins could be identified with mass spectrometry. Therefore, 

subcompartment targeted BioID2 can be used to label and identify proteins in mammalian cells.  

     When conducting these BioID2 western blot analyses, it is important to note two strong 

biotinylated protein bands at 130 kDa and 250 kDa in both non-biotin and biotin conditions. These 

are endogenously biotinylated mitochondrial proteins that exist within a cell (Grant et al., 2019) 

and should be interpreted with this in mind. 

 

Section 3.3: In vivo expression of BioID2 in astrocytes and neurons 

     Before dissecting the proteomes of astrocytes and neurons in both the cytosol and plasma 

membrane, we first validated the expression and biotinylation activity of Astro BioID2, Astro Lck-

BioID2, Neuro BioID2, and Neuro Lck-BioID2 in the striatum with immunohistochemistry and 

western blots. To do this, we microinjected each AAV construct unilaterally into the dorsal 
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Figure 3.3: Compartment specific BioID2 validation in HEK293T cells. a. Representative images of HEK293T cells transfected 

with the cytosolic BioID2 construct and then treated with either biotin in PBS or solely PBS (no biotin). The cells were immunostained 

with both anti-HA antibody (red) and a fluorophore conjugated streptavidin probe (green). b. Quantification of HA intensity and biotin 

intensity (arbitrary units) in cells transfected with cytosolic BioID2 (n = 11 cells in the no biotin group and n = 21 cells in the biotin 

group; Unpaired T-test) c. Representative images of HEK293T cells transfected with the plasma membarane Lck-BioID2 construct and 

then treated with either biotin in PBS or solely PBS (no biotin). The cells were immunostained with both anti-HA antibody (red) and a 

fluorophore conjugated streptavidin probe (green). Arrows show the plasma membrane localization. f. Quantification of HA intensity 

and biotin intensity (arbitrary units) in cells transfected with Lck-BioID2 (n = 7 cells in the no biotin group and n = 21 cells in the biotin 

group; Unpaired T-test).
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Figure 3.4: Biotinylation validation of BioID2 in HEK293T cells. a. Representative western 

blot of HEK293T cells transfected with cytosolic BioID2 and treated with either biotin in PBS or 

solely PBS (no biotin). b. Western blot quantification of HEK293T cells transfected with cytosolic 

BioID2 and treated with either biotin in PBS or solely PBS (no biotin). Graph depicting the 

streptavidin signal intensity divided by the β-actin signal intensity for each data point. Black 

horizontal line depicts the mean. (n = 8 batches of coverslips; Unpaired T-test). c. Representative 

western blot of HEK293T cells transfected with Lck-BioID2 and treated with either biotin in PBS 

or solely PBS (no biotin). d. Western blot quantification of HEK293T cells transfected with Lck-

BioID2 and treated with either biotin in PBS or solely PBS (no biotin). Graph depicting the 

streptavidin signal intensity divided by the β-actin signal intensity for each data point. Black 

horizontal line depicts the mean. (n =11 batches of coverslips; Unpaired T-test). 
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striatum. After three weeks of expression, a subcutaneous injection of exogenous biotin was given 

to the mice for seven days. Sixteen hours after the last injection, the mouse brain tissues were 

processed for either immunohistochemistry or western blot.  

          With immunochemistry we found that BioID2-HA expression was localized to the striatum, 

the intended expression site. When the tissue was probed with streptavidin, the biotinylated protein 

signal was the highest and restricted to the area where BioID2 was expressed, thus indicating that 

BioID2 expression and subsequent protein biotinylation can be restricted to discrete brain areas 

and defined circuits (Figure 3.5). When assessing the biotinylated proteins with western blotting 

and the streptavidin-HRP probe, all four cell-specific and compartment specific constructs 

displayed a significant increase in biotinylation signal across the molecular weight spectra when 

compared to the contralateral side (Figure 3.5). Therefore, BioID2 can be expressed and is 

functional in brain cells, in vivo.  

     We next assessed whether our in vivo BioID2 constructs were indeed cell-selective and 

subcompartment-specific as intended. To do this we conducted immunohistochemistry of BioID2 

and the biotinylated proteins along with cell markers NeuN and DARPP-32 medium spiny neurons 

(MSNs) in the striatum and S100β for striatal astrocytes. Our results show that both Astro BioID2 

and Astro Lck-BioID2 were expressed in 85% of S100β+ astrocytes and in about 1% of neurons 

(Figure 3.6). Additionally, visualization of Astro BioID2 and its corresponding biotinylated 

protein signal looked both more somatic and end-foot vasculature-like than Astro Lck-BioID2 

which displayed a cloud-like bushy signal reminiscent of the astrocyte fine processes. This 

indicated that both Astro BioID2 and Astro Lck-BioID2 were selectively expressed in striatal 

astrocytes and biotinylated proteins at their corresponding subcompartments in vivo.  
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     Similar immunohistochemistry experiments were conducted with the Neuro BioID2 and Neuro 

Lck-BioID2 constructs. In this case about 85% of MSNs expressed Neuro BioID2 or Neuro Lck-

BioID2, whereas no S100β+ astrocytes expressed either construct. Visualization of Neuro BioID2 

and its corresponding biotinylated protein signal showed discrete neuronal somata labeling while 

Neuro Lck-BioID2 displayed a dense and dendritic-like expression. Therefore, both Neuro BioID2 

and Neuro Lck-BioID2 were selectively expressed in striatal neurons and at their corresponding 

subcompartments (Figure 3.7).  

 

Section 3.4: Mass spectrometry based identification and analysis of biotinylated proteins 

     Western blot analyses of striata expressing cell and subcompartment specific BioID2 

demonstrated that a range of proteins are biotinylated in vivo. Thus, we next sought to isolate and 

identify these biotinylated proteins using mass spectrometry based methods. We injected a set of 

mice with either cell type- or compartment specific BioID2 AAVs bilaterally into the striatum. We 

also injected another set of mice with a cognate cell-specific GFP AAV control such as cytosolic 

tdTomato or plasma membrane tethered Lck-GFP as a control. After three weeks of expression, 

all mice received the same subcutaneous injection of 24 mg/kg of biotin for 7 days, after which 

the mouse striata were processed for purification of biotinylated proteins.  

     After purification of the proteins with streptavidin conjugated beads, the proteins were 

trypsinized to yield peptide fragments for downstream mass spectrometry analyses. We used high 

performance liquid chromatography coupled with tandem mass spectrometry to assess the identity 

and relative abundance of these cell specific peptide fragments. Using the Uniprot mus musculus 

database as a reference, a total of 113,421 unique peptides were run across all cell-specific samples 

including the controls. We identified 3525 proteins in the combined Neuro BioID2 and Neuro GFP 
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Figure 3.5: in vivo expression of BioID2 in mouse striatum. a. Coronal section of mouse brain microinjected in the dorsal striatum 

with AAV 2/5 GfABC1D BioID2-HA (Astro BioID2) and injected subcutaneously with biotin for 7 days. b. Western blot analysis of 

brain unilaterally microinjected with Astro BioID2. Dark bands at 130 kD and 250 kD show the endogenously biotinylated mitochondrial 

proteins, Pyruvate carboxylase and acetyl-CoA carboxylase. Graph depicting the streptavidin signal intensity divided by the β-actin 

signal intensity for each data point. Black horizontal line depicts the mean. (n = 4 mice; Paired T-test) c. As in b, but for membrane 

localized Astro Lck-BioID2.  (n = 4 mice; Paired T-test) d. As in b, but for AAV1 hSyn1 BioID2-HA (Neuro BioID2). . (n = 4 mice; 

Paired T-test). e. As in b, but for plasma membrane localized Neuro Lck-BioID2 (n = 4 mice; Paired T-test).
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Figure 3.6: Cell-selectivity of BioID2 in astrocytes. a. Representative images of mouse striatum injected with astrocyte-specific 

cytosolic BioID2 and then treated with biotin for 7 days. Top panel shows the immunostaining pattern with S100β as an astrocyte cell 

marker and bottom panel shows the immunostaining pattern with NeuN as a neuronal cell marker. b. Bar graphs depicting the percent 

of S100β positive or NeuN positive cells with HA expression in a 40x magnification field of view. Black portion of the bar graphs show 

the percent co-localization. (n = 8 fields of view at 40x magnification from 4 mice) c. Representative images of mouse striatum injected 

with astrocyte-specific plasma membrane Lck-BioID2 and then treated with biotin for 7 days. Top panel shows the immunostaining 

pattern with S100β as an astrocyte cell marker and bottom panel shows the immunostaining pattern with NeuN as a neuronal cell marker. 

d. Bar graphs depicting the percent of S100β positive or NeuN positive cells with HA expression in a 40x magnification field of view. 

Black portion of the bar graphs show the percent co-localization. (n = 8 fields of view at 40x magnification from 4 mice). 
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Figure 3.7: Cell-selectivity of BioID2 in neurons. a. Representative images of mouse striatum injected with neuron-specific cytosolic 

BioID2 and then treated with biotin for 7 days. Top panel shows the immunostaining pattern with NeuN as a neuronal cell marker and 

bottom panel shows the immunostaining pattern with S100 β as an astrocyte cell marker. b. Bar graphs depicting the percent of S100β 

positive or NeuN positive cells with HA expression in a 40x magnification field of view. Black portion of the bar graphs show the 

percent co-localization. (n = 8 fields of view at 40x magnification from 4 mice) c. Representative images of mouse striatum injected 

with neuron-specific plasma membrane Lck-BioID2 and then treated with biotin for 7 days. Top panel shows the immunostaining pattern 

with NeuN as a neuronal cell marker and bottom panel shows the immunostaining pattern with S100β as an astrocytic cell marker. d. 

Bar graphs depicting the percent of S100β positive or NeuN positive cells with HA expression in a 40x magnification field of view. 

Black portion of the bar graphs show the percent co-localization. (n = 8 fields of view at 40x magnification from 4 mice). 
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identification list, 3603 proteins in the combined Neuro Lck-BioID2 and Neuro Lck-GFP 

identification list, 3509 proteins in the combined Astro BioID2 and Astro tdTomato identification 

list, and 3754 proteins in the combined Astro Lck-BioID2 and Astro Lck-GFP identification list. 

The proteins identified here represent proteins that were identified in at least one technical run. A 

total of 4 technical and biological runs consisting of 8 mouse striata each were run to generate 

these lists.  

     In order to identify as many proteins as possible and keep sample quantity intact, we did not 

use any labeling methods such as tandem mass tagging (TMT) or isotope dimethyl labeling for 

protein quantitation. Instead we utilized label free quantification (LFQ) which is based on peptide 

spectral counting and the precursor (MS1) signal to generate a relative quantification termed the 

LFQ intensity (Griffin et al., 2010). If the LFQ intensity was 0, we deemed this protein non-existent 

in the sample. We normalized the LFQ values among technical runs by using the LFQ values of 

the endogenously biotinylated 130 kDa mitochondrial protein, Pyruvate carboxylase, which 

appears robustly at similar abundance levels in all samples, including in the fluorescent protein 

controls.  

     After normalization with Pyruvate carboxylase, we conducted a dimensionality reducing 

analysis using principal component analysis (PCA) of all the proteins in order to visualize how 

each cell-specific BioID2 and their corresponding fluorescent protein control experiment related 

to each other. From this analysis, we found that principal component 1 explained about 45% of the 

variation of each construct sample and that the fluorescent protein controls separated far on this 

plane from all BioID2 experiments (Figure 3.8). We then manually removed all mitochondrial 

associated proteins as these can all be transiently and endogenously biotinylated. Additionally we 

removed proteins labeled by Uniprot as known contaminants such as mouse keratins. This left us 
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with 1509 proteins in the combined Neuro BioID2 and Neuro GFP identification list, 2022 proteins 

in the combined Neuro Lck-BioID2 and Neuro Lck-GFP identification list, 2091 proteins in the  

combined Astro BioID2 and Astro tdTomato identification list, and 1071 proteins in the combined 

Astro Lck-BioID2 and Astro Lck-GFP identification list.  Finally, using the LFQ values and using 

R statistical package, limma, we chose high confidence proteins that had a larger than 2-fold LFQ 

intensity over the fluorescent protein controls and had a Bonferroni false discovery rate (adjusted 

p-value) of less than 0.05. This analysis yielded 590 proteins in the Neuro BioID2 identification 

list, 1942 proteins in the Neuro Lck-BioID2 identification list, 513 proteins in the Astro BioID2 

identification list, and 385 proteins in the Astro Lck-BioID2 identification list. These values and 

filters are found in Table 3.1 and supplementary excel file 1. 

 

Section 3.5: Characterization of astrocyte and neuronal proteomes 

     Mass spectrometry and subsequent statistical analyses allowed us to generate a high confidence 

list of proteins for each cell-specific and compartment specific BioID2 experiments. These high 

confidence lists represent proteins that were biotinylated by BioID2 in a cell-specific manner in 

vivo. To assess this cell-specificity we asked whether proteins that are considered cell-enriched 

proteins for multiple brain cell types were present or absent from each cell- and subcompartment 

specific experiment. For neurons we chose NeuN (gene: Rbfox3), Nefl (gene: Nefl), β-III tubulin 

(gene: Tubb3), and Enolase-2 (gene: Eno2). For astrocytes we chose Aldh1l1 (gene: Aldh1l1), 

Kir4.1 (gene: Kcnj10), Glt-1 (gene: Slc1a2) and Cx-43 (gene: Gja1). For oligodendrocytes we 

chose MOG (gene: Mog), Sox10 (gene: Sox10), MOBP (gene: Mobp), and MBP (gene: Mbp). For 

oligodendrocyte progenitor cells we chose Olig2 (gene: Olig2), PDGFR-α, (gene: Pdgfra) and 

Cacng4 (gene: Cacng4). For microglia we chose CD-68 (gene: Cd68), Ptprc (gene: Ptprc), CCL-
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3 (gene: Ccl3), and TNF (gene: Tnf). When we searched our high confidence protein lists for these 

cell-enriched markers we found that the all four neuron enriched markers were found within those 

proteins biotinylated by Neuro BioID2. Interestingly, only three of the four neuronal markers were 

found within proteins biotinylated with Neuro Lck-BioID2 (Figure 3.9). Nuclear protein, NeuN, 

was not found in the Neuro Lck-BioID2 protein list indicating that Neuro Lck-BioID2 only 

biotinylates proteins that associate with the plasma membrane at some point and that sub-

compartment specificity is attained by genetically targeted BioID2. No cell-enriched markers for 

any other cell types were biotinylated by either Neuro BioID2 or Neuro Lck-BioID2 (Figure 3.9). 

We conducted these same analyses for both Astro BioID2 and Astro Lck-BioID2 and found that 

both constructs biotinylated all four astrocyte enriched proteins and no other cell type enriched 

marker proteins (Figure 3.9). Taken together, these analyses support the immunohistochemical 

data that our BioID2 AAV constructs are both cell-selective and sub-compartment targeted.  

     Comparison of our high confidence proteins to each other revealed common proteins, shared 

proteins, and proteins unique to each BioID2 construct. There were 5 proteins shared by all cell-

and subcompartment specific constructs. 350 proteins were unique to Neuro Lck-BioID2, 109 

proteins were unique to Neuro BioID2, 82 proteins were unique to Astro Lck-BioID2, and 78 

proteins were unique to Astro BioID2. 436 proteins were shared by both neuronal BioID2 

constructs, while 147 were shared by both astrocyte BioID2 constructs (Figure 3.10). 

     To make sense of the differences between astrocytes and neurons we compared both the 

astrocyte and neuronal cytosolic proteomes to each other and we also compared the astrocyte and 

neuronal plasma membrane proteomes in a similar manner. Using the LFQ intensity and R 

statistical analysis, limma, we quantitatively compared the high confidence proteins of the neuron 

and astrocyte cytosol to each other. We found 372 unique neuronal cytosol proteins and 302 
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astrocyte cytosol unique proteins. Among these neuronal unique proteins were proteins known to 

be in neurons such as Bassoon (Bsn) and neurofilament protein (Nefl). Proteins uniquely in 

astrocytes were proteins such as Glt-1 (Slc1a2) and the astrocytic sodium potassium pump 

(Atp1a2). Additionally, there were 208 shared proteins among the cytosol of both cell types. Of 

these, 62 were significantly enriched in neurons and 31 were enriched in astrocytes. Intriguingly, 

there were 115 proteins that were not enriched in either cell-type and are thus equivalently 

expressed in both astrocytes and neurons (Figure 3.11). Henceforth, the 372 neuronal unique 

proteins with the addition of the 62 enriched proteins when compared to the astrocyte cytosol 

comprise the high confidence striatal neuron cytosolic proteome for a total of 434 proteins. 

Likewise, the 302 astrocyte unique proteins with the addition of the 31 enriched proteins when 

compared to the neuron cytosol comprise the high confidence striatal astrocyte cytosolic proteome 

for a total of 332 proteins.  

    Similarly, we conducted the same analyses with the neuronal and astrocytic plasma membrane. 

When we quantitatively compared the proteins found at the neuron and astrocyte plasma 

membranes, we find 1640 were unique to the neuron plasma membrane including microtubule 

associated proteins (Map1a, Map1b) and post-synaptic associated proteins such as Ank-2 (Ank2). 

246 proteins were unique to the astrocyte plasma membrane including Glt-1 (Slc1a2) and a 

bicarbonate transporter (Slc4a4). 262 proteins were shared among both cell types’ plasma 

membranes, 31 of which were enriched in neurons and 64 were enriched in astrocytes. Again, there 

were 167 proteins that were found equivalently in both cells’ plasma membranes including a 

surprising post-synaptic associated protein, SAPAP3 (Dlgap3)  (Figure 3.11). Thus, the 1640 

neuron plasma membrane unique proteins with the addition of the 31 neuron enriched proteins 

comprise the striatal neuron plasma membrane proteome comprised of 1672 proteins. While the 
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striatal astrocyte plasma membrane proteome is comprised of 310 proteins composed of the 246 

unique and 64 enriched proteins when compared to the neuronal plasma membrane.  

 

Section 3.6: Functional assessments of striatal astrocyte and neuronal proteomes 

     We next sought the functional relevance of the astrocyte and neuronal proteomes we 

characterized. To do this, we used PANTHER (Protein Analysis Through Evolutionary 

Relationships) protein classification and gene ontology analysis to assess the functions of the 

proteins in each cell compartment. Analysis of the astrocyte cytosolic proteins revealed that at 

least 10% (33 proteins) were involved in lipid metabolism. Other functions of astrocyte cytosolic 

proteins including cell-cell signaling and cell localization. Astrocyte plasma membrane proteins 

showed similar functions in lipid metabolism as well as about 20% of proteins involved in actin 

based processes. Neuronal cytosolic proteins were involved in signaling and ion binding while 

neuronal plasma membrane proteins showed similar signaling receptor activity as well as synaptic 

signaling. These results indicate that at the protein level, astrocytes and neurons differ by the types 

of proteins they express and the activities of these proteins. Of note is that about 45% of proteins 

identified in each cell compartment were proteins related to biosynthetic pathways, which may 

reflect homeostatic mechanisms conserved in both astrocytes and neurons (Figure 3.12). 

     Synaptic signaling in neurons and lipid metabolism in astrocytes were the most divergent 

functional pathways between astrocytes and neurons. To assess more specific molecular pathways 

that give rise to these differences, we probed our protein datasets for proteins involved in Ca2+ 

dependent vesicle release proteins, a canonical neuronal pathway that is necessary for 

neurotransmission. There are 28 known proteins and their isoforms that are involved in Ca2+ 

dependent vesicle release. These include proteins in the Complexin family, proteins in the Syntaxin 
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family, Proteins in the SNAP receptor family, proteins in the Synaptotagmin family, and proteins 

in the Synaptobrevin family. The minimum requirement for functional Ca2+ dependent vesicle 

release is to express proteins in all these families together. When we assessed these protein families 

in our striatal neuron proteomes, we found that the combined neuronal cytosol and plasma 

membrane proteomes contained proteins necessary for functional Ca2+ dependent vesicle release 

including the vesicular GABA transporter (Slc32a1) which has been shown to be abundantly 

expressed in medium spiny neurons of the striatum. However, the astrocyte proteomes revealed 

that astrocytes do not express the minimum machinery necessary to conduct Ca2+ dependent 

vesicle release, with only three proteins identified: SNAP25 (Snap25), Syntaxin1b (Stx1b), and 

Synaptobrevin-2 (Vamp2) (Figure 3.13). 

     In this way, we also assessed proteins that are involved in lipid metabolism, a pathway 

necessary for maintenance of membranes. We identified 53 total lipid metabolism related proteins 

among all proteomes, and found that astrocytes express the majority of them. About 35 proteins 

related to lipid metabolism were detected in astrocytes, while only about 5 were detected in 

neurons thus showing that astrocytes may be the molecular drivers of lipid metabolism in the 

striatum (Figure 3.13).  

     Our data show that astrocytes and neurons differ fundamentally by distinct molecular pathways 

that give rise to distinct astrocyte and neuronal functions. 

 

Section 3.7: Correlations between transcriptomic and proteomic data 

     Transcriptomic analysis of specific cell types has been a standard in biology since its inception 

in the early 21st century. While there exists a plethora of transcriptomic datasets, including some 

in vivo, available from both astrocytes and neurons, there has not been a comparison between these  
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Figure 3.8: Principal component analysis of all proteins identified by mass spectrometry. 

PCA plot depicting all proteins identified by mass spectrometry across 4 experimental runs per 

construct. 
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Table 3.1: BioID2 proteomics analysis filters. List of filters and resultant number of proteins 

used to generate high confidence lists for both astrocyte and neuron specific proteomics. 

 

 

 

 

 

 

 

 

 

 

 

Filters Astro 
BioID2 

Astro Lck-
BioID2 

Neuro 
BioID2 

Neuro Lck-
BioID2 

# unique peptides 113,421 
#unique proteins 3,509 3,754 3,525 3,603 
Proteins known to be 
contaminants and mitochondrial 

 
2,091 

 
1,071 

 
1,509 

 
2,022 

# proteins with 2-fold over GFP 
controls and FDR <0.05 

 
513 

 
385 

 
590 

 
1,942 
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Figure 3.9: Cell-selectivity assessment of identified proteins. Expression levels (in label-free 

quantification intensity, LFQ intensity) of cell-specific markers identified in each BioID2 

construct (n = 4 experimental runs). Proteins in this analysis represent proteins that were enriched 

(Log2FC > 1 versus GFP controls). 
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Figure 3.10: Broad assessment of cell and sub-compartment specific proteins. a. Clustergram 

shows number of unique proteins identified in each BioID2 construct experiment. The proteins 

represent those that were significant (Log2FC > 1 and FDR < 0.05 versus GFP controls). b. UpSet 

plot of BioID2 identified proteins. 

 

 

 

 

 

 

 

 



67 
 

 

 

 

Figure 3.11: Quantitative comparison of astrocyte and neuron proteomes. a. Label-free based 

quantification comparison of proteins identified in both Astro BioID2 and Neuro BioID2 (Log2FC 

> 1 and FDR < 0.05 versus GFP controls). Top plot shows unique proteins identified in Neuro 

BioID2 or Astro BioID2 when compared to each other. The four most abundant proteins are 

labeled. Lower volcano plot depicts the quantitative comparison of 208 proteins that were shared 

in both cytosolic Astro BioID2 and Neuro BioID2. The five highest enriched proteins in each cell-

type are labeled. The top three proteins that showed no enrichment are labeled in red. b. Label-

free based quantification comparison of proteins identified in both plasma membrane targeted 

Astro Lck-BioID2 and Neuro Lck-BioID2 (Log2FC > 1 and FDR < 0.05 versus GFP controls). 

Top plot shows unique proteins identified in Neuro Lck-BioID2 or Astro Lck-BioID2 when 

compared to each other. The four most abundant proteins are labeled. Lower volcano plot depicts 

the quantitative comparison of 262 proteins that were shared in both plasma membrane Astro Lck-

BioID2 and Neuro Lck-BioID2. The five highest enriched proteins in each cell-type are labeled. 

The top three proteins that showed no enrichment are labeled in red. 
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Figure 3.12: Broad functional analyses of neuron and astrocyte proteomes a. Pie chart of PANTHER pathway analysis terms for 

“biological processes”. Pie chart shows the number of proteins found for each term from the 332 Astro BioID2 proteins. b. Pie chart of 

PANTHER pathway analysis terms for “biological processes”. Pie chart shows the number of proteins found for each term from the 434 

Neuro BioID2 proteins. c. Pie chart of PANTHER pathway analysis terms for “biological processes”. Pie chart shows the number of 

proteins found for each term from the 310 Astro Lck-BioID2 proteins. a. Pie chart of PANTHER pathway analysis terms for “biological 

processes”. Pie chart shows the number of proteins found for each term from the 1672 Neuro Lck-BioID2 proteins



69 
 

 

 

Figure 3.13: Assessment of specific neuron and astrocyte functions. a. Cartoon depicting the molecular components of Ca2+ 

dependent vesicular release required for neurotransmission. Bar graph denotes the number of Ca2+ dependent vesicle release protein 

isoforms that were detected in each BioID2 construct experiment. A total of 28 proteins are known. b. Expression levels (in label-free 

quantification intensity, LFQ intensity) of Ca2+ dependent vesicle release protein isoforms identified in each BioID2 construct (n = 4 

experimental runs). Proteins in this analysis represent proteins that were enriched (Log2FC > 1 versus GFP controls). Only proteins that 

were detected are shown. Scale shows Log2LFQ intensity. c. Cartoon depicting the simplified process of lipid metabolism in astrocytes. 

Bar graph denotes the number of lipid metabolism related protein isoforms that were detected in each BioID2 construct experiment. A 

total of 53 proteins were detected in the BioID2 experiments. d. Expression levels of lipid metabolism related protein isoforms identified 

in each BioID2 construct (n = 4 experimental runs). Proteins in this analysis represent proteins that were enriched (Log2FC > 1 versus 

GFP controls). Only proteins that were detected are shown.
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datasets and in vivo proteomes. As mentioned before, the relationship between RNA transcripts 

and protein products is not straightforward, thus a comparison between proteomic and 

transcriptomic output could help us integrate and interpret these datasets more meaningfully. To 

make these datasets comparable, we used an AAV RiboTag method in the striatum to assess the 

transcriptomes of astrocytes and neurons for downstream comparison to our proteomic datasets.   

     Using a Rpl22-HA AAV construct which expresses a ribosomal subunit with an HA-tag in 

neurons or astrocytes selectively, we immunoprecipitated the tagged ribosomes and extracted the 

RNA from striatal neurons or astrocytes. We next conducted high-throughput deep sequencing to 

assess those transcripts we isolated. We compared the immunoprecipitated (IP) RNA to the RNA 

from the “soup of all cells” (also called the input sample) and by using a ratio of IP/input of greater 

than 1, we can detect astrocyte or neuron enriched transcripts. About 40% of the top 50 most 

enriched neuronal genes were also found at the protein level via our datasets. Furthermore, the top 

50 neuronal genes were depleted in the astrocyte IP samples (Figure 3.14). Meanwhile, about 25% 

of the top 50 most enriched astrocyte genes were also found at the protein level in our datasets. 

These top 50 enriched genes were depleted in the neuronal IP samples (Figure 3.14). This 

underscores that a) neurons and astrocytes are fundamentally different and b) RNA does not 

accurately reflect protein product expression in vivo.  

     We next plotted the protein LFQ abundance from our datasets with the RNA fragments per 

kilobase per million (FPKM) abundance from the cell-specific RiboTag method. Across all 

proteomic datasets, the correlation was less than 0.35 (Pearson’s r) and the slope of the line ranged 

from 0.26 to 0.38, indicating low correlation between RNA and protein abundances (Figure 3.15). 

Because sample preparation, data collection, and analysis methods differ between our 

transcriptomic and proteomic datasets, we then decided to conduct a correlation analysis based on 
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protein and RNA rank. The protein and RNA transcripts were ranked based on abundance and the 

protein rank was plotted as a function of the RNA rank. Similarly to the straightforward abundance 

correlations, this analysis showed that protein and RNA rank were very lowly correlated with a 

Pearson’s r range from 0.26 to 0.38, thus indicating that with existing measurement methodology, 

RNA does not accurately reflect or predict protein product (Figure 3.15). Finally, using a Rank-

rank Hypergeometric Overlap (RRHO) statistical analysis method (Plaisier et al., 2010) to show 

the strength and pattern of both RNA and protein expression profiles, we found that in both 

astrocyte and neuronal cytosol proteins, RNA can most accurately predict those gene products that 

are highly ranked in both RNA and protein levels. Interestingly, this is not the case with the plasma 

membrane proteomes in which there is no clear prediction of RNA to its corresponding protein 

(Figure 3.15). This may hint at some interesting biology in which plasma membrane proteins may 

have a different relationship with their corresponding transcripts such as varying turnover rates 

compared to other types of proteins in a cell.  

 

 Section 3.8: Case-by-case validation of proteins expressed by astrocytes 

     Given the richness of data presented here, we validated proteins that we found in our astrocyte 

expressing lists to assess astrocyte expression. While RNA does not correlate with protein, at least 

some RNA expression is needed to make protein product and this provides evidence of expression 

by a cell. Using in situ hybridization, we validated 3 proteins found within our astrocyte proteome 

datasets. We validated Crym mRNA expression, a striatum astrocyte marker; we validated Mapt 

which is canonically found in neurons, and we validated Tjp1 which has been canonically 

associated with endothelial cells.  First, using a single-cell RNA-seq data base from striatum 

(DropViz.org from Saunders et al., 2018) we quantified the number of predicted transcripts per 
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100,000 of each transcript in each cell type cluster including astrocytes, neurons, endothelial cells, 

and oligodendrocytes. We then conducted in situ hybridization of each gene in mouse striatum 

sections which contained tdTomato expressing astrocytes. We used immunohistochemical 

methods in tandem with the hybridization to both amplify the tdTomato signal and double label 

the astrocytes with S100β. We quantified the number of mRNA fluorescent puncta found within 

each tdTomato and S100 β positive astrocyte to assess expression. Our validation experiment 

found that striatal astrocytes do indeed express Crym, Mapt, and Tjp1 at both the transcript and 

protein level (Figure 3.16).  While Mapt and Tjp1 have been canonically associated with neurons 

and endothelial cells, respectively, astrocytes do express these genes at both the transcript and 

protein level as shown with scRNA-seq, in situ hybridization, and proteomics. This highlights that 

perhaps associating expression of a gene product with a particular cell type to indicate cell identity 

might not be as straightforward as expected. While a protein can be enriched in a particular cell 

type, this gene can be expressed in another cell type where it may be conducting different 

molecular functions albeit at a lower expression level. 

 

Section 3.8: The striatal astrocyte and neuron proteome networks 

     We combined both the astrocyte cytosol and the astrocyte plasma membrane proteome and the 

neuron cytosol and the neuron plasma membrane proteome and defined these as the high 

confidence astrocyte and neuron proteomes. To assess putative physical or functional interactions 

between the proteins identified, we used the STRING (Search Tool for the Retrieval of Interacting 

Genes/proteins) database which derives these functional predictions from five sources: genomic 

context predictions, high-throughput lab experiments, conserved co-expression, automated 

textmining, and previous knowledge in other databases. Through this analysis, we were able to 
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define the sources of the putative protein interactions so they could be limited by only genomic 

context predictions, lab experiments, and conserved co-expression. When we analyzed the 549 

proteins that constituted the high-confidence astrocyte proteome with STRING, the PPI 

enrichment confidence value was 6.07 x 10-5 indicating that the interaction of these proteins with 

each other is not random and the observed number of interactions (edges) is significant. This 

indicates that these proteins are not only within the same spatial neighborhood, but that they may 

interact with one another to conduct diverse functions within astrocytes. We also analyzed the top 

550 most abundant proteins that comprised the neuron proteome with STRING which gave a PPI 

enrichment confidence value of 7.07 x 10-5. We created a map of both astrocyte and neuron 

proteomes (Figure 3.17 and 3.18) in which we could visualize the proteins and their putative 

interactions with one another. Using PANTHER gene ontology analysis, we then mapped the 

functional pathways that were most represented by the proteomes. The proteins comprising the 

astrocyte proteome mostly included proteins related to lipid metabolism, cell-cell signaling, and 

actin based processes (Figure 3.17). The neuronal proteome mostly consisted of proteins related 

to signaling receptor activity, synaptic signaling, and cellular metabolism (Figure 3.18). Taken 

together, our proteome maps reflect the diversity of proteins found in astrocytes and neurons, how 

they may interact, and how they may function. Thus, these results highlight that core signaling 

machinery is what may diverge astrocyte and neuron function in the striatum.  

 

Section 3.9 Summary and Discussion 

     We have developed both cell and subcompartment proximity-dependent labeling tools to assess 

astrocyte and neuron proteomes in vivo. Tools to assess in vivo proteomes of intact cells are 

imperative to most accurately define and understand the function of these cells in defined central 
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Figure 3.14: Transcriptomic analysis of striatal astrocytes and neurons. a. Top 50 medium spiny neuron (MSN) genes found by 

neuron-specific RiboTag AAV RNA-sequencing listed by the highest expression value (fragments per kilobase per million, FPKM). 

Astrocyte expression values for the top 50 MSN genes are shown. Green stars label gene products that were found at the proteomic level 

in Neuro BioID2 or Neuro Lck-BioID2. Scale shows Log2FPKM. b. Top 50 astrocyte genes found by astrocyte-specific RiboTag AAV 

RNA-sequencing listed by the highest expression value (fragments per kilobase per million, FPKM). MSN expression values for the top 

50 astrocyte genes are shown. Green stars label gene products that were found at the proteomic level in Astro BioID2 or Astro Lck-

BioID2. Scale shows Log2FPKM
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Figure 3.15: Transcriptome and proteome correlations. a. Scatter graph showing protein 

expression (Log2LFQ intensity) as a function of mRNA expression (Log2FPKM) for the 434 Neuro 

BioID2 proteins identified. Pearson’s r is shown. b. As in a, but for the 332 Astro BioID2 proteins. 

c. As in a, but for the 1672 Neuro Lck-BioID2 proteins. d. As in a, but for the 310 Astro Lck-

BioID2 proteins. e. Scatter graph showing the protein rank (by LFQ abundance) as a function of 

mRNA rank (by FPKM abundance) of the 434 Neuro BioID2 proteins identified. Pearson’s r is 

shown. Heat map shows the rank-rank hypergeometric overlap (RRHO) of the RNA and protein 

rank. Each pixel represents the significance of overlap between the two datasets in –log10(P-value). 

Red pixels represent highly significant overlap. Color scale denotes the range of P-values at the 

negative log10 scale (Bin size = 100). f. As in e, but for Astro BioID2. g. As in e, but for Neuro 

Lck-BioID2. h. As in e, but for Astro Lck-BioID2. i. Example of a perfect correlation. 
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Figure 3.16: mRNA expression validation of astrocyte identified proteins. a. Violin plot from DropViz.org showing the expression 

of Crym in astrocytes, neurons, endothelial cells, and myelin associated cells of the striatum. b. Bar graphs denoting the total number of 

Crym mRNA puncta per tdTomato+ astrocyte and S100β+ cell. (n = 7 cells from 4 mice per group). c. Representative image of a 

tdTomato+ striatal astrocyte with Crym mRNA puncta expression (green). Arrow denotes puncta within the cell. d. Representative 

image of S100β+ cells with Crym mRNA puncta expression (green). Arrows denote the puncta within the cells. e. as in a, but for 

expression of Tjp1. f. as in b, but for Tjp1 puncta. g. as in c, but for Tjp1 mRNA puncta expression (green). h. as in d, but for Tjp1 

mRNA puncta expression (green).  i. as in a, but for expression of Mapt. j. as in b, but for Mapt puncta. k. as in c, but for Mapt mRNA 

puncta expression (green). l. as in d, but for Mapt mRNA puncta expression (green). 
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Figure 3.17: Interaction map for the astrocyte proteome. a. Scale-free STRING analysis 

interaction map of all the 549 unique and enriched biotinylated proteins identified in astrocytes 

with Astro BioID2 and Astro Lck-BioID2 . Node size represents the enrichment of each protein 

vs the GFP control (log2(BioID2/GFP)). Edges represent known interactions from the STRING 

database. b. Small clustergrams show selected functional categories from Panther GO analysis for 

“biological process” in different colors. 
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Figure 3.18: Interaction map for the neuronal proteome. a. Scale-free STRING analysis 

interaction map of the top 550 unique and enriched biotinylated proteins identified in neurons with 

Neuro BioID2 and Neuro Lck-BioID2 . Node size represents the enrichment of each protein vs the 

GFP control (log2(BioID2/GFP)). Edges represent known interactions from the STRING database.  

b. Small clustergrams show selected functional categories from Panther GO analysis for 

“biological process” in different colors. 
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nervous system circuitry. Here, we defined the high confidence proteomes of both astrocytes and 

neurons in the striatum where proteins found in neurons were most associated with synaptic 

signaling function and those in astrocytes conduct functions mostly related to lipid metabolism 

and homeostasis. We address three fundamental concepts with these studies.  

     First, we defined the astrocyte and neuron cytosolic and plasma membrane proteomes within 

the striatum for the first time. We learned that the core functions of neurons differ from the core 

functions of astrocytes by distinct cell-signaling pathways that defined their divergent signaling 

mechanisms. In neurons, cell-cell signaling is mostly defined by Ca2+ vesicle release whereas in 

astrocytes, core cell-cell signaling features related to their morphology by actin-signaling based 

processes and by homeostatic pathways such as lipid metabolism. Further analysis into these 

proteomes may identify cell-specific proteins that allow intercellular communication between 

astrocytes and neurons. Furthermore, hypothesis driven experiments with the use of these 

proteomes may allow for discovery of novel signaling receptors that could or may be involved in 

striatal dysfunction.  

     Second, we identified common proteins between both astrocyte and neuron proteomes which 

reveals interesting biology within the striatum. If there is a subset of proteins that are highly 

expressed in both astrocytes and neurons, this raises the question of whether these proteins have 

convergent or divergent functions in these two different cell types. Since we have established that 

indeed astrocytes and neurons are functionally different, what is then the relevance of these 

common proteins in both cell types? Interestingly, one of these proteins is a post-synaptic density 

associated protein, SAPAP3 (gene: Dlgap3), which we further investigate in latter chapters. 

Overall, the neuron and astrocyte proteomes reveal interesting biology which remains to be further 

explored.  
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     Lastly, we show that for both astrocytes and neurons, mRNA transcript abundance cannot 

accurately predict protein abundance. By way of two different analyses including total abundance 

correlations and rank-rank correlations, we found that only the highest ranked proteins could be 

moderately predicted by RNA. This was an interesting result because the RNA we studied was 

RNA that was actively bound to ribosomes via the cell-specific RiboTag method and was most 

likely to be translated into protein. This indicates that post-translational regulation including 

modifications and protein turnover mechanisms are non-trivial and regulate a large aspect of a 

cell’s biology. Thus, this is an important consideration to keep in mind when assessing 

transcriptomic data.  

     Overall, the neuron and astrocyte subcompartment proteomes we show here provide a 

molecular basis of function in both astrocytes and neurons in the striatum and also show that in 

vivo proteomic profiling in distinct subcompartments is possible using genetically targeted 

BioID2. These tools can be used in different physiological contexts and in distinct brain circuits



81 
 

CHAPTER 4: ASTROCYTE SUBPROTEOMES 

Section 4.1: Introduction 

     Astrocytes are morphologically complex cells with specialized finger-like processes that can 

contact other brain cells extensively. On average, astrocytes have complex bushy-like shapes with 

diameters of about 40-60 μm with volumes in the order of 104 μm3 (Bushong et al., 2002; Ogata 

and Kosaka 2002; Chai et al., 2017; Salmon et al., 2023). Astrocytes interact with other cells at 

specialized contact points such as peripheral fine processes which interact with neuronal synapses, 

with blood vessels at polarized structures called end feet, or with other astrocytes at gap junctions. 

Therefore, their complex morphology allows astrocytes to conduct their various functions in the 

central nervous system at these diverse contact points. Investigating these specialized subcellular 

compartments within an astrocyte would thus, provide molecular mechanisms by which astrocytes 

conduct their diverse functions.  

     Given that BioID2 is small enough to be trafficked to small subcellular compartments (Kim et 

al., 2016) and that BioID2 can be targeted in a cell and subcompartment specific manner in vivo 

(Chapter 3), we developed a toolset to genetically target BioID2 to five specialized and functional 

astrocyte subcompartments. In this way, we could assess the protein-driven functions of striatal 

astrocyte at distinct contact points with other cells.  

     We chose five astrocyte subcompartments which represent core functions of astrocytes: 1) the 

polarized peri-vascular astrocyte end foot, 2) astrocyte gap junctions, 3) astrocyte fine processes, 

4) astrocyte peri-glutamatergic synaptic processes, and 5) astrocyte processes at sites of potassium 

buffering. To genetically target BioID2 at these sites, we fused BioID2 to known proteins that are 

enriched and specially localized to these subcompartments. For the astrocyte peri-vascular endfoot 

we fused BioID2 to Aquaporin-4 (Nielsen et al., 1997; Mader and Brimberg, 2019) to create Aqp4-
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BioID2. For astrocyte-astrocyte gap junctions, we fused BioID2 to Connexin-43 gap junctional 

channel (Spray, 1998; Giaume et al., 2010; Stout et al., 2015) to create Cx43-BioID2. We used 

actin associated protein, Ezrin, to assess astrocyte fine processes (Derouiche and Geiger, 2019) 

and create Ezr-BioID2. Assessment of the glutamate homeostasis subcompartment was done by 

using the astrocyte enriched glutamate transporter, Glt-1 (Lehre et al., 1998; O’Kane et al., 1999; 

Danbolt 2001) to create Glt-1-BioID2. Finally, to target the subcompartment related to potassium 

homeostasis, we used the astrocyte potassium channel, Kir4.1 (Bordey et al., 1999; Kofuji and 

Newman, 2004) to create Kir4.1-BioID2.  

     This palette of subcompartment specific BioID2 tools within astrocytes allowed us to assess 

and define the molecular basis by which astrocytes conduct their diverse physiological functions 

through their complex morphology. In this way, these subproteomes represent a bounty of novel 

information that can elucidate mechanisms driving pathophysiology during a variety of contexts 

including injury, stroke, or neurodegeneration. Furthermore, the astrocyte subproteomes also show 

expression of surprising proteins such as SAPAP3 (Dlgap3) in discrete functional compartments, 

allowing us to dissect its function in astrocytes via hypothesis testing. Thus, the astrocyte 

subproteomes are a novel dataset that can prove useful in the glial biology field.  

 

Section 4.2: Validation of astrocyte subcompartment specific BioID2 constructs 

     While BioID2 can be localized to distinct subcellular compartments, it was imperative to assess 

whether our genetically targeted BioID2 toolset allowed for in vivo expression at the five defined 

subcompartments in astrocytes. We validated the expression and biotinylation activity of Aqp4-

BioID2, Cx43-BioID2, Ezr-BioID2, Glt-1-BioID2, and Kir4.1-BioID2 in the striatum with 

immunohistochemistry and western blots. We microinjected each AAV construct unilaterally into 
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the dorsal striatum. After three weeks of expression, we subcutaneously injected biotin into the 

mice for seven days. Sixteen hours after the last injection, the mouse brain was processed for either 

immunohistochemistry or western blotting.  

     With immunohistochemistry we found that Aqp4-BioID2 was expressed mostly at the astrocyte 

end foot, as most of the BioID2-HA signal was peri-vascular. Additionally, when visualized with 

streptavidin, the biotinylated protein signal was also peri-vascular indicating that the proteins most 

proximal to Aqp4-BioID2 were indeed those localized to the end foot. To further validate that 

these immunohistochemical data were relevant to endogenous end feet, we immunolabeled non-

injected brain striatal sections with anti-Aquaporin-4 antibody. Upon visualization, the 

endogenous Aqp-4 signal was reminiscent of both the Aqp4-BioID2 and the resultant biotinylated 

protein signal indicating that astrocyte end foot localized BioID2 is both expressed in its intended 

targeted subcompartment and that the proteins that are biotinylated are also those within the end 

foot subcompartment (Figure 4.1). To further assess the in vivo functionality of Aqp4-BioID2, we 

conducted western blot analyses for the biotinylated proteins using streptavidin conjugated 

horseradish peroxidase and chemiluminescence. These results showed that at the site of 

expression, Aqp4-BioID2 biotinylates a range of proteins across distinct molecular weights when 

compared to the non-expressing contralateral striatum (Figure 4.1). Thus, these biotinylated 

proteins represent the end foot subproteome of the astrocyte. 

     We conducted the same immunohistochemical and western blot analysis with fine process 

localized, Ezr-BioID2. In this case, the Ezr-BioID2 signal could be visualized as bushy and cloud-

like reminiscent of astrocyte fine processes. Furthermore, the biotinylated signal arising from Ezr-

BioID2 was also cloud-like and co-localized strongly with the Ezr-BioID2 signal. We validated 

these data by immunolabeling non-injected striatal sections with anti-Ezrin antibody to visualize 
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endogenous Ezrin staining within the striatum. Similar to both the Ezr-BioID2 and biotinylated 

signal, the endogenous Ezrin signal was also cloud-like and bushy indicating that Ezr-BioID2 is 

localized to astrocyte fine processes (Figure 4.2). We assessed Ezr-BioID2 activity in the striatum 

by a western blot of biotinylated proteins. By these western blots, we found that Ezr-BioID2 indeed 

biotinylates proteins of different molecular weights and is therefore, is able to biotinylate proteins 

at astrocyte fine processes (Figure 4.2). 

     We repeated this immunochemical and western blot strategy with Glt-1-BioID2 which is 

localized to astrocyte processes at sites where astrocytes contact glutamatergic synapses. Both the 

Glt-1-BioID2 and its subsequent biotinylated protein signals were found to be punctate, but bushy 

and expressed at the astrocyte plasma membrane (Figure 4.3). When we assessed the endogenous 

Glt-1 localization pattern via anti-Glt-1 antibody labeling in separate striatal sections, we also saw 

punctate and bushy structures throughout the striatum similar to Glt-1-BioID2. Via western blot 

of the biotinylated proteins, Glt-1-BioID2 biotinylated a large range of proteins compared to the 

contralateral control (Figure 4.3). Thus, Glt-1-BioID2 is indeed expressed at sites where astrocytes 

contact glutamatergic synapses and functionally biotinylates proteins at these sites.  

     We then validated Kir4.1-BioID2, which localizes to astrocytic sites of potassium buffering, a 

major homeostatic role that astrocytes play in the central nervous system. Using 

immunohistochemistry we found that Kir4.1-BioID2 and the biotinylated protein signals had a 

similar pattern of expression as Aqp4-BioID2. This was unsurprising as Kir4.1 and Aqp4 

endogenously associate with one another (Nagelhus et al., 2004). Additionally, we were able to 

visualize more bushy structures that had a similar semblance to astrocyte processes thus indicating 

that Kir4.1-BioID2 was also expressed at astrocyte processes where potassium buffering occurs 

(Figure 4.4). We assessed endogenous Kir4.1 localization with anti-Kir4.1 antibody labeling and 
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found that similar to Kir4.1-BioID2, endogenous Kir4.1 is localized to astrocyte processes and to 

end feet. Western blot of striatum expressing Kir4.1-BioID2 demonstrated that Kir4.1-BioID2 also 

biotinylates proteins in vivo when compared to the contralateral side indicating that the potassium 

buffering subproteome could be subsequently characterized (Figure 4.4).  

     Finally, we validated astrocyte gap junction localized Cx43-BioID2 with both 

immunohistochemistry and western blot. Gap junctions are characterized by their formation of 

plaques which can be visualized as discrete puncta. Immunostaining of Cx43-BioID2 showed 

plaque-like puncta indicating that Cx43-BioID2 is localized to astrocyte gap junctions with other 

astrocytes. Interestingly, the biotinylated protein pattern showed both these distinct puncta, and 

proteins in the astrocyte somata (Figure 4.5). This indicated that proteins that interact with 

astrocyte gap junctions may move to other locations to conduct functions in other astrocyte 

subcompartments. Validation of endogenous Cx43 expression patterns with an anti-Cx43 antibody 

in the striatum showed similar plaque-like puncta as the Cx43-BioID2 pattern, indicating that 

Cx43-BioID2 is indeed localized to astrocyte gap junctions. Western blot analysis of Cx43-BioID2 

biotinylated proteins showed that Cx43-BioID2 is functional as a large range of proteins was 

biotinylated when compared to the non-expressing contralateral control. Therefore, Cx43-BioID2 

is localized and functional at sites of astrocyte-astrocyte contact (Figure 4.5).  

 

Section 4.3: Mass spectrometry based identification and analysis of astrocyte subproteomes 

     We have demonstrated that our palette of astrocyte and subcompartment tools for assessing 

proteomes are functional in vivo and are specific to distinct subcellular compartments. Therefore, 

we next used mass spectrometry to identify and understand the proteins found at these astrocyte 

functional subcompartments. We injected a set of mice with either sub-compartment specific  
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Figure 4.1: Validation of Aqp4-BioID2. a. Representative images of immunostained mouse striatum injected with astrocyte specific 

Aquaporin4-BioID2 (Aqp4-BioID2) and then treated with biotin for 7 days. The tissue was immunostained with both anti-HA antibody 

(red) and a fluorophore conjugated streptavidin probe (green). Farthest panel on the right shows the endogenous Aqp4 expression pattern 

in the striatum after immunostaining with anti-Aqp4 antibody. b. Western blot analysis of brain unilaterally microinjected with astrocyte 

specific Aqp4-BioID2. Dark bands at 130 kD and 250 kD show the endogenously biotinylated mitochondrial proteins, Pyruvate 

carboxylase and acetyl-CoA carboxylase. Graph depicting the streptavidin signal intensity divided by the β-actin signal intensity for 

each data point. Black horizontal line depicts the mean. (n = 4 mice; Mann-Whitney test) 
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Figure 4.2: Validation of Ezr-BioID2. a. Representative images of immunostained mouse striatum injected with astrocyte specific 

Ezrin-BioID2 (Ezr-BioID2) and then treated with biotin for 7 days. The tissue was immunostained with both anti-HA antibody (red) 

and a fluorophore conjugated streptavidin probe (green). Farthest panel on the right shows the endogenous Ezr expression pattern in the 

striatum after immunostaining with anti-Ezr antibody. b. Western blot analysis of brain unilaterally microinjected with astrocyte specific 

Ezr-BioID2. Graph depicting the streptavidin signal intensity divided by the β-actin signal intensity for each data point. Black horizontal 

line depicts the mean. (n = 4 mice; Mann-Whitney test). 
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Figure 4.3: Validation of Glt1-BioID2. a. Representative images of immunostained mouse striatum injected with astrocyte specific 

Glt1-BioID2 and then treated with biotin for 7 days. The tissue was immunostained with both anti-HA antibody (red) and a fluorophore 

conjugated streptavidin probe (green). Farthest panel on the right shows the endogenous Glt-1 expression pattern in the striatum after 

immunostaining with anti-Glt-1 antibody. b. Western blot analysis of brain unilaterally microinjected with astrocyte specific Glt1-

BioID2. Graph depicting the streptavidin signal intensity divided by the β-actin signal intensity for each data point. Black horizontal 

line depicts the mean. (n = 4 mice; Mann-Whitney test). 
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Figure 4.4: Validation of Kir4.1-BioID2. a. Representative images of immunostained mouse striatum injected with astrocyte specific 

Kir4.1-BioID2 and then treated with biotin for 7 days. The tissue was immunostained with both anti-HA antibody (red) and a fluorophore 

conjugated streptavidin probe (green). Farthest panel on the right shows the endogenous Kir4.1 expression pattern in the striatum after 

immunostaining with anti-Kir4.1 antibody. b. Western blot analysis of brain unilaterally microinjected with astrocyte specific Kir4.1-

BioID2. Graph depicting the streptavidin signal intensity divided by the β-actin signal intensity for each data point. Black horizontal 

line depicts the mean. (n = 4 mice; Mann-Whitney test). 
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Figure 4.4: Validation of Cx43-BioID2. a. Representative images of immunostained mouse striatum injected with astrocyte specific 

Connexin43-BioID2 (Cx43-BioID2) and then treated with biotin for 7 days. The tissue was immunostained with both anti-HA antibody 

(red) and a fluorophore conjugated streptavidin probe (green). Farthest panel on the right shows the endogenous Cx43 expression pattern 

in the striatum after immunostaining with anti-Cx43 antibody. b. Western blot analysis of brain unilaterally microinjected with astrocyte 

specific Cx43-BioID2. Graph depicting the streptavidin signal intensity divided by the β-actin signal intensity for each data point. Black 

horizontal line depicts the mean. (n = 4 mice; Mann-Whitney test).



91 
 

BioID2 AAVs bilaterally into the striatum. We also injected another set of mice with a cognate 

subcompartment-specific GFP AAV control such as Aqp4-GFP, Ezr-GFP, Glt1-GFP, Kir4.1-GFP, 

or Cx43-GFP as a control. After three weeks of expression, all mice received the same 

subcutaneous injection of 24 mg/kg of biotin for 7 days, after which the mouse striata were 

processed for purification of biotinylated proteins.  

     After purification of the proteins with streptavidin conjugated beads, the proteins were 

trypsinized to yield peptide fragments for downstream mass spectrometry analyses. We used high 

performance liquid chromatography coupled with tandem mass spectrometry to assess the identity 

and relative abundance of these cell specific peptide fragments. A total of 4 technical and 

biological runs consisting of 8 mouse striata each were run for each astrocyte subcompartment 

experiment in order to generate high confidence proteins lists. 

     We identified 4018 proteins in the combined Aqp-BioID2 and Aqp4-GFP mass spectrometry 

experiment, 3040 proteins in the combined Ezr-BioID2 and Ezr-GFP experiment, 3522 proteins 

in the Glt1-BioID2 and Glt1-GFP combined experiment, 3678 proteins in the Kir4.1-BioID2 and 

Kir4.1-GFP experiment, and 3377 proteins in the combined Cx43-BioID2 and Cx43-GFP 

experiment. The proteins identified here represent proteins that were identified in at least one 

technical run. We normalized the LFQ intensity values among technical runs by using the LFQ 

values of the endogenously biotinylated 130 kDa mitochondrial protein, Pyruvate carboxylase, 

which appeared robustly at similar abundance levels in all samples, including in the fluorescent 

protein controls.  

     After normalization with Pyruvate carboxylase, we conducted a dimensionality reducing 

analysis using principal component analysis (PCA) of the average intensity of all the proteins 

identified across all 4 technical replicates in order to visualize how each subcompartment-specific 
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BioID2 and their corresponding fluorescent protein control experiment related to each other. From 

this analysis, we found that principal component 1 explained about 28% of the variation of each 

construct sample and that the fluorescent protein controls separated far on this plane from all 

BioID2 experiments (Figure 4.6). We then manually removed all mitochondrial associated 

proteins as these can be transiently and endogenously biotinylated. Additionally, we removed 

proteins labeled by Uniprot as known contaminants such as mouse keratins. This left us with 3209 

proteins in the combined Aqp4-BioID2 and Aqp4-GFP identification list, 2268 proteins in the 

combined Ezr-BioID2 and Ezr-GFP identification list, 2936 proteins in the Glt1-BioID2 and Glt1-

GFP identification list, 3099 proteins in the Kir4.1-BioID2 and Kir4.1-GFP list, and 2914 proteins 

in the Cx43-BioID2 and Cx43-GFP list. Using the LFQ intensity and R statistical package, limma, 

we chose high confidence proteins that had larger than 2-fold LFQ intensity over the fluorescent 

protein controls, had a Bonferroni false discovery rate (adjusted p-value) of less than 0.05, and 

were present in three or more technical runs. This analysis yielded 806 proteins in the Aqp4-

BioID2 identification list, 403 proteins in the Ezr-BioID2 identification list, 757 proteins in the 

Glt1-BioID2 identification list, 667 proteins in the Kir4.1-BioID2 identification list, and 295 

proteins in the Cx43-BioID2 identification list. These values and filters are found in Table 4.1 and 

supplementary excel file 2. 

 

Section 4.4: Characterization of astrocyte subproteomes 

     Mass spectrometry and resulting statistical analyses allowed us to generate a high confidence 

list of proteins for each astrocyte subcompartment specific BioID2 experiment. These high 

confidence lists represent proteins that were biotinylated by BioID2 in discrete astrocyte 

subcompartments in vivo. To assess astrocyte-selectivity of subcompartment specific BioID2, we 
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asked whether proteins that are considered cell-enriched proteins for multiple brain cell types were 

present or absent from each astrocyte subcompartment specific experiment. For neurons we chose 

NeuN (gene: Rbfox3), Nefl (gene: Nefl), β-III tubulin (gene: Tubb3), and Enolase-2 (gene: Eno2). 

For astrocytes we chose Aldh1l1 (gene: Aldh1l1), Kir4.1 (gene: Kcnj10), Glt-1 (gene: Slc1a2) and 

Cx-43 (gene: Gja1). For oligodendrocytes we chose MOG (gene: Mog), Sox10 (gene: Sox10), 

MOBP (gene: Mobp), and MBP (gene: Mbp). For oligodendrocyte progenitor cells we chose Olig2 

(gene: Olig2), PDGFR-α, (gene: Pdgfra) and Cacng4 (gene: Cacng4). For microglia we chose CD-

68 (gene: Cd68), Ptprc (gene: Ptprc), CCL-3 (gene: Ccl3), and TNF (gene: Tnf). When we 

searched our high confidence subcompartment protein lists for these cell-enriched markers we 

found that none of the astrocyte subcompartments we assessed showed any presence of cell 

enriched markers for neurons, oligodendrocytes, nor microglia, indicating that astrocyte and 

subcompartment specific BioID2 is indeed cell-selective. Interestingly, not all cell-enriched 

marker proteins for astrocytes were found in all astrocyte subcompartments. For example, Aldh111 

was found in all subcompartments except in the Cx43 gap junctional compartment. Furthermore, 

Cx43 was not found in the Kir4.1 or Glt-1 subcompartments. These results indicate that although 

BioID2 was expressed in astrocytes, each genetically targeted construct was indeed localized to 

distinct subcompartments within the astrocytes where they biotinylated specialized 

subcompartment proteins (Figure 4.7). Taken together, these analyses support the 

immunohistochemical data that our astrocyte subcompartment specific BioID2 AAV constructs 

are both astrocyte-selective and sub-compartment targeted.  

     Comparison of our high confidence protein lists to each other revealed common proteins and 

proteins unique to each astrocyte subcompartment. There were 26 proteins shared by all 

subcompartments including the astrocyte plasma membrane and astrocyte cytosol. 247 proteins 
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were unique to the Aqp4 endfoot, 51 were unique to the Cx43 gap junction, 79 were unique to the 

Ezrin fine processes, 205 were unique to the Glt1 sites of glutamate uptake, 119 were unique to 

the Kir4.1 sites of potassium buffering, 115 were unique to the astrocyte plasma membrane, and 

59 were unique to the cytosol (Figure 4.8). To generate a high confidence subproteome protein 

list for each subcompartment, we next compared the high confidence proteins for each 

subcompartment to the proteins found at the astrocyte cytosol with Astro BioID2. Using the LFQ 

intensity, and R statistical analysis, limma, we quantitatively compared the high confidence 

proteins of the cytosol to each subcompartment.  

     When we compared the astrocyte plasma membrane identified proteins to the cytosol, we found 

238 proteins that were unique to the plasma membrane. Additionally, there were 144 proteins that 

were shared among the plasma membrane and the cytosol. Of these, 32 were significantly enriched 

in the plasma membrane. Among these was an electrogenic sodium bicarbonate co-transporter 

(Slc4a4) and surprisingly, post-synaptic density associated protein, SAPAP3 (gene: Dlgap3). 

Therefore, the 238 plasma membrane unique proteins in addition to the 32 plasma membrane 

enriched proteins constitute the high confidence astrocyte plasma membrane proteome (Figure 

4.9).  

     When we compared the astrocyte Ezrin subcompartment with the cytosol, there were 216 

proteins that were unique to Ezrin including known interactors of Ezrin such as Moesin (gene: 

Msn). 186 proteins were shared between Ezrin and the cytosol, of which 35 were significantly 

enriched in the Ezrin subcompartment. Among these was Radixin (gene: Rdx), which is also a 

known interactor of Ezrin and part of the well characterized ezrin-radixin-moesin (ERM) complex 

(Fohen et al., 2010) and again, SAPAP3 (gene: Dlgap3). Together, the 216 unique Ezrin proteins 
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in conjunction with the 35 enriched proteins make up the high confidence astrocyte Ezrin fine 

process proteome (Figure 4.9).  

     We next compared the Aqp4 endfoot subcompartment proteins with the cytosol. This 

comparison yielded 577 proteins that were unique to the Aqp4 endfoot. These included heat shock 

protein 4 (gene: Hspa4) which regulates protein localization. Of the 228 proteins shared between 

the Aqp4 endfoot and the cytosol, 90 were enriched in the end foot including proteins related to 

carbohydrate metabolism such as mannose-6-phosphate isomerase (gene: Mpi). Thus, the sum of 

the 577 unique Aqp4 endfoot proteins with the 90 enriched proteins represent the high confidence 

astrocyte Aqp4 endfoot proteome (Figure 4.9).  

     When we compared the Glt-1 glutamate transporter subcompartment proteins with the cytosol, 

we found 527 unique proteins in the Glt-1 compartment including actin binding molecules such as 

Cdc42 (gene: Cdc42). There were 230 shared proteins between the Glt-1 compartment and the 

cytosol, of which 5 were enriched including Glt-1 (gene: Slc1a2) itself and a proton coupled zinc 

transporter (gene: Slc30a1). Together, the 527 unique proteins with the 5 enriched proteins make 

up the high confidence astrocyte Glt-1 glutamate transport proteome (Figure 4.9) 

     Comparison of the Kir4.1 potassium buffering subcompartment proteins with the cytosol 

revealed 390 Kir4.1 unique proteins. These included astrocyte adhesion molecule Glialcam (gene: 

Hepacam). 275 proteins were shared between Kir4.1 and the cytosol, of which only 3 were 

enriched in the Kir4.1 potassium buffering compartment including Kir4.1 itself and Aqp4. Thus, 

the 275 unique proteins in conjunction with the 3 enriched proteins are the high confidence Kir4.1 

potassium buffering proteome in astrocytes (Figure 4.9). 

     Finally, we compared astrocyte gap junctions via Cx43 with the cytosol. In this analysis there 

were 179 Cx43 gap junction unique proteins including actin related protein, Arpc1a (gene: 



96 
 

Arpc1a). Of the 115 shared proteins between the cytosol and astrocyte gap junctions, 15 were 

enriched in the Cx43 gap junctions including Cx43 itself and tight junctional proteins ZO-1 (gene: 

Tjp1) and ZO-2 (gene: Tjp2), which have been described as important scaffolding proteins for cell 

adhesion. Thus, the 115 unique proteins summed with the 15 enriched proteins constitute the high 

confidence astrocyte Cx43 gap junction proteome (Figure 4.9). 

      In order to broadly assess the functions of the proteins found in each astrocyte 

subcompartment, we employed the Enrichr gene set analysis tool to assign broad functions to each 

subproteome. We took the most significant term for “biological process” and found that the plasma 

membrane subproteome consisted of proteins involved in “transport across the blood-brain 

barrier.” The astrocyte end foot subproteome consisted of proteins involved in “vascular 

transport,” the astrocyte Ezr fine processes were made up of proteins related to “plasma membrane 

bounded cell projection,” the astrocyte Glt-1 subproteome included proteins related to “regulation 

of glutamatergic synaptic transmission,” the Kir4.1 subproteome consisted of proteins related to 

“protein transfer” and the astrocyte gap junctional proteins were related to the “regulation of 

exocytosis” (Figure 4.10). When we conducted the same analysis, but for gene ontology related 

to “molecular function” we found that the astrocyte plasma membrane subproteome consisted of 

proteins related to “cadherin binding.” The astrocyte end foot subproteome was made up of 

proteins relevant to “nucleoside tri-phosphatase activity,” the astrocyte Ezr fine process 

subproteome was also related to “cadherin binding,” the Glt-1 subproteome was involved in 

“purine ribonucleoside triphosphate binding,” the Kir4.1 subproteome contained proteins also 

related to “nucleoside tri-phosphatase activity,” and finally, the Cx43 gap junction subproteome 

was composed of proteins related to “protein serine kinase activity” (Figure 4.10). These gene 

ontology lists provide a couple of broad clues related to astrocyte subcompartment function. 
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     First, is that subsets of subproteomes may have similar functions relevant to their localization. 

For example, both the plasma membrane subproteome and the Ezrin fine process subproteome 

contain proteins related to cadherin binding. Cadherins are a superfamily of cell-cell adhesion 

molecules that are necessary for maintenance of cell architecture and cell-cell contacts. Though 

cadherins contain both intracellular and extracellular domains, binding through cadherin 

extracellular domains is relatively weak, but strong cell-cell adhesion occurs by lateral clustering 

of cadherins by proteins that link the cadherin cytoplasmic domain to the actin cytoskeleton (Perez 

and Nelson 2004). One of the proteins involved in actin scaffolding is in fact, Ezrin. Therefore, it 

is unsurprising that both the astrocyte plasma membrane and the Ezrin fine processes both contain 

proteins that are relevant for cell-cell contacts, such as cadherins, and are also involved in 

anchoring or binding of such transmembrane proteins. Another example of such common functions 

occurs with the Aqp4 end foot subproteome and the Kir4.1 potassium buffering subproteome. As 

stated before, Aqp4 and Kir4.1 proteins have been shown to spatially interact (Nagelhus et al., 

2004). In this context, Aqp4 protein was found within the Kir4.1 domain, and Kir4.1 was found 

within the Aqp4 end foot domain. Therefore, it was also unsurprising that both subproteomes 

contained proteins involved in similar molecular functions such as second messenger “nucleoside-

triphosphatase activity.”  

     Second, although some astrocyte subproteomes share similar functions, the functions defined 

by “biological processes” are diverse and thus indicate both the subcompartment specificity of 

genetically targeted BioID2 and the diversity of astrocyte subcompartment functions. Even within 

a complex astrocyte, proteins are specifically localized to domains where specialized functions are 

conducted and contacts with a variety of cell types are made. The most divergent biological 
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processes included the end foot and the Glt-1 subproteome which were involved in “vascular 

transport” and regulation of “glutamatergic synapse transmission”, respectively.  

     In all, the astrocyte subproteomes present a bounty of novel information that provides clues on 

what astrocytes in the striatum do and how they do it. Case-by-case studies of subsets of these 

proteins could provide a platform to conduct robust hypothesis driven experiments.  

 

Section 4.5: Astrocyte subproteome cards 

     The astrocyte subproteome data presented here provides a plethora of unprecedented data that 

provides insight on astrocyte function in the striatum. While the data is rich in detail, it was 

imperative for us to present the data in a succinct, summarized, and easy to follow manner. To do 

this, we have created the “astrocyte subproteome cards” to summarize key details related to each 

astrocyte subcompartment in a standard manner. Each subproteome card contains six key pieces 

of information relevant to each subcompartment. First, (a) we use a schematic of each astrocyte 

subcompartment to detail which subproteome is the focus of the card, (b) we then show the volcano 

plot from figure 4.9 of the comparison between the single BioID2-targeted subcompartment and 

cytosolic BioID2 to find subcompartment enriched proteins. Third, (c) we show the relationship 

between the protein abundance of the proteins found within that subcompartment to the RNA 

abundance from RiboTagged striatal astrocytes using a rank-rank hypergeometric overlap map. 

Fourth, (d) we demonstrate the validation of a candidate protein within the subcompartment using 

immunohistochemistry and subsequent (e) co-localization analysis both within an astrocyte and 

within the targeted subcompartment. Fifth, we use (f) STRING analysis to assess the putative 

interactions and relationships among the proteins found within the subcompartment. Finally, we  
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Figure 4.6: Principal component analysis of all proteins identified by mass spectrometry. a. 

Cartoon of the five astrocyte subcompartments targeted with BioID2. b. PCA plot depicting all 

proteins identified by mass spectrometry across 4 experimental runs per construct. 
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Filters 
 

Aqp4-
BioID2 

Ezr-
BioID2 

Glt1-
BioID2 

Kir4.1-
BioID2 

Cx43-
BioID2 

# unique peptides 127,068 
# unique proteins 4,018 3,040 3,522 3,678 3,377 
Proteins known to be contaminants and 
mitochondrial 

 
3,209 

 
2,268 

 
2,936 

 
3,099 

 
2,914 

# proteins with 2-fold over GFP controls 
and FDR <0.05 

 
806 

 
403 

 
757 

 
667 

 
295 

 

Table 4.1: Astrocyte BioID2 proteomics analysis filters. List of filters and resultant number of 

proteins used to generate high confidence lists for both astrocyte and neuron specific proteomics. 
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Figure 4.7: Cell-selectivity assessment of subproteome identified proteins. Expression levels 

(in label-free quantification intensity, LFQ intensity) of cell-specific markers identified in each 

BioID2 construct (n = 4 experimental runs). Proteins in this analysis represent proteins that were 

enriched (Log2FC > 1 versus GFP controls). 
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Figure 4.8: Broad assessment of cell and sub-compartment specific proteins. Clustergram 

shows number of unique proteins identified in each BioID2 construct experiment. Two most 

abundant and unique proteins for each construct are shown. The proteins represent those that 

were significant (Log2FC > 1 and FDR < 0.05 versus GFP controls). 
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Figure 4.9: Quantitative analysis of astrocyte subproteomes. a. Label-free based quantification 

comparison of the 144 common proteins between Astro BioID2 and Astro Lck-BioID2 reveals 32 

plasma membrane enriched proteins. Five highest enriched proteins (Log2FC > 2) are shown. Red 

label shows Dlgap3/SAPAP3 is enriched in the membrane. Magenta label shows candidate protein 

chosen for expression validation b. As in a. but for Ezr-BioID2. c. as in a. but for Aqp4-BioID2. 

d. as in a, but for Glt1-BioID2 e. as in a. but for Kir4.1-BioID2 f. as in a. but for Cx43-BioID2. 
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Figure 4.10: Broad functional analysis of astrocyte subproteomes. Bar graphs depict 

significant Enrichr gene ontology (GO) term for the unique and enriched proteins found in each 

astrocyte subcompartment. Top bar graph shows the GO term for “biological process,” while the 

lower bar graph shows the GO term for “molecular function.” 
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show the Enrichr gene ontology analysis of the proteome for “biological process,” “cellular 

component,” and “molecular function” in order to broadly assess the functions conducted by each 

subproteome. We created six astrocyte subproteome cards, which include all five functional 

subcompartments in addition to the plasma membrane. The astrocyte subproteome cards are shown 

as figures here, or as a compiled video as supplemental movie 1.  

     The astrocyte plasma membrane subproteome was made up of 270 proteins as shown in the 

quantitative comparison volcano plot when compared to cytosolic BioID2 (Figure 4.11). Within 

this list of enriched proteins, we were surprised to find SAPAP3 (gene: Dlgap3), a synapse 

associated protein. When the protein abundance (in LFQ intensity) of the 270 proteins was 

compared to the mRNA abundance (in FPKM) using a rank-rank hypergeometric overlap map, 

there was very low correlation between mRNA abundance and protein abundance. The highest 

correlation between both read-outs occurred with proteins that were ranked in the middle of the 

ranked list. Thus, the plasma membrane proteome abundance cannot be predicted with the overall 

astrocyte mRNA abundance. We next validated a protein that was enriched in the astrocyte plasma 

membrane using immunohistochemistry. We validated NBCe1 (gene: Slc4a4), an electrogenic 

sodium bicarbonate transporter. We expressed both cytosolic tdTomato red fluorescent protein and 

plasma membrane targeted Lck-GFP in striatal astrocytes using astrocyte-selective AAVs 

(gfaABC1D tdTomato and gfaABC1D Lck-GFP). We conducted an immunohistochemical 

experiment for tdTomato, Lck-GFP, and NBCe1 in the striatum where we quantified the co-

localization correlation co-efficient for tdTomato and NBCe1 and Lck-GFP and NBCe1. We found 

that NBCe1 is expressed within astrocytes by co-localization with tdTomato (average normalized 

r = 0.6) and that it has a higher co-localization correlation co-efficient with the plasma membrane 

by measurement of its overlap with the Lck-GFP signal (average normalized r =0.8). To further 
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understand the astrocyte plasma membrane proteome, we conducted a STRING analysis of 

putative interactions within the subproteome. We found that the proteins within the plasma 

membrane subproteome are highly interactive with each other (STRING protein-protein 

enrichment p-value = 1.89 x 10-15) and represent specialized functions at the astrocyte plasma 

membrane. For example, the most significant Enrichr gene ontology term for “biological function” 

was “transport across the blood-brain barrier,” the most significant term for “cellular component” 

was “adherens junctions” and thhe top molecular function term was “cadherin binding.” These 

Enrichr terms suggest that proteins at the plasma membrane of astrocytes conduct diverse functions 

related to cell-cell contact and communication (adherens junctions and cadherin binding) while 

also regulating transport at the end foot-vasculature interface (transport across the blood brain 

barrier) (Figure 4.11). While these are plausible suggestion, careful experiments are necessary to 

support these claims. These experiments, however, are now possible due to this dataset. 

     The astrocyte Aqp4 end foot was the largest subproteome consisting of 635 proteins when 

compared to the cytosol. When we compared the protein abundance of these 635 proteins with 

their corresponding mRNA abundance using a rank-rank hypergeometric overlap map, we found 

that protein and mRNA abundances correlated the most in proteins of lower rank (Figure 4.12), 

thus indicating that the relationship between RNA and protein is not straightforward in the end 

foot. We validated the expression of end foot enriched protein, Pur6 (gene: Paics), a Bifunctional 

phosphoribosylaminoimidazole carboxylase that is involved in de novo synthesis of second 

messengers including purines. We expressed both cytosolic tdTomato red fluorescent protein and 

end foot targeted Aqp4-GFP in striatal astrocytes using astrocyte-selective AAVs (gfaABC1D 

tdTomato and gfaABC1D Aqp4-GFP). We conducted an immunohistochemical experiment for 

tdTomato, Aqp4-GFP, and Pur6 in the striatum where we quantified the co-localization correlation 



107 
 

co-efficient for tdTomato and Pur6 and Aqp4-GFP and Pur6. We found that Pur6 is expressed 

within astrocytes by co-localization with tdTomato (average normalized r = 0.5) and that it has a 

higher co-localization correlation co-efficient with the astrocyte end foot by measurement of its 

overlap with the Aqp4-GFP signal (average normalized r =0.7). We next assessed the relationship 

of the top 100 most abundant end foot proteins with each other by STRING analysis. STRING 

predicted that ~80% of the proteins at the end foot proteome interacted with one another (STRING 

protein-protein enrichment p-value = 1.0 x 10-16) thus indicating a shared function of proteins at 

the end foot. Enrichr analysis showed that the 635 end foot proteins were significantly involved in 

“vascular transport” and nucleoside “triphosphosphatase activity,” while the “cellular component” 

analysis revealed that the end foot proteome interacts with the “endoplasmic reticulum 

membrane.” These Enrichr analysis results are exciting because they confirm that the functions of 

the end foot are highly relevant to its underlying structure that consists of intimate interactions 

with the endoplasmic reticulum (Boulay et al., 2017; Salmon et al., 2023). Furthermore, these 

results reveal that the astrocyte end foot proteome is complex and plays roles conducting diverse 

functions including energy production and subcellular transport of metabolites (Figure 4.12). 

     When we compared the astrocyte Ezrin fine processes to the cytosol, we found 234 high 

confidence unique and enriched proteins that make up this subproteome. Surprisingly, we found 

that post-synaptic associated protein, SAPAP3 was within the astrocyte fine processes. The 

proteome comparison with mRNA abundance via a rank-rank hypergeometric overlap map 

showed very little correlation between the protein abundance and the mRNA abundance. If any 

correlation was significant, it occurred at proteins that were relatively highly ranked (Figure 4.13). 

We validated the expression of Ezrin fine process enriched protein, Nebulette (gene: Nebl), a 

known regulator of the actin cytoskeleton. We expressed both cytosolic tdTomato red fluorescent 



108 
 

protein and process targeted Ezr-GFP in striatal astrocytes using astrocyte-selective AAVs 

(gfaABC1D tdTomato and gfaABC1D Ezr-GFP). We conducted an immunohistochemical 

experiment for tdTomato, Ezr-GFP, and Nebulette in the striatum where we quantified the co-

localization correlation co-efficient for tdTomato and Nebulette and Ezr-GFP and Nebulette. We 

found that Nebulette is expressed within astrocytes by co-localization with the tdTomato territory 

(average normalized r = 0.6) and that it has a higher co-localization correlation co-efficient with 

the astrocyte Ezrin fine processes by measurement of its overlap with the Ezr-GFP signal (average 

normalized r =0.8) indicating that both Nebulette and Ezrin are in the astrocyte fine process 

subcompartments where filamentous actin is regulated. To further interrogate this assessment, we 

conducted a STRING analysis of putative interactions for all 234 proteins within the astrocyte 

Ezrin proteome. This analysis demonstrated a strong interaction within the proteome (STRING 

protein-protein enrichment p-value = 1.0 x 10-16) indicating shared functions and interactions in 

the finest astrocyte processes. Enrichr analysis further confirmed the role Ezrin in astrocytes to 

regulate the actin cytoskeleton. The most significant gene ontology term for “biological process” 

was “plasma membrane bounded cell projection” and the most significant terms for “molecular 

function” were “cadherin binding” and “actin binding.” Furthermore, the top two cellular 

component terms for the Ezrin fine process proteome was “cytoskeleton” and “actin cytoskeleton.” 

Thus, we predict that the astrocyte fine process subproteome consists of proteins that orchestrate 

the regulation of filamentous actin at the most distal processes and can provide clues about 

astrocyte morphology. While only an assumption, we provide a list of 234 candidate proteins that 

may directly modulate the actin cytoskeleton and affect astrocyte association with other cells 

(Figure 4.13).  
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     The astrocyte Glt-1 subproteome was the second largest consisting of 532 proteins when 

compared to the astrocyte cytosol. Comparison of the abundance of these proteins with their 

respective mRNA abundance using the rank-rank hypergeometric overlap map revealed that there 

is some correlation of mRNA and protein when the proteins were highly ranked both at the mRNA 

and protein levels (Figure 4.14). We validated a protein that was enriched in the Glt-1 

subcompartment, Lifeguard2 (gene: Faim2), a transmembrane signaling protein that negatively 

regulates apoptotic mechanisms in non-dividing cells. We expressed both cytosolic tdTomato red 

fluorescent protein and Glt1-GFP in striatal astrocytes using astrocyte-selective AAVs (gfaABC1D 

tdTomato and gfaABC1D Glt1-GFP). We then used immunohistochemistry to assess tdTomato, 

Glt1-GFP, and Lifeguard2 in the striatum where we quantified the co-localization correlation co-

efficient for tdTomato and Lifeguard2 and Glt1-GFP and Lifeguard2. Lifeguard2 is expressed 

within astrocytes by co-localization with the tdTomato territory (average normalized r = 0.5) and 

has a higher co-localization correlation co-efficient with the astrocyte Glt-1 subcompartment by 

measurement of its overlap with the Glt1-GFP signal (average normalized r =0.7) indicating that 

Lifeguard2 may spatially interact with Glt-1 at the subcompartment that regulates glutamate within 

astrocytes. We assessed the relationship of the top 100 most abundant Glt1 subcompartment 

proteins with each other by STRING analysis. STRING predicted a strong association of Glt-1 

associated proteins with each other (STRING protein-protein enrichment p-value = 1.0 x 10-16) 

indicating functional interactions of these proteins with each other which may predict their 

functional output. Enrichr gene ontology analysis indeed revealed that the astrocyte Glt-1 

subproteome represents proteins involved in “regulation of synaptic transmission, glutamatergic” 

and “modulation of chemical synaptic transmission” when we looked at functions within 

“biological processes.” This was consistent with the role of Glt-1 at synapses which is to transport 
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and regulate glutamate in the extracellular space at glutamatergic synapses. When we looked at 

the most significant Enrichr terms for “cellular component” and “molecular function,” we found 

“cytoplasmic vesicle membrane” and “purine ribonucleoside triphosphate binding” for each GO 

process, respectively. This was interesting as Glt-1 localization and expression at the plasma 

membrane is heavily regulated by Rab/GTPases (Martinez-Villareal et al., 2012). Thus indicating 

that a major function of the Glt-1 subproteome is to both regulate glutamate by transporters such 

as Glt-1 and also maintain and regulate Glt-1 at the plasma membrane (Figure 4.14).  

     The astrocyte Kir4.1 subproteome consisted of 393 proteins when compared to the cytosol. 

Among the most enriched proteins were Kir4.1 itself and its known interacting partner, Aqp4. 

Comparison of protein abundance to mRNA abundance of the Kir4.1 subproteome revealed that 

the highest correlation between these two measurements occurred where proteins were middle-

ranked, and transcripts were highly ranked, again indicating the inconsistencies between transcript 

abundance and protein abundance (Figure 4.15). We next validated the protein expression 

Glialcam (gene: Hepacam) a transmembrane adhesion molecule with immunohistochemistry. We 

expressed both cytosolic tdTomato red fluorescent protein and Kir4.1-GFP in striatal astrocytes 

using astrocyte-selective AAVs (gfaABC1D tdTomato and gfaABC1D GFP-Kir4.1). We then used 

immunohistochemistry to assess tdTomato, Kir4.1-GFP, and Glialcam in the striatum where we 

quantified the co-localization correlation co-efficient for tdTomato and Glialcam and Kir4.1-GFP 

and Glialcam. Glialcam is expressed within astrocytes by co-localization with the tdTomato 

territory (average normalized r = 0.7) and has a higher co-localization correlation co-efficient with 

the astrocyte Kir4.1 subcompartment by measurement of its overlap with the Kir4.1-GFP signal 

(average normalized r =0.9) indicating that Glialcam may spatially interact with Kir4.1 at the 

subcompartment that regulates potassium within astrocytes. To assess any putative interactions 
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within the Kir4.1 subproteome, we conducted STRING analysis of the 100 most abundant Kir4.1 

subcompartment proteins. About 40% of these proteins were predicted to interact with one another 

(STRING protein-protein enrichment p-value = 1.97 x 10-6), among these was a predicted 

interaction between Kir4.1, Aqp4, and Glialcam. We broadly assessed the functions of the Kir4.1 

proteome with Enrichr analysis and found that the most significant gene ontology terms were 

“protein transport” for “biological process,” “focal adhesion” for “cellular component” and again, 

“nucleoside triphosphatase activity” for “molecular function.” For Kir4.1 function, nucleoside 

triphosphatase activity was unsurprising as Kir4.1 is dependent on adenosine triphosphate (ATP) 

for channel function (Hibino et al., 1997). However, it would be interesting to explore the function 

of the Kir4.1 subproteome in relation to both protein transport and focal adhesion as regulatory 

mechanisms of Kir4.1 and its interactors have not yet been thoroughly explored in these contexts 

(Figure 4.15). 

    Finally, we assessed the Cx43 astrocyte gap junction subcompartment where astrocyte interact 

with one another. The Cx43 gap junction subproteome consisted of 196 total unique and enriched 

proteins when compared to the astrocyte cytosol. Among these were Cx43 itself and tight junction 

scaffolding proteins ZO-1 (gene: Tjp1) and ZO-2 (gene: Tjp2). When we compared the protein 

abundances of the gap junction subproteome with their corresponding mRNA abundances using 

the rank-rank hypergeometric overlap map, we found that if any correlation occurs, it was most 

likely to occur to proteins that were in the middle-low rank (Figure 4.16). This underscores that 

mRNA abundances in FPKM cannot accurately predict protein abundances from mass 

spectrometry. We validated the expression of Arpc1a (gene: Arpc1a), an actin interacting protein 

that regulates actin polymerization and protein scaffolds. We expressed both cytosolic tdTomato 

red fluorescent protein and Cx43-GFP in striatal astrocytes using astrocyte-selective AAVs 
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(gfaABC1D tdTomato and gfaABC1D Cx43-GFP). We then used immunohistochemistry to assess 

tdTomato, Cx43-GFP, and Arpc1a in the striatum where we quantified the co-localization 

correlation co-efficient for tdTomato and Arpc1a and Cx43-GFP and Arpc1a. Arpc1a is expressed 

within astrocytes by co-localization with the tdTomato territory (average normalized r = 0.6) and 

has a higher co-localization correlation co-efficient with the astrocyte Cx43 gap junction 

subcompartment by measurement of its overlap with the Cx43-GFP signal (average normalized r 

=0.9) indicating that Arpc1a may spatially interact with Cx43 at the subcompartment that is 

responsible for astrocyte-astrocyte contacts. To assess whether proteins found within the Cx43 gap 

junction subcompartment may interact with one another, we conducted STRING putative 

interaction analysis. This analysis revealed that there were significant interactions within the Cx43 

subproteome (STRING protein-protein enrichment p-value = 3.69 x 10-12), including a major 

putative connectivity hub driven by interactions with Cx43 (gene: Gja1). Within this connectivity 

hub were tight junction proteins, ZO-1 (gene: Tjp1) and ZO-2 (gene: Tjp2) which have been 

heavily described in the nervous system as being essential components of endothelial cell tight 

junctions (Corada et al., 1999). However, interactions between ZO proteins and Cx43 have been 

extensively validated in cell culture and cardiac studies (Giepmans and Moolenaar, 1998; Barker 

et al., 2002). Furthermore, in the brain, ZO-1 interactions with Cx43 gap junctional plaques have 

also been characterized with immunohistochemistry and co-immunoprecipitation (Penes et al., 

2005). While the functional basis of Cx43 and ZO protein interactions in astrocytes remains to be 

explored, our data predict that regulation and localization of Cx43 astrocyte-astrocyte gap 

junctions may be related to the same mechanisms that orchestrate tight junction formation in other 

cell types. This is an exciting possibility that could be explored with more careful experiments to 

assess the basic biology of astrocyte gap junctions. We broadly assessed the functions of the Cx43 
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subproteome with Enrichr analysis and found that the most significant gene ontology terms were 

“regulation of exocytosis” for “biological process,” “cell-cell junction” for “cellular component” 

and “protein serine/threonine kinase activity” for “molecular function.” For Cx43 function, it was 

interesting to see “protein serine/threonine kinase activity” as a highly represented function as this 

pathway is responsible for a variety of different phosphorylation signaling events that give rise to 

signal transduction in a cell. The identity and function of these pathways in relation to Cx43 gap 

junctions remain to be explored (Figure 4.16). 

 

Section 4.6: Summary and discussion 

     The brain functions in a coordinated effort between multiple brain regions, multiple circuits, 

and multiple cell types. In order to understand brain function, there is a need to understand the 

molecular mechanisms that give rise to multicellular interactions.  As such, we have developed 

tailor-made tools to assess astrocyte subproteomes in vivo. These astrocyte subproteomes define 

the molecular basis for the diverse yet specialized functions conducted by these morphologically 

complex cells at points of interaction with other cells. We found that many subsets of proteins 

were preferentially localized and distributed in select astrocyte proteomes, and thus represent 

distinct molecular mechanisms that could be relevant for understanding astrocyte responses in 

different contexts such as neurodegeneration, stroke, trauma or addiction. Our data also confirmed 

that the relationship between gene and protein expression is complicated throughout the astrocyte 

subcompartments indicating the necessity to comprehensively assess the broad protein profiles of 

complex cells. Thus, the astrocyte subproteomes we present here provide a bounty of information 

including novel proteins and signaling pathways that remain to be deeply explored in astrocytes. 

One of these proteins was post-synapse associated protein, SAPAP3 (gene: Dlgap3). 
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     Canonically, SAPAP3 has been described as a post-synaptic density associated protein that 

functions as a scaffold to anchor glutamate receptors to the post-synaptic membrane in conjunction 

with other proteins at the glutamatergic synapse (Rasmussen et al., 2017). Surprisingly, using 

astrocyte-selective and subcompartment specific BioID2, we found SAPAP3 expressed reliably at 

the astrocyte plasma membrane and at the Ezrin fine processes, indicating SAPAP3 localization at 

subcompartments where astrocytes contact neurons. Our discovery that SAPAP3 is expressed in 

striatal astrocytes is novel and underscores the exciting discoveries that have yet to be described 

upon further exploration of the astrocyte subproteomes presented here.  
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Figure 4.11: Astrocyte Card 1: plasma membrane. a. BioID2 that is targeted to the plasma 

membrane biotinylates proteins at the plasma membrane. b. Venn diagram depicts enriched and 

significant protein identifications (Log2FC > 1 and FDR < 0.05 versus GFP controls) overlapped 

between astrocyte cytosol (Astro BioID2) and astrocyte plasma membrane (Astro Lck-BioID2). 

The top five most abundant unique proteins for the plasma membrane are shown. Label-free based 

quantification comparison of the 144 common proteins between Astro BioID2 and Astro Lck-

BioID2 reveals 32 plasma membrane enriched proteins. Five highest enriched proteins (Log2FC > 

2) are shown. Red label shows Dlgap3/SAPAP3 is enriched in the membrane. Magenta label 

shows candidate protein chosen for expression validation. c. Heat map shows the rank-rank 

hypergeometric overlap (RRHO) of the RNA and protein rank for the 270 plasma membrane 

proteins. Each pixel represents the significance of overlap between the two datasets in –log10(P-

value). Red pixels represent highly significant overlap. Color scale denotes the range of P-values 

at the negative log10 scale (Bin size = 100). d. Immunohistochemical analysis of Slc4a4 (Nbc1) 

protein in tdTomato and Lck-GFP labeled astrocytes shows co-localization within the astrocyte 

territory. e. Co-localization analysis using Pearson’s r co-efficient shows high co-localization 

between Lck-GFP and Slc4a4 (Nbc1) (n = 8 tdT+ cells; Paired t-test). f. Scale-free STRING 

analysis interaction map of the 270 unique and enriched biotinylated proteins identified in 

astrocyte plasma membrane with Astro Lck-BioID2 . Node size represents the enrichment of each 

protein vs the GFP control (log2(BioID2/GFP)). Edges represent known interactions from the 

STRING database. Bar graphs show the functional enrichment analysis of the 270 proteins using 

“Biological process”, “Cellular component”, and “Molecular function” terms from Enrichr. 
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Figure 4.12: Astrocyte Card 2: endfoot. a. BioID2 that is targeted with Aqp4-BioID2 

biotinylates proteins at the astrocyte endfoot. b. Venn diagram depicts enriched and significant 

protein identifications (Log2FC > 1 and FDR < 0.05 versus GFP controls) overlapped between 

astrocyte cytosol (Astro BioID2) and the astrocyte endfoot (Astro Aqp4-BioID2). The top five 

most abundant unique proteins for the endfoot are shown. Label-free based quantification 

comparison of the 228 common proteins between Astro BioID2 and Astro Aqp4-BioID2 reveals 

58 endfoot enriched proteins. Five highest enriched proteins (Log2FC > 2) are shown. Magenta 

label shows candidate protein chosen for expression validation. c. Heat map shows the rank-rank 

hypergeometric overlap (RRHO) of the RNA and protein rank for the 635 endfoot proteins. Each 

pixel represents the significance of overlap between the two datasets in –log10(P-value). Red pixels 

represent highly significant overlap. Color scale denotes the range of P-values at the negative log10 

scale (Bin size = 100). d. Immunohistochemical analysis of PAICS protein in tdTomato and Lck-

GFP labeled astrocytes shows co-localization within the astrocyte territory. 

e. Co-localization analysis using Pearson’s r co-efficient shows high co-localization between 

Aqp4-GFP and PAICS (n = 8 tdT+ cells; Paired t-test). f. Scale-free STRING analysis interaction 

map of the top 100 unique and enriched biotinylated proteins identified in the astrocyte endfoot 

with Astro Aqp4-BioID2 . Node size represents the enrichment of each protein vs the GFP control 

(log2(BioID2/GFP)). Edges represent known interactions from the STRING database. Bar graphs 

show the functional enrichment analysis of the 635 proteins using “Biological process”, “Cellular 

component”, and “Molecular function” terms from Enrichr. 
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Figure 4.13: Astrocyte Card 3: astrocyte process. a. BioID2 that is targeted with Ezr-BioID2 

biotinylates proteins at astrocyte processes. b. Venn diagram depicts enriched and significant 

protein identifications (Log2FC > 1 and FDR < 0.05 versus GFP controls) overlapped between 

astrocyte cytosol (Astro BioID2) and Astro Ezr-BioID2. The top five most abundant unique 

proteins for Astro Ezr-BioID2 are shown. Label-free based quantification comparison of the 186 

common proteins between Astro BioID2 and Astro Ezr-BioID2 reveals 32 process enriched 

proteins. Five highest enriched proteins (Log2FC > 2) are shown. Magenta label shows candidate 

protein chosen for expression validation. c. Heat map shows the rank-rank hypergeometric overlap 

(RRHO) of the RNA and protein rank for the 234 Ezr-BioID2 proteins. Each pixel represents the 

significance of overlap between the two datasets in –log10(P-value). Red pixels represent highly 

significant overlap. Color scale denotes the range of P-values at the negative log10 scale (Bin size 

= 100). d. Immunohistochemical analysis of Nebl protein in tdTomato and Ezr-GFP labeled 

astrocytes shows co-localization within the astrocyte territory.e. Co-localization analysis using 

Pearson’s r co-efficient shows high co-localization between Ezr-GFP and Nebl (n = 8 tdT+ cells; 

Paired t-test). f. Scale-free STRING analysis interaction map of the 234 unique and enriched 

biotinylated proteins identified in astrocyte processes with Astro Ezr-BioID2 . Node size 

represents the enrichment of each protein vs the GFP control (log2(BioID2/GFP)). Edges represent 

known interactions from the STRING database. Bar graphs show the functional enrichment 

analysis of the 234 proteins using “Biological process”, “Cellular component”, and “Molecular 

function” terms from Enrichr. 
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Figure 4.14: Astrocyte Card 4: astrocyte glutamate transporter. a. BioID2 that is targeted with 

Glt1-BioID2 biotinylates proteins at astrocyte sites of glutamate uptake. b. Venn diagram depicts 

enriched and significant protein identifications (Log2FC > 1 and FDR < 0.05 versus GFP controls) 

overlapped between astrocyte cytosol (Astro BioID2) and Astro Glt1-BioID2. The top five most 

abundant unique proteins for Astro Glt1-BioID2 are shown. Label-free based quantification 

comparison of the 230 common proteins between Astro BioID2 and Astro Glt1-BioID2 reveals 5 

enriched proteins. Magenta label shows candidate protein chosen for expression validation. c. Heat 

map shows the rank-rank hypergeometric overlap (RRHO) of the RNA and protein rank for the 

532 Glt1-BioID2 proteins. Each pixel represents the significance of overlap between the two 

datasets in –log10(P-value). Red pixels represent highly significant overlap. Color scale denotes 

the range of P-values at the negative log10 scale (Bin size = 100). d. Immunohistochemical analysis 

of Faim2 protein in tdTomato and Glt1-GFP labeled astrocytes shows co-localization within the 

astrocyte territory. e. Co-localization analysis using Pearson’s r co-efficient shows high co-

localization between Glt1-GFP and Faim2 (n = 8 tdT+ cells; Paired t-test). f. Scale-free STRING 

analysis interaction map of the top 100 unique and enriched biotinylated proteins identified with 

Astro Glt1-BioID2 . Node size represents the enrichment of each protein vs the GFP control 

(log2(BioID2/GFP)). Edges represent known interactions from the STRING database. Bar graphs 

show the functional enrichment analysis of all 532 proteins using “Biological process”, “Cellular 

component”, and “Molecular function” terms from Enrichr. 
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Figure 4.15: Astrocyte Card 5: astrocyte potassium channel. a. BioID2 that is targeted with 

Kir4.1-BioID2 biotinylates proteins at astrocyte sites of potassium uptake. b. Venn diagram 

depicts enriched and significant protein identifications (Log2FC > 1 and FDR < 0.05 versus GFP 

controls) overlapped between astrocyte cytosol (Astro BioID2) and Astro Kir4.1-BioID2. The top 

five most abundant unique proteins for Astro Kir4.1-BioID2 are shown. Label-free based 

quantification comparison of the 275 common proteins between Astro BioID2 and Astro Kir4.1-

BioID2 reveals 3 enriched proteins. Magenta label shows candidate protein chosen for expression 

validation. c. Heat map shows the rank-rank hypergeometric overlap (RRHO) of the RNA and 

protein rank for the 393 Kir4.1-BioID2 proteins. Each pixel represents the significance of overlap 

between the two datasets in –log10(P-value). Red pixels represent highly significant overlap. Color 

scale denotes the range of P-values at the negative log10 scale (Bin size = 100). d. 

Immunohistochemical analysis of Hepacam protein in tdTomato and Kir4.1-GFP labeled 

astrocytes shows co-localization within the astrocyte territory. e. Co-localization analysis using 

Pearson’s r co-efficient shows high co-localization between Kir4.1-GFP and Hepacam (n = 8 tdT+ 

cells; Paired t-test). f. Scale-free STRING analysis interaction map of the top 100 unique and 

enriched biotinylated proteins identified with Astro Kir4.1-BioID2 . Node size represents the 

enrichment of each protein vs the GFP control (log2(BioID2/GFP)). Edges represent known 

interactions from the STRING database. Bar graphs show the functional enrichment analysis of all 

393 proteins using “Biological process”, “Cellular component”, and “Molecular function” terms 

from Enrichr. 
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Figure 4.16:  Astrocyte Card 6: astrocyte gap junction protein. a. BioID2 that is targeted with 

Cx43-BioID2 biotinylates proteins at astrocyte sites of gap junction coupling. b. Venn diagram 

depicts enriched and significant protein identifications (Log2FC > 1 and FDR < 0.05 versus GFP 

controls) overlapped between astrocyte cytosol (Astro BioID2) and Astro Cx43-BioID2. The top 

five most abundant unique proteins for Astro Cx43-BioID2 are shown. Label-free based 

quantification comparison of the 116 common proteins between Astro BioID2 and Astro Cx43-

BioID2 reveals 17 enriched proteins. Magenta label shows candidate protein chosen for expression 

validation. c. Heat map shows the rank-rank hypergeometric overlap (RRHO) of the RNA and 

protein rank for the 196 Cx43-BioID2 proteins. Each pixel represents the significance of overlap 

between the two datasets in –log10(P-value). Red pixels represent highly significant overlap. Color 

scale denotes the range of P-values at the negative log10 scale (Bin size = 100). d. 

Immunohistochemical analysis of Arpc1a protein in tdTomato and Cx43-GFP labeled astrocytes 

shows co-localization within the astrocyte territory. e. Co-localization analysis using Pearson’s r 

co-efficient shows high co-localization between Cx43-GFP and Aprc1a (n = 8 tdT+ cells; Paired 

t-test). f. Scale-free STRING analysis interaction map of the 196 unique and enriched biotinylated 

proteins identified with Astro Cx43-BioID2 . Node size represents the enrichment of each protein 

vs the GFP control (log2(BioID2/GFP)). Edges represent known interactions from the STRING 

database. Bar graphs show the functional enrichment analysis of all 196 proteins using “Biological 

process”, “Cellular component”, and “Molecular function” terms from Enrichr. 
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CHAPTER 5: MOLECULAR MECHANISMS OF SAPAP3 IN ASTROCYTES      

Section 5.1: Introduction 

     While transmembrane receptors and ion channels are the primary method by which cells 

respond to information from other cells, these specialized receptors do not function in isolation 

from other proteins within a cell. Transmembrane signaling receptors and ion channels are heavily 

regulated, localized, and maintained in discrete subcellular domains by protein complexes 

composed of a variety of different proteins that maintain the intracellular signaling milieu. A 

relevant example of these mechanisms occurs at the post-synaptic density (PSD) where a post-

synaptic neuron integrates information from a pre-synaptic neuron during neurotransmission.  

     In the mammalian central nervous system about 60% of synapses are excitatory and use 

glutamate as a neurotransmitter (Nadler, 2012). Excitatory synaptic neurotransmission occurs 

primarily at contacts between presynaptic boutons, and actin-rich protrusions on the post-synaptic 

neuron called dendritic spines which are enveloped by a post-synaptic plasma membrane. During 

neurotransmission, the molecular composition of post-synaptic membranes and the chemical 

modifications of synaptic proteins are essential determinants of the strength and connectivity of 

excitatory synapses (Scannevin and Huganir 2000; Sheng and Kim 2011). The post-synaptic 

density (PSD) is a thick, electron-dense structure that is directly adjacent to the post-synaptic 

membrane and is composed of a variety of proteins including cytoskeletal tethered receptor ion 

channels, signaling molecules, adhesion proteins, cytoskeletal proteins, and most notably, protein 

complexes composed of scaffolding proteins (Sheng and Hoogenraad 2007). While, arguably, all 

proteins composing the PSD are crucial for synaptic function, scaffolding proteins are the interface 

by which all components of the PSD assemble into a specialized macromolecular complex that is 

specially localized, stabilized, and regulated at the post-synaptic membrane. A conserved and key 
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protein family involved in this scaffolding activity is the SAPAP (genes: Dlgap 1-4) family of 

proteins (Rasmussen et al., 2017). 

     While four major SAPAP isoforms are found to be expressed in the mammalian brain, 

SAP90/PSD-95-associated protein isoform 3, also known as SAPAP3 (gene: Dlgap3) is expressed 

in the striatum, cortex, thalamus, hippocampus, and cerebellum (Welch et al., 2004). Comparison 

within these five regions shows that SAPAP3 is preferentially enriched and highest expressed in 

the striatum (Welch et al., 2004). The full length structure of SAPAP3, is characterized by a repeat 

domain composed of a 14-amino-acid repeats, a dynein light-chain domain, three proline-rich 

domains, and a GKAP homology (GH1) domain, all by which SAPAP3 binds to its interacting 

partners in neurons (Kim et al., 1997; Takeuchi et al., 1997; Naisbitt et al., 2000). At the PSD, 

these binding domains allow SAPAP3 to couple both ionotropic and metabotropic glutamate 

receptors to the actin cytoskeleton via actin binding molecules, such as Cortactin (Figure 5.1), and 

thus link multiple cellular signaling pathways together (Chen et al., 2000; Kim and Shang 2004; 

Bats et al., 2007). Furthermore, SAPAP3 can also directly interact with signaling molecules such 

as Nos and ArgBPs to modulate both cell adhesion and the PSD-adjacent actin cytoskeleton 

(Cestra et al., 2005; Lee et al., 2016). Because of its ability to bind a plethora of different proteins 

due to its diverse binding domains, SAPAP3 presents itself as an important scaffolding protein 

that may regulate other signaling pathways or interact with other proteins independent of the PSD.  

     Given that SAPAP3 plays a well-characterized and crucial function at glutamatergic synapses, 

it was surprising to discover that SAPAP3 could reliably be identified in the cytosol, plasma 

membrane, and fine processes of striatal astrocytes with cell and subcompartment specific 

proteomic methods (Chapter 3, Chapter 4, Figure 5.2). While no study has conclusively stated 
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Figure 5.1: SAPAP3 interactions at the postsynaptic density. Cartoon depicting canonical 

SAPAP3 interactors at neuronal postsynaptic densities of glutamatergic synapses. 
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that SAPAP3 is unique to neurons, we sought to confirm and validate that SAPAP3 is indeed 

expressed in striatal astrocytes. Using a variety of approaches including deep RNA-sequencing, 

single-cell RNA-sequencing, in situ hybridization, and immunohistochemistry, we confirmed that 

SAPAP3 is expressed within striatal astrocytes. Furthermore, we used molecular biology 

approaches to dissect the mechanisms by which SAPAP3 functions within astrocytes. Our goal 

was to assess how SAPAP3 signaling in astrocytes compares to the known SAPAP3 signaling 

mechanisms in neurons. In this way, we have taken a protein that was previously undescribed in 

astrocytes and assessed how it regulates astrocyte function in a local circuit where this protein is 

known to be enriched. 

 

Section 5.2: Multi-omic evidence of SAPAP3 expression in striatal astrocytes 

     Using our cell and subcompartment specific proteomics methods, we discovered that SAPAP3 

(gene: Dlgap3) is reliably detected in the cytosol, plasma membrane, and fine processes (Ezr-

BioID2) of striatal astrocytes (Figure 5.2). Additionally, quantitative analysis revealed that 

SAPAP3 is equivalently expressed in both the astrocyte and neuronal plasma membranes at the 

protein level (Chapter 3 and Figure 5.2). Because a protein product does require a transcript to 

be expressed, we assessed the expression of SAPAP3 at the RNA level within astrocytes and 

neurons using cell-specific in vivo RiboTag deep RNA-sequencing. Assessment of the SAPAP3 

mRNA abundance (in FPKM) revealed that although SAPAP3 mRNA abundance is indeed higher 

in neurons (FPKM of 110) than astrocytes (FPKM of 60), astrocytes still express high levels of 

SAPAP3 mRNA transcripts (Figure 5.3). For context, a gene is considered highly expressed if the 

FPKM value is larger than 10 (Trapnell et al., 2010). Therefore, at the mRNA level, astrocytes of 

the striatum indeed express SAPAP3. When we compared the RiboTag immunoprecipitated (IP) 
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mRNA from astrocytes and neurons to the mRNA from the soup of all cells (input fraction), we 

found that SAPAP3 was not enriched in either astrocytes or neurons (log2FC < 1 IP vs input). 

However, canonical astrocyte enriched genes such as Slc1a2 and Aldh1l1 were enriched in 

astrocytes compared to input (Log2FC > 1 for both). Likewise, canonical neuron enriched genes 

such as Rbfox3 and Ppp1r1b were enriched compared to input (Log2FC > 1 for both). This result 

indicated that in addition to expression within neurons and astrocytes, SAPAP3 may be expressed 

in other brain cell types in the striatum (Figure 5.3).  

     In order to compare the transcript levels of SAPAP3 to the protein levels detected by mass 

spectrometry, we ranked all the mRNA transcripts found in neurons and astrocytes from highest 

abundance (rank of 1) to lowest abundance; we also ranked all the neuron and astrocyte specific 

proteins from highest abundance (rank of 1) to lowest abundance. When we assessed the rank of 

SAPAP3 at the mRNA level, SAPAP3 was ranked 481 in striatal neurons and ranked 960 in striatal 

astrocytes. At the protein level, SAPAP3 was ranked 10 in striatal neurons and ranked 20 in striatal 

astrocytes (Figure 5.3). Therefore, one of the reasons that SAPAP3 expression in astrocytes had 

been overlooked is because its expression is not in the top 10% of genes that are highly expressed 

or enriched in astrocytes. This underscores the idea that meaningful biology may be missed by 

filtering genes or proteins based on cell specificity and enrichment. Perhaps a plethora of 

interesting genes and proteins are understudied because they are expressed in multiple cell types. 

     We next assessed the expression of SAPAP3 in neurons and astrocytes using single-cell RNA 

sequencing to confirm SAPAP3 expression across three independent approaches. We utilized a 

striatum specific single-cell sequencing dataset (Yu et al., 2020) and found that SAPAP3 was 

expressed within Gja1 positive astrocytes and Rbfox3 positive neurons (Figure 5.4). Additionally, 

when we compared the expression level of SAPAP3 transcripts in Gja1 positive astrocytes to 
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Rbfox3 positive neurons, we found that although there are less astrocytes that express SAPAP3, 

both neurons and astrocytes that express SAPAP3 at equivalent levels. This supports the deep 

sequencing results that both neurons and astrocytes express SAPAP3 at comparable levels and that 

striatal astrocytes do indeed express SAPAP3.  

     Finally, we coupled the multi-omic approaches here with RNA-scope fluorescent in situ 

hybridization (FISH) and immunohistochemistry (IHC) to confirm expression of SAPAP3 mRNA 

and protein within astrocytes. To do this we used both wild-type mice and SAPAP3 constitutive 

knockout mice (SAPAP3 KO) as a control for our probes and antibodies. Additionally, the mice 

were microinjected with astrocyte specific tdTomato AAV (AAV 2/5 gfaABC1D-tdTomato) in the 

striatum for assessment of astrocytes and their territories. The FISH data showed that fluorescent 

signal of SAPAP3 mRNA was found within the tdTomato+ soma and territory indicating bona-

fide expression of SAPAP3 within astrocytes in the striatum. This fluorescent signal was 

undetectable in tdTomato+ astrocytes of SAPAP3 KO mice (Figure 5.5). Furthermore, using IHC 

with an anti-SAPAP3 antibody, we found that SAPAP3 protein was indeed expressed within wild-

type tdTomato+ astrocytes and their territories, while the protein signal was undetectable in 

SAPAP3 KO tdTomato+ astrocytes (Figure 5.5). Therefore, both our SAPAP3 mRNA and protein 

probes were specific to SAPAP3 and thus, SAPAP3 is expressed in striatal astrocytes. 
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Figure 5.2: SAPAP3 protein expression across subcompartments. Bar graph depicts SAPAP3 

protein abundance across the neuronal and astrocytic subcompartments from BioID2 experiments. 

If SAPAP3 was not detected it was labeled as “not detected” and given an abundance value of 0. 
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Figure 5.3: SAPAP3 mRNA expression in neurons and astrocytes. a. Bar graph depicts SAPAP3 mRNA abundance in FPKM in 

striatal neurons and astrocytes expressing RiboTag. IP, immunoprecipitated mRNA from Ribotag experiments. b. Heat map shows the 

log2FPKM expression of SAPAP3 mRNA and select cell-enriched markers for astrocytes and neurons from the IP samples and from 

the input sample. c. Top graph shows the SAPAP3 protein rank from the cell-specific BioID2 proteomics experiments. Bottom graph 

shows the SAPAP3 mRNA rank from cell-specific RiboTag transcriptomics experiments. The rank was based on abundance for both 

graphs. 
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Figure 5.4: SAPAP3 mRNA expression in neurons and astrocytes at the single-cell level. a. 

Uniform manifold approximation and projection (UMAP) plot of striatal cells (n = 31,956 

individual cells; replotted from published scRNA-seq (Yu et al., 2020)). b. Subpanels show 

expression of Rbfox3 in neurons and Gja1 in the astrocytes. Violin plot showing relative expression 

level of Dlgap3 per cell in the neurons and astrocytes. Expression level is defined as the Log2 

normalized gene count per cell. 
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Figure 5.5: SAPAP3 mRNA and protein is expressed in striatal astrocytes. a. Representative image of dorsal striatum from either 

WT or SAPAP3 KO mice labeled by RNAscope in situ hybridization for Dlgap3 mRNA (purple) and by IHC for tdTomato+ astrocytes 

(green). Left images show Dlgap3 mRNA abundance throughout the entire striatum. Expanded images show dorsal striatum tdTomato+ 

astrocytes express Dlgap3 mRNA (white arrows). b. Bar graph shows the number of Dlgap3 mRNA puncta within tdTomato+ astrocytes 

in either WT or SAPAP3 KO mice. Mean and SEM are shown; n = 20 tdTomato+ astrocytes from 4 mice per group (Two-tailed Mann-

Whitney test). c. Representative image of dorsal striatum from either WT or SAPAP3 KO mice labeled by IHC for SAPAP3 protein 

(green). Left images show SAPAP3 protein abundance in the striatum.  Expanded images show tdTomato+ dorsal striatum astrocytes 

express SAPAP3 protein (white arrow). g. Bar graph depicting intensity in arbitrary units (a.u.) of SAPAP3 protein within tdTomato+ 

astrocytes in either WT or SAPAP3 KO mice. Mean and SEM are shown; n = 20 tdTomato+ astrocytes from 4 mice per group (Two-

tailed Mann-Whitney test).
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Section 5.3: SAPAP3 interactions in astrocytes 

Using three multi-omic approaches in conjunction with in situ hybridization and 

immunohistochemistry, we show that SAPAP3 is expressed in striatal astrocytes at both the RNA 

and protein level. However, if this is the case, we asked whether astrocytic SAPAP3 had similar 

molecular interactors as those known for neuronal SAPAP3. As discussed previously, neuronal 

SAPAP3 is known to interact with proteins localized to the PSD where it mediates scaffolding. 

These conclusions arose from studies using PSD-95 (a known post-synaptic density marker 

protein) affinity purification mass spectrometry and co-immunoprecipitation coupled with western 

blot experiments. Therefore, the direct interactomes of SAPAP3 itself have not been assessed in 

either astrocytes or neurons.  

     To generate a list of high-confidence putative interactors of SAPAP3 in astrocytes and neurons, 

we fused BioID2 to SAPAP3 and generated cell-selective AAVs: one for neurons (AAV 1 hSyn1 

HA-BioID2-SAPAP3) and one for astrocytes (AAV 2/5 gfaABC1D HA-BioID2-SAPAP3). As 

controls we developed similar AAVs where the BioID2 was replaced with a GFP (AAV 1 hSyn1 

eGFP-SAPAP3 and AAV 2/5 gfaABC1D eGFP-SAPAP3). To validate the expression and cell-

selectivity of these constructs, we microinjected each AAV construct unilaterally into the striatum. 

After three weeks of expression, exogenous biotin was subcutaneously injected into the mice for 

seven days. Sixteen hours after the last injection, the mouse brain tissues were processed for 

immunohistochemistry and western blot.   

     Immunohistochemistry analysis showed that expression of astrocyte selective BioID2-SAPAP3 

and neuron selective BioID2-SAPAP3 was confined to S100β+ astrocytes and DARPP-32+ 

neurons, respectively (Figure 5.6). The analysis also demonstrated that about 75% of S100β+ 

astrocytes had BioID2 expression with the astrocyte selective AAV, while about 78% of DARPP+ 
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neurons had BioID2 expression via the neuron selective AAV. Additionally, using a streptavidin-

conjugated probe, biotinylated protein signal within astrocytes and neurons was visible and was 

proximal to the HA-BioID2 signal for each construct. For example, both the signal for astrocyte 

selective BioID2-SAPAP3 and its corresponding streptavidin signal looked to be bushy and 

localized to the plasma membrane. Similarly, the signal for neuron selective BioID2-SAPAP3 and 

its corresponding streptavidin signal were visualized at the soma and in the dendrite-dense 

neuropil. Taken together, the IHC analysis confirmed that our cell-selective BioID2-SAPAP3 

constructs were expressed in their intended targets and were functional.  

     When we assessed the biotinylated proteins with western blotting and the streptavidin-HRP 

probe, both of our cell-selective BioID2-SAPAP3 constructs displayed a significant increase in 

biotinylation signal across the molecular weight spectra when compared to the contralateral non-

injected side (Figure 5.7). Thus, BioID2-SAPAP3 is expressed and is functional in striatal 

astrocytes and neurons, in vivo. 

     Given that our astrocyte and neuron selective BioID2-SAPAP3 constructs were both cell-

selective and functional, we next sought to identify the proximal biotinylated interactors of 

SAPAP3 in both cell types by using mass spectrometry. We injected a set of mice with either 

astrocyte or neuron selective BioID2-SAPAP3 AAV bilaterally into the striatum. We also injected 

another set of mice with the cognate cell-selecive GFP AAV control (AAV 1 hSyn1 eGFP-

SAPAP3 or AAV 2/5 gfaABC1D eGFP-SAPAP3). After three weeks of expression, all mice 

received the same subcutaneous injection of 24 mg/kg of biotin for 7 days, after which the mouse 

striata were processed for purification of biotinylated proteins.  

     Using high performance liquid chromatography coupled with tandem mass spectrometry as 

described previously, a total of 26,783 unique peptides were run across the cell-selective samples, 
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including the controls. Of these, 11,363 peptides were from astrocyte selective BioID2-SAPAP3 

and 15,420 were from neuron selective BioID2-SAPAP3. After filtering mitochondrial proteins 

and known contaminants out, there were 968 proteins in the Astro BioID2-SAPAP3 and Astro 

GFP-SAPAP3 combined list while there were 1,459 proteins for Neuro BioID2-SAPAP3 and 

Neuro GFP-SAPAP3 combined list. To generate a high-confidence list of putative interactors of 

SAPAP3 in each cell type, we chose proteins that were present in 3 or more mass spectrometry 

experiments and were statistically significant versus the GFP controls (Log2FC > 1 and FDR < 

0.05). With this analysis we found 170 high confidence SAPAP3 interactors in astrocytes and 423 

high confidence SAPAP3 interactors in neurons (Table 5.1).  

     Using the LFQ values as in previous analyses, we then quantitatively compared the 170 high-

confidence astrocyte SAPAP3 interactors with the 423 high-confidence neuron SAPAP3 

interactors. When we compared both interaction lists, we found 49 unique astrocyte SAPAP3 

interactors and 306 unique neuron SAPAP3 interactors. Additionally, 228 proteins were shared 

between both cell types with 223 enriched in neurons (log2FC > 1 and FDR < 0.05 vs astrocyte) 

and 5 present in both cell types, including SAPAP3 itself. There were no enriched proteins in the 

shared protein list in astrocytes (Figure 5.8). Therefore, the 49 unique proteins found in astrocytes 

constitute the high-confidence astrocytic SAPAP3 interactome, while the 306 unique proteins in 

addition to the 223 enriched proteins constitute the high confidence neuronal SAPAP3 

interactome.  

     To further understand the biology and functions related to each cell-specifc SAPAP3 

interactome, we conducted a significance analysis of interactome (SAINT) to assign confidence 

scores to the protein-protein interactions between SAPAP3 and its putative interactors (Choi et al., 

2011). In this way, we use the whole of the mass spectrometry data including the spectral counts 
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for both MS1 and MS2 in addition to the LFQ intensity to assess the in silico probability that each 

protein found in the high-confidence interactor list is indeed a bona-fide interactor. Additionally, 

we assessed the function of the SAPAP3 interactors of each cell-type using PANTHER gene 

ontology analysis. SAINT analysis revealed that for the 49 proteins comprising the astrocytic 

SAPAP3 interactome, all had a SAINT statistical score of less than 0.05 (BFDR < 0.05) and a 

SAINT probability score of  greater than 0.5 (SAINT > 0.5) indicating that, according to the mass 

spectrometry data, these are the highest confidence interactors of SAPAP3 in astrocytes. When we 

assessed the GO molecular functions of these astrocyte specific interacting proteins we found 

proteins related to five main functional terms: actin cytoskeleton binding, G-protein signaling, 

protein localization, and glutamate signaling including astrocytic glutamate transporters Glt-1 

(gene: Slc1a2) and GLAST (Gene: Slc1a3). We conducted the same analysis for the top 50 

neuronal SAPAP3 interacting proteins and found that all proteins in this interactome had a SAINT 

statistical score of less than 0.05 (BFDR < 0.05) and a SAINT probability score of greater than 0.6 

(SAINT > 0.6) indicating these are the highest confidence interactors of SAPAP3 in neurons. 

When we assessed the GO molecular functions of these neuron specific interacting proteins we 

found proteins related to two main functional terms: G-protein signaling and glutamate signaling, 

which included both ionotropic and metabotropic glutamate receptors, as well as vital components 

of the PSD such as PSD-95 (gene: Dlg4) and Homer (gene: Homer), all which are known neuronal 

interactors of SAPAP3 at excitatory synapses (Figure 5.9).  

     Our astrocyte and neuron-specific SAPAP3 interactome datasets revealed cell specific 

interactors of SAPAP3 and highlight shared and separable mechanisms of SAPAP3 in both cell 

types (Figure 5.9). In astrocytes, SAPAP3 is an interactor of actin related proteins such as Ezrin 

(Chapter 4) and glutamate homeostatic proteins, including Glt-1, GLAST, and monoamine 
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oxidase B which catalyzes the conversion of glutamate to GABA (gene: Maob). Furthermore, it 

interacts with proteins related to protein localization indicating that perhaps, in astrocytes, 

SAPAP3 also functions as a scaffolding protein to localize signaling proteins such as channels and 

transporters to peri-synaptic astrocyte processes and stabilizes them there via interactions with the 

underlying actin cytoskeleton. In neurons, we found proteins related to the PSD which have 

already been validated as neuronal SAPAP3 interactors (Chen et al., 2000; Kim and Shang 2004; 

Bats et al., 2007) as well as some related to G-protein signaling. Thus, our proteomic data define 

SAPAP3 interactions that are cell-specific (Glt-1 in astrocytes) and provides clues to molecular 

mechanisms in astrocytes and neurons that are shared (related to glutamatergic signaling) and 

different (protein localization). 

 

Section 5.4: Validation of astrocytic SAPAP3 interactors 

     In astrocytes, the major interactions of SAPAP3 were related to glutamate homeostasis and the 

actin cytoskeleton. To assess these key interactions, we first validated direct protein-protein 

interactions between SAPAP3 and Glt-1 (gene: Slc1a2) and between SAPAP3 and Ezrin (gene: 

Ezr). Co-immunoprecipitation (co-IP) of endogenous proteins would not inform of astrocytic 

protein-protein associations as SAPAP3, Glt-1, and Ezrin could be expressed in other cell types. 

Therefore, to validate in vivo associations of SAPAP3 with its putative interactors, we first used 

tagged recombinant proteins expressed in striatal astrocytes for co-IP. We designed three 

astrocyte-specific AAV constructs and microinjected them into the striatum in different 

combinations: HA-tagged SAPAP3 (AAV 2/5 gfaABC1D 3xHA-SAPAP3), GFP-tagged Glt-1  
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Figure 5.6: Validation of cell-specific SAPAP3-BioID2. a. Representative images of immunostained mouse striatum injected with 

astrocyte-specific BioID2-SAPAP3 and then treated with biotin for 7 days. Top panel shows the immunostaining pattern with S100β as 

an astrocyte cell marker and bottom panel shows the immunostaining pattern with DARPP32 as a neuronal cell marker. b. Bar graphs 

depicting the percent of S100β positive or DARPP32 positive cells with HA expression in a 40x magnification field of view. Teal portion 

of the bar graphs show the percent co-localization. (n = 8 fields of view at 40x magnification from 4 mice) c. Representative images of 

immunostained mouse striatum injected with neuron-specific BioID2-SAPAP3 and then treated with biotin for 7 days. Top panel shows 

the immunostaining pattern with DARPP32 as a neuronal cell marker and bottom panel shows the immunostaining pattern with S100 β 

as an astrocyte cell marker.  d. Bar graphs depicting the percent of S100β positive or DARPP32 positive cells with HA expression in a 

40x magnification field of view. Purple portion of the bar graphs show the percent co-localization. (n = 8 fields of view at 40x 

magnification from 4 mice
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Figure 5.7: Validation of cell-specific SAPAP3-BioID2 with western blots. a. Western blot 

analysis of brain unilaterally microinjected with astrocyte specific BioID2-SAPAP3. Dark bands 

at 130 kD and 250 kD show the endogenously biotinylated mitochondrial proteins, Pyruvate 

carboxylase and acetyl-CoA carboxylase. Graph depicting the streptavidin signal intensity divided 

by the β-actin signal intensity for each data point. Black horizontal line depicts the mean. (n = 4 

mice; Mann-Whitney Test) b. Western blot analysis of brain unilaterally microinjected with 

neuron specific BioID2-SAPAP3. Graph depicting the streptavidin signal intensity divided by the 

β-actin signal intensity for each data point. Black horizontal line depicts the mean. (n = 4 mice; 

Mann-Whitney test). 
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(AAV 2/5 gfaABC1D Glt1-GFP), and GFP-tagged Ezrin (AAV 2/5 gfaABC1D Ezr-GFP). We 

injected a set of mice with either HA-SAPAP3 + Glt1-GFP or HA-SAPAP3 + Ezr-GFP and 

injected another set of mice with each construct separately (Figure 5.10). We found that HA-

tagged SAPAP3 co-immunoprecipitated with both Glt1-GFP and Ezr-GFP. Similarly, we found 

that both Glt1-GFP and Ezr-GFP co-immunoprecipitated with HA-tagged SAPAP3. Thus, these 

results suggest that SAPAP3 does indeed interact with both Glt1 and Ezrin within astrocytes in 

concordance with our mass spectrometry data.  

     To explore interactions between endogenous proteins within astrocytes, we used the proximity 

ligation assay (PLA). In short, the PLA immunoassay uses primary antibodies raised in different 

species to recognize two proteins of interest. Secondary antibodies against the primary antibodies, 

called the PLA probes, bind to the primary antibodies. Each of the PLA probes has a short DNA 

primer that is complimentary to the other PLA probe’s primer. If the proteins of interest are 

associated with each other within a 40 nm range, then, upon the addition of a ligase, a DNA 

polymerase, and fluorescent oligonucleotides, the polymerase will use the primers to conduct 

rolling circle DNA synthesis and a resultant fluorescent signal will emerge (Söderberg et al., 2008). 

To conduct the PLA we used both wild-type mice and SAPAP3 constitutive knockout mice 

(SAPAP3 KO) as a control for our probes and antibodies. Additionally, the mice were 

microinjected with astrocyte specific tdTomato AAV (AAV 2/5 gfaABC1D-tdTomato) in the 

striatum for assessment of the PLA within astrocytes and their territories. We found clear PLA 

puncta signal and thus, associations between endogenous SAPAP3 and Glt-1 within wild-type 

tdTomato+ astrocyte territories while these signals were significantly absent from tdTomato+ 

astrocyte territories in SAPAP3 KO mice (Figure 5.11). Similarly, we found discrete PLA puncta 

signal, and thus, associations between endogenous SAPAP3 and Ezrin within wild-type 
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tdTomato+ astrocyte territories while these signals were significantly absent from tdTomato+ 

astrocyte territories in SAPAP3 KO mice (Figure 5.11).  

     Therefore, our results indicate that SAPAP3 interacts spatially with both Ezrin and Glt-1 within 

astrocytes in vivo. 

 

Section 5.5: Molecular mechanisms of astrocytic SAPAP3 

     Together, our proteomic data in conjunction with our validation data indicates that astrocytic 

SAPAP3 is associated with the plasma membrane via its interactions with the plasma membrane 

proteome (Chapters 3 and 4) and with its bona-fide interactions with Ezrin and Glt-1. Because of 

SAPAP3’s association with the astrocyte plasma membrane, we next sought to assess whether the 

plasma membrane proteome of astrocytes was altered in SAPAP3 KO mice relative to wild-type 

(WT) mice. To do this, we microinjected our astrocyte-specific, plasma membrane targeted 

BioID2 AAV construct (Astro Lck-BioID2) in the striatum of both SAPAP3 KO and WT mice. 

To generate a high confidence list of differentially displayed proteins, we also injected a set of 

SAPAP3 KO and WT mice with Astro Lck-GFP as controls for Astro Lck-BioID2. After mass 

spectrometry and statistical analyses comparing SAPAP3 KO (Lck-BioID2 vs Lck-GFP) and WT 

(Lck-BioID2 vs Lck-GFP) groups within each other (Log2FC > 1 and FDR < 0.05 Lck-BioID2 

versus Lck-GFP), we compared the astrocyte plasma membrane proteomes of SAPAP3 KO to 

WT. We found a total of 457 proteins that were altered in the SAPAP3 KO astrocyte plasma 

membrane proteome when compared to WT. Of these 182 were down, or less associated with the 

plasma membrane (Log2FC < 0.5 and FDR < 0.05) and 275 were up, or more associated with the 

plasma membrane (Log2FC > 0.5 and FDR < 0.05). Within these altered proteins, we found the 

astrocytic SAPAP3 interactors, Ezrin and Glt-1 (Figure 5.12). Functional analysis of the 457 
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altered proteins using Enrichr gene ontology analysis revealed that the most significant 

dysregulated pathway was “actin cytoskeleton organization” in concordance with the main 

function of astrocytic SAPAP3 interactors and the SAPAP3-Ezrin interaction (Figure 5.12). 

     SAPAP3 interacts with actin cytoskeleton binding proteins, including Ezrin, in astrocytes. 

Additionally, upon knock out of SAPAP3, proteins related to actin cytoskeleton organization are 

dysregulated and the SAPAP3-Ezrin interaction completely disappears. To explore the direct 

functional interaction of astrocytic SAPAP3 with the actin cytoskeleton, we used LifeAct-GFP 

(Riedl et al., 2008) as an actin cytoskeleton reporter in both wild-type (WT) and SAPAP3 KO 

mice. LifeAct is a small 17-amino-acid peptide that binds filamentous actin (F-actin) without 

disrupting polymerization and depolymerization events. We created an astrocyte-specific AAV 

construct for LifeAct GFP (AAV 2/5 gfaABC1D LifeAct-GFP) and microinjected it into the 

striatum of both SAPAP3 KO and WT mice at five and a half months of age. After three weeks, 

we were able to visualize the actin cytoskeleton of individual striatal astrocytes using confocal 

microscopy. Our results revealed that there was a strong reduction in the actin cytoskeleton within 

astrocytes from SAPAP3 KO mice. This reduction was the greatest at the peripheral processes of 

astrocyte territories where the fine processes contact synapses. Additionally, when we measured 

the total actin area of SAPAP3 KO astrocytes, the entire actin territory of the astrocyte was reduced 

in comparison to WT (Figure 5.13). Analysis of the intensity of the actin signal across a 40 μm 

area corroborated the LifeAct area measurements because F-actin intensity at the edges of 

astrocytes were significantly reduced (Figure 5.13). We confirmed the smaller territory sizes of 

astrocytes in SAPAP3 KO mice by assessing the cytosolic tdTomato+ signal within SAPAP3 KO 

and WT astrocytes. In concordance with the LifeAct data, tdTomato+ astrocytes are smaller in 

SAPAP3 KO mice when compared to WT (Figure 5.13). In all, our results confirm that astrocytic 
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SAPAP3 mechanisms directly regulate the actin cytoskeleton, especially at astrocyte fine 

processes which lie at the most distal edges of a morphologically complex astrocyte.  

 

Section 5.6: Summary 

     Here, for the first time, we explored the functional differences between a protein that is 

expressed in two different cell types, astrocytes and neurons, and define different molecular 

mechanisms for each.  Using a cell and subcompartment specific proteomics approach (Chapters 

3 and 4), we discovered that SAPAP3, a protein previously only associated with the PSD in 

neurons, is expressed in striatal astrocytes. Validation with multi-omics methods and traditional 

tissue fluorescence methods provide strong evidence for the presence of SAPAP3 within 

astrocytes. The data presented here also show that astrocytic SAPAP3 has its own set of unique 

molecular interactors when compared to neurons, and that these cell-specific interactions give rise 

to functional mechanisms that relate to actin cytoskeleton organization. We also discovered that 

SAPAP3 deletion causes astrocytes to become smaller in size and lose their complexity, especially 

at their fine peripheral processes.  

     I began this chapter by introducing the concept of proteins working in conjunction with one 

another to perform a specialized function. In the example of the post-synaptic density, the diverse 

proteins that orchestrate post-synaptic signaling including the ionotropic receptors, the 

metabotropic receptors, the adhesion molecules, the scaffolding proteins, and the actin proteins, 

all work together to integrate and process information so that the post-synaptic neuron can respond 

and change accordingly. Similarly, as is the case for the PSD, all cells within a circuit must work  
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Table 5.1: Astrocyte and neuron SAPAP3-BioID2 proteomics analysis filters. List of filters 

and resultant number of proteins used to generate high confidence lists for both astrocyte and 

neuron specific SAPAP3-BioID2 proteomes. 

  

Filters Astro BioID2-SAPAP3 Neuro BioID2-SAPAP3 

Total # unique peptides 26,783 
Total # of unique proteins 2,655 

# unique peptides 11,363 15,420 

Remove mitochondrial 
proteins 

968 1,459 

(vs GFP) log2ratio >1 and > 3 
experiments 

216 803 

(vs GFP) FDR < 0.05 170 423 
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Figure 5.8: Quantitative comparison of cell specific SAPAP3 interactors. Label-free based 

quantification comparison of significant proteins (Log2FC > 1 and FDR < 0.05 versus GFP 

controls) detected in the Astro BioID2-SAPAP3 and Neuro BioID2-SAPAP3 reveal unique 

astrocyte and neuron SAPAP3 interactors. Top half of the volcano plot shows 306 unique Neuro 

BioID2-SAPAP3 proteins and 49 unique Astro BioID2-SAPAP3 proteins when compared to each 

other. The top four most abundant proteins for each cell type are shown. Lower half of volcano 

plot shows comparison of 228 proteins that were common in both Astro BioID2-SAPAP3 and 

Neuro BioID2-SAPAP3.  The five highest enriched proteins (Log2FC > 2) for neurons are shown. 

Proteins that did not pass the enrichment threshold for either cell type are represented in the gray 

box. 
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Figure 5.9: SAPAP3 interactome in striatal astrocytes and neurons. a. Predicted interaction map of SAPAP3 interacting astrocyte 

proteins. Edge color represents SAINT interaction score. Color legends denote PANTHER gene ontology terms. b. Predicted interaction 

map of SAPAP3 interacting neuron proteins. The top 50 by abundance are shown. . Edge color represents SAINT interaction score. 

Color legends denote PANTHER gene ontology terms. 
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Figure 5.10: Validation of astrocytic SAPAP3 interacting proteins with Co-IP a. Schematic shows astrocyte specific HA tagged 

SAPAP3, GFP fused Ezrin, and GFP fused Glt-1 used in AAV constructs to assess interactions via co-immunoprecipitation. 16 week 

old wild type mice were injected in the striatum with one of the following combinations: HA-SAPAP3 + Ezr-GFP, HA-SAPAP3 + Glt-

1-GFP, HA-SAPAP3 only, Ezr-GFP only, or Glt1-GFP only. b and c. Western blots shows the immunoprecipitation of either HA or 

GFP after protein complex isolation. The band 110 kD represents the HA-SAPAP3 band, while the 90 kD bands represent Ezrin-GFP 

(93 kD) or Glt1-GFP (92 kD).  



152 
 

 

 

 

Figure 5.11: Validation of astrocytic SAPAP3 interacting proteins with PLA a. Cartoon depicting the principle of the proximity 

ligase assay. b. Images of PLA puncta for SAPAP3 and Glt-1 within tdTomato+ astrocytes from wild-type and SAPAP3 KO mice. 

Graphs show the integrated density and number of PLA puncta per cell. (n = 15 tdTomato+ astrocytes from 3 mice per group; two-tailed 

Mann-Whitney test). c. As in d, but for SAPAP3 and Ezrin proteins within tdTomato+ astrocytes from wild-type and SAPAP3 KO mice. 

(n = 15 tdTomato+ astrocytes from 3 mice per group; two-tailed Mann-Whitney test). 
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Figure 5.12: Comparison of astrocyte plasma membrane proteomes in wild-type and 

SAPAP3 KO mice. a. Volcano plot showing differentially displayed astrocyte plasma membrane 

proteins in SAPAP3 KO mice when compared to wild-type. b. Graph shows most significant 

Enrichr gene ontology terms for “molecular function” from the 457 differentially displayed 

astrocyte proteins.  
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Figure 5.13: Astrocyte morphology is disrupted in SAPAP3 KO mice. a. Representative images showing LifeAct GFP expression 

in astrocytes of wild-type and SAPAP3 KO mice. Concentric circles represent where intensity was measured as a function of distance 

from the soma center. b. Representative images showing wild-type and SAPAP3 KO tdTomato+ astrocytes. c. Line graph depicting 

LifeAct GFP intensity as a function of distance from the center of the astrocyte soma. Points represent mean intensity from 15-18 cells 

per group from 4 mice. (Two-way repeated measures ANOVA with Bonferroni post-hoc test; P = 0.012 at 20-40 μm). Bar graphs shows 

the total LifeAct GFP area in wild-type and SAPAP3 KO mice. d. Bar graph shows the tdTomato+ astrocyte area. (n = 15 WT and 18 

SAPAP3 KO tdTomato+ astrocytes from 4 mice per group. The mean and SEM are shown; Two-tailed unpaired t-test with Welch 

correction). 
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together for an action to be produced at the organismal level. Our SAPAP3 molecular experiments 

in both astrocytes and neurons shown here provide a clue on how cells may work together to 

produce an intended output. SAPAP3 expressed in both astrocytes and neurons has conserved 

functions in both cell types: glutamatergic signaling and G-protein signaling. However, the 

proteins composing these conserved functions are completely different in both cell types. 

Therefore, striatal SAPAP3 may work in different cell types to regulate similar pathways in order 

keep striatal function working toward its goal: regulating thalamic input into the cortex. However, 

how can different cell types collaborate with neurons at the circuit-level to keep working at this 

goal?  

     While we only describe molecular mechanisms here, we must understand what occurs at the 

organismal level in order to dissect cell-specific contributions of astrocytes and neurons that keep 

the striatal circuit functioning as intended. To probe this, we assessed the behavior of SAPAP3 

KO mice in relation to wild-type, as SAPAP3 KO mice are a model of obsessive-compulsive 

disorder (Welch et al., 2007). Thus, we seek to understand whether the molecular mechanisms 

presented here for astrocytes and neurons have any relevance for striatum-related behaviors that 

have gone awry. 
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CHAPTER 6: ASTROCYTE AND NEURON SPECIFIC CONTRIBUTIONS IN A 
MOUSE MODEL OF OBSESSIVE-COMPULSIVE DISORDER 

 

Section 6.1: Introduction 

     SAPAP3, a cytosolic protein expressed in both striatal astrocytes and medium spiny neurons 

(MSNs), is one of 63 genes associated with obsessive-compulsive disorder (OCD) and repetitive 

behaviors in humans (Bienvenu et al., 2009; Zuchner et al., 2009; Yu et al., 2010; Stein et al., 

2019). Obsessive-compulsive disorder (OCD) is a debilitating psychiatric disorder with a lifetime 

prevalence that affects about 2% of the population and primarily arises during adolescence or early 

adulthood (nimh.nih.gov). OCD is primarily characterized by obsessive thoughts and/or 

compulsions. Additionally, these obsessive thoughts are often associated with anxiety. Cognitive-

behavioral theories emphasize that obsessions can often lead to an increase in anxiety and thus, 

compulsions are a response to the obsessive thoughts (Stein et al., 2019). These defects in cognitive 

processing in patients with OCD are mediated by alterations in specific neural circuitry.  Advances 

in both structural and functional brain imaging have given rise to important models related to OCD 

neurocircuitry. Such data have attributed OCD to arise in parallel cortico-striato-thalamo-cortical 

(CSTC) circuits that are involved in a range of sensorimotor, cognitive, and motivational 

processes. Alterations in several regions that comprise the CSTC circuitry have been demonstrated 

in OCD patients when compared with healthy, control individuals (Saxena and Rauch, 2000; Rotge 

et al., 2008; Kwon et al., 2009).  

     Therefore, to study OCD, several mouse models which show defects in CSTC circuitry have 

arisen. One of these models, is the constitutive SAPAP3 KO mouse model of OCD (Welch et al., 

2007). SAPAP3 KO mice are characterized by repetitive and excessive self-grooming that leads 

to facial lesions accompanied by severe anxiety. The repetitive and excessive self-grooming arises 



157 
 

at about 5 to 6 months (~P180) of age and can be ameliorated with Fluoxetine, a selective serotonin 

reuptake inhibitor (SSRI) and first line of treatment for human OCD (Welch et al., 2007; Burguiere 

et al., 2013). Additionally, as mentioned previously, SAPAP3 KO mice exhibit alterations in 

CSTC circuitry, especially at corito-striatal synapses (Burguiere et al., 2013; Wan et al., 2014). 

Thus, the SAPAP3 KO mouse model presents itself as an ideal resource by which to study OCD-

like behaviors in mice given its robust phenotype and the genetic associations of SAPAP3 to 

human OCD.  

     Because we have discovered the molecular mechanisms by which SAPAP3 functions in 

astrocytes and compared these mechanisms to those in neurons (Chapter 5), we wanted to assess 

whether these cell-specific mechanisms were relevant to OCD-related behaviors in SAPAP3 KO 

mice. Additionally, we sought to explore whether these cell-specific mechanisms were of any 

consequence to the function of the CTSC circuit. To do this, we genetically targeted striatal 

astrocytes and MSNs to assess cell-specific contributions of these cell types in the SAPAP3 KO 

mouse model of OCD. 

 

Section 6.2: SAPAP3 KO mice exhibit OCD-like behaviors 

     To begin exploring cell-type specific contributions of astrocytes and neurons in the SAPAP3 

KO mouse model of OCD, we began by reproducing OCD-like behaviors in both WT and SAPAP3 

KO mice at 6 months of age. We assessed repetitive behaviors and self-grooming by measuring 

the area of facial lesions, the number of facial lesions, the number of self-grooming bouts, and the 

total time spent grooming. We explored anxiety behaviors by measuring time spent in the center 

of an open field arena (OFA), average speed in the center of an open field arena (OFA), and time 

spent exploring open arms in an elevated plus maze (EPM). We measured ambulation and 
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locomotor activity as total distance traveled and total average speed in an OFA. As expected, 6 

month old SAPAP3 KO mice showed a significant increase in both number of lesions and area of 

lesions when compared to WT mice which did not show any lesions (Figure 6.1). Additionally, 

SAPAP3 KO mice spent about 50% of the time engaging in grooming behaviors including paw 

licking, face stroking, body fur licking, body scratching with hind paws, tail licking, and genital 

cleaning. This was also reflected by the increased number of grooming bouts (Figure 6.1). When 

we measured anxiety behaviors we found that SAPAP3 KO mice spent significantly less time in 

the center of the OFA, traveled faster in the center of the OFA, and spent less time exploring the 

open arms of the EPM when compared to their WT littermates, thus highlighting the high anxiety 

behaviors present in SAPAP3 KO mice (Figure 6.2). Assessment of total activity measured by 

locomotor measures revealed that SAPAP3 KO mice ambulate slower and spend less time 

ambulating when compared to their WT littermates (Figure 6.2). Thus, we were able to reproduce 

SAPAP3 OCD-related behaviors to conduct downstream manipulations.  

     In order to benchmark any subsequent genetic manipulations to Fluoxetine, which ameliorates 

OCD-like behaviors in SAPAP3 KO mice and is a first line of treatment in human OCD, we 

reproduced the effects of fluoxetine in SAPAP3 KO mice. We intraperitoneally injected Fluoxetine 

(10 mg/kg) or saline as a control for 7 days to 6 month old SAPAP3 KO or WT mice. In this way 

we had four experimental groups: WT + saline, WT + fluoxetine, KO + saline, and KO + 

fluoxetine. We assessed the same self-grooming, anxiety, and locomotion behaviors that we used 

for the SAPAP3 KO mice and found that 7 day fluoxetine treatments decreased the number of 

grooming bouts and grooming time in KO + Fluoxetine mice when compared to KO + saline mice. 

However, because the 7 day treatment was acute, we did not observe any changes to the area or 

number of lesions although they did seem to be scarring (Figure 6.3). Fluoxetine did not have any 
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effect on any of our measured grooming parameters in WT mice. When we assessed anxiety 

behaviors, 7 day Fluoxetine treatment caused SAPAP3 KO mice to increase their time spent in the 

center of the OFA, decrease their speed in the center of the OFA, and increase the time they spent 

exploring the open arms in the EPM when compared to KO + saline mice. This indicates that 

fluoxetine is able to rescue the anxiety behaviors in SAPAP3 KO mice (Figure 6.4). As with 

grooming, fluoxetine did not have any effect on any of our measured anxiety parameters in WT 

mice. When we measured the locomotor activity of Fluoxetine treated mice, both total distance 

traveled and total average speed were significantly increased in KO + Fluoxetine mice when 

compared to KO + saline mice, indicating that Fluoxetine also improves ambulation with no effects 

found in the WT mice (Figure 6.4). Overall, our data show that we are able to reproduce both the 

self-grooming and anxiety behaviors that characterize the SAPAP3 KO model mice at 6 months 

of age, and that we could reproduce the effects of Fluoxetine in these mice. In this way, we now 

have benchmark data by which we can assess the effects of genetic manipulations or treatments. 

 

Section 6.3: Astrocyte and neuron-specific genetic rescue of SAPAP3 

     As mentioned previously, a highlight of SAPAP3 KO mice is their altered cortico-striato-

thalamo-cortical (CSTC) circuitry, with the most significant changes occurring in the striatum, 

more specifically at cortico-striatal synapses (Burguiere et al., 2013; Wan et al., 2014). Given that 

SAPAP3 is highly enriched within the striatum (Welch et al., 2004) and the striatum is a critical  
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Figure 6.1: SAPAP3 KO mice exhibit excessive self-grooming. a. Representative photographs of WT and SAPAP3 KO mice at P180. 

White outline shows the border of each lesion. b. Bar graphs show assessment of grooming behavior in WT and SAPAP3 KO by four 

different metrics: area of open lesions, number of lesions, grooming bouts, and time spent grooming. N = 9 for the WT mice and N = 8 

for the SAPAP3 KO mice.  (Area of open lesions: WT v KO – One sample t-test. Number of lesions per mouse: WT v KO – One sample 

t-test. Number of grooming bouts: WT v KO - Mann-Whitney test.  Time spent grooming: WT v KO – Unpaired t-test with Welch 

correction.)
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Figure 6.2: SAPAP3 KO mice exhibit high anxiety. a. Representative traces of 20 minute open field recordings for WT and SAPAP3 

KO mice at P180. Green dot depicts the location of the mouse at the start of the recording, while the red dot depicts the location of the 

mouse at the end of the recording. Bottom traces are of 10 minute elevated plus maze recordings. b. Bar graphs show locomotor activity 

and anxiety-like behavior in WT and SAPAP3 KO mice by five different metrics: total distance traveled, total average speed, time in 

center of the open field, speed in center of the open field, and time spent in the open arms of the elevated plus maze. n = 9 for the 

SAPAP3 WT mice and n = 8 for the SAPAP3 KO mice. (time in center: WT v KO, two-tailed unpaired t-test with Welch correction, P 

< 0.001; speed in center: WT v KO, two-tailed unpaired t-test with Welch correction, P = 0.001; time in open arms: WT v KO, two-

tailed unpaired t-test with Welch correction, P = 0.002; distance traveled: WT v KO, two-tailed unpaired t-test with Welch correction, 

P = 0.001; average speed: WT v KO, two-tailed unpaired t-test with Welch correction, P = 0.002)
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Figure 6.3: Fluoxetine ameliorates excessive self-grooming. Bar graphs show assessment of grooming behavior in SAPAP3 WT and 

SAPAP3 KO treated with either saline or fluoxetine (10 mg/kg) for 7 days by four different metrics: area of open lesions, number of 

lesions, grooming bouts, and time spent grooming. n = 5-6 mice for each group. The mean and SEM are shown (number of lesions per 

mouse: Kruskal Wallis test; number of grooming bouts: One way ANOVA with Bonferroni correction; time spent grooming: One way 

ANOVA with Bonferroni correction) 
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Figure 6.4: Fluoxetine ameliorates anxiety. a. Representative traces of the open field arena and 

elevated plus maze of SAPAP3 WT and SAPAP3 KO mice treated with either saline or fluoxetine. 

b. Bar graphs show assessment of locomotor activity in SAPAP3 WT and SAPAP3 KO treated 

with either saline or fluoxetine for 7 days by two different metrics: total distance traveled and total 

average speed. n = 5 mice WT + saline, n = 6 mice WT + fluoxetine, n = 6 mice KO + saline, n = 

6 mice KO + fluoxetine. The mean and SEM are shown (total distance traveled: one way ANOVA 

with Bonferroni correction; total average speed: one way ANOVA with Bonferroni correction). c. 

Bar graphs show assessment of anxiety-like behaviors in SAPAP3 WT and SAPAP3 KO treated 

with either saline or fluoxetine for 7 days by three different metrics: time in center, speed in center, 

and time spent in open arms. n = 4 mice WT + saline, n = 4 mice WT + fluoxetine, n = 7 mice KO 

+ saline and n = 8 mice KO + fluoxetine. The mean and SEM are shown (time in center: One way 

ANOVA with Bonferroni correction; speed in center: one way ANOVA with Bonferroni 

correction; time spent in open arms: Kruskal-Wallis test). 
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component of basal ganglia circuitry that gives rise to repetitive behaviors such as those arising in 

SAPAP3 KO mice (Graybiel, 2008; Burguiere et al., 2015), direct manipulations within the 

striatum could provide beneficial effects. Indeed, when SAPAP3 KO mice receive direct 

expression of SAPAP3 only in striatum, both anxiety and repetitive behaviors are rescued (Welch 

et al., 2007). In these studies, a GFP-SAPAP3 fusion protein or a GFP only control was packaged 

into a lentiviral vector. These vectors were then locally microinjected bilaterally and broadly into 

the striatum at a young age (P7) and behaviors were assessed at 6 months of age. Indeed, striatal 

expression of GFP-SAPAP3 rescues both excessive self-grooming and anxiety in SAPAP3 KO 

mice when compared to GFP only controls (Welch et al., 2007). While this seminal study 

demonstrated that the striatum is the major driver of altered behaviors in SAPAP3 KO mice, the 

vectors used were not cell-selective, thus the contributions of each cell type that expresses 

SAPAP3 to these SAPAP3 KO related behaviors is unknown.  

     Because we discovered that striatal astrocytes, in addition to neurons, express SAPAP3, we 

sought to assess the contribution of both cell types to repetitive and anxiety behaviors in SAPAP3 

KO mice. To do this we designed four cell-selective AAV vectors: an astrocyte specific GFP-

SAPAP3 fusion protein (AAV 2/5 gfaABC1D GFP-SAPAP3) hereafter referred to as Astro 

SAPAP3; an astrocyte specific GFP control (AAV 2/5 gfaABC1D GFP) hereafter referred to as 

Astro GFP; a neuron specific GFP-SAPAP3 fusion protein (AAV 1 hSyn1 GFP-SAPAP3) 

hereafter referred to as Neuro SAPAP3; and a neuron specific GFP control (AAV 1 hSyn1 GFP). 

We first tested if these vectors could be broadly expressed in the striatum and whether they were 

cell-selective. We microinjected Astro SAPAP3 and Neuro SAPAP3 into the striatum of WT mice 

at P28 at three different sites: ventral striatum, medial striatum, and dorsal striatum. One month 

later we assessed expression with immunohistochemistry. Both Astro SAPAP3 and Neuro 
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SAPAP3 were expressed broadly in the striatum (Figure 6.5). Additionally, both constructs were 

cell selective as Astro SAPAP3 was expressed in ~80% of S100β+ astrocytes within the striatum 

and in ~0% of DARPP32+ neurons. Conversely, Neuro SAPAP3 was expressed in ~70% of 

DARPP32+ neurons and in 0% of S100β+ astrocytes, indicating that both Neuro SAPAP3 and 

Astro SAPAP3 are well expressed and cell-selective in the striatum (Figure 6.5). 

     Validation of our cell-selective SAPAP3 constructs prompted us to then explore the cell-

specific contributions of astrocytes and neurons to OCD-like behaviors in mice. To do this, we 

microinjected either cell-selective SAPAP3 or cell-selective control GFP broadly into the striatum 

of SAPAP3 KO mice at P21-P28 days of age. We then allowed expression for five months or until 

the GFP control mice began to groom excessively (~P180 or 6 months of age). We then assessed 

repetitive behaviors and self-grooming by measuring the area of facial lesions, the number of facial 

lesions, the number of self-grooming bouts, and the total time spent grooming. We explored 

anxiety behaviors by measuring time spent in the center of an open field arena (OFA), average 

speed in the center of an open field arena (OFA), and time spent exploring open arms in an elevated 

plus maze (EPM). We measured ambulation and locomotor activity as total distance traveled and 

total average speed in an OFA.  

     Our experiments revealed that at 6 months of age, both Astro SAPAP3 and Neuro SAPAP3 

genetic interventions significantly recovered excessive grooming behaviors in SAPAP3 KO mice 

including: reduced the total area of lesions per mouse, reduced the total number of lesions per 

mouse, and reduced the total time spent grooming when compared to KO mice microinjected with 

GFP only. The total number of grooming bouts was significantly reduced with the Astro SAPAP3 

intervention, and trended as reduced (no significance) with the Neuro SAPAP3 intervention when 
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compared with their respective GFP controls (Figure 6.6). Thus, this indicates that both astrocytes 

and neurons play a role in SAPAP3 mediated repetitive behaviors that arise in the striatum.  

     We next assessed anxiety behaviors in our genetically treated SAPAP3 KO mice. Interestingly, 

SAPAP3 KO mice microinjected with Neuro SAPAP3 showed increased time in center in the 

OFA, decreased average speed in the center of the OFA, and increased time spent exploring the 

open arms of the EPM when compared to mice microinjected with control Neuro GFP. However, 

SAPAP3 KO mice microinjected with Astro SAPAP3 showed no change in any of the anxiety 

measurements or behaviors described above when compared to their respective litter-mates 

microinjected with control Astro GFP, thus suggesting a significant effect of neuronal genetic 

intervention on the anxiety-like behavior displayed by SAPAP3 KO mice (Figure 6.7).  

     To assess whether this difference of anxiety behaviors in Astro SAPAP3 and Neuro SAPAP3 

treated mice was caused by differences in locomotion, we measured the total distance traveled and 

average speed of the experimental mice. We found that both Astro SAPAP3 and Neuro SAPAP3 

significantly increased total distance traveled in the OFA, and increased the total average speed in 

SAPAP3 KO mice compared to GFP controls and to the same effect. Therefore, this indicates that 

locomotion is independent from the differences in anxiety behaviors that arise from the cell-

specific genetic intervention and further suggest that both astrocyte and neuron SAPAP3 have a 

direct effect on striatum mediated behaviors such as repetition and locomotion (Figure 6.7).  

     Using our benchmark Fluoxetine data described previously, we then compared our cell-specific 

genetic interventions compared to Fluoxetine intervention. By using the Fluoxetine rescue as a 

baseline metric, we found that both Astro SAPAP3 and Neuro SAPAP3 resulted in beneficial 

effects comparable to fluoxetine for self-grooming with all three interventions producing a 70% 

recovery (Figure 6.8). As described previously, only Neuro SAPAP3 had a comparable effect to 
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fluoxetine for anxiety with both interventions producing an 80% recovery in the OFA evaluations. 

These results show that cell-specific genetic rescue of SAPAP3 in either astrocytes or neurons 

provide an avenue to explore therapeutic strategies that target both cell types in OCD. 

     In all, our data reveal that in the context of SAPAP3 KO, both striatal astrocytes and neurons 

have cell-specific contributions that drive OCD-like behaviors including excessive self-grooming 

and anxiety. More specifically, both astrocytes and neurons contribute to repetitive behaviors 

defined by excessive self-grooming and development of lesions, as both these readouts are 

ameliorated with genetic rescue in the striatum via Astro SAPAP3 and Neuro SAPAP3. However, 

only neuronal intervention with Neuro SAPAP3 benefits anxiety in the OFA and EPM indicating 

that the manner by which astrocytes and neurons contribute to different behaviors is separable. 

 

Section 6.4: Effects of cell-specific rescue on striatal astrocytes 

     Given that a cell-specific genetic intervention was sufficient to improve OCD-like behaviors in 

SAPAP3 KO mice and that astrocyte SAPAP3 molecular mechanisms are disrupted in SAPAP3 

KO mice (Chapter 5), we assessed the effect of these interventions on striatal astrocytes by 

assessing their morphology and molecular interactors.  

     We microinjected SAPAP3 KO mice in the striatum with either of the four SAPAP3 AAV 

constructs (Astro SAPAP3, Astro GFP, Neuro SAPAP3, Neuro GFP) in combination with 

astrocyte specific tdTomato (gfaABC1D tdTomato) at P21-P28 days of age. We then assessed the  
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Figure 6.5: Strategy for cell-specific rescue of SAPAP3 a. Cartoon depicting the genetic strategy and experimental plan for cell-

specific rescue of SAPAP3 in the striatum of SAPAP3 KO mice. b. Representative images of immunostained mouse striatum injected 

with astrocyte-specific GFP-SAPAP3 (Astro SAPAP3). Left panel shows the immunostaining pattern with S100β as an astrocyte cell 

marker and right panel shows the immunostaining pattern with DARPP32 as a neuron cell marker. c. Bar graphs depicting the percent 

of S100β positive or NeuN positive cells with HA expression in a 20x magnification field of view. Teal portion of the bar graphs show 

the percent co-localization. (n = 8 fields of view at 20x magnification from 4 mice). d. Representative images of immunostained mouse 

striatum injected with neuron-specific GFP-SAPAP3 (Neuro SAPAP3). Left panel shows the immunostaining pattern with DARPP32 

as a neuron cell marker and right panel shows the immunostaining pattern with S100β as an astrocyte cell marker. e. Bar graphs depicting 

the percent of S100β positive or NeuN positive cells with HA expression in a 20x magnification field of view. Purple portion of the bar 

graphs show the percent co-localization. (n = 8 fields of view at 20x magnification from 4 mice) 



169 
 

 

 

 

 

Figure 6.6: Effect of cell-specific genetic rescue on excessive self-grooming. a. Photographs 

show SAPAP3 KO mice injected with Astro GFP, Astro SAPAP3, Neuro GFP, or Neuro SAPAP3 

.White outline shows lesion border. b. Grooming behaviors assessed in SAPAP3 KO mice treated 

with cell-specific GFP or SAPAP3. (All behaviors: n = 9-12 mice per group; Kruskal-Wallis Test 

with Dunn post-hoc test) 
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Figure 6.7: Effect of cell-specific genetic rescue on anxiety. a. Representative traces of open 

field recordings and elevated plus maze recordings of SAPAP3 KO mice injected with Astro GFP, 

Astro SAPAP3, Neuro GFP, or Neuro SAPAP3. Green dot shows the starting location of the 

mouse, while the red dot represents the final location. b. Anxiety-like behaviors measured in 

SAPAP3 KO mice treated with either cell-specific GFP or SAPAP3. (All behaviors: n = 9-12 mice 

per group; Kruskal-Wallis Test with Dunn post-hoc test). c. Locomotor activity assessed in 

SAPAP3 KO mice treated with either cell-specific GFP or cell-specific SAPAP3. (All behaviors: 

n = 9-12 mice per group; Two-way ANOVA with Bonferroni post-hoc test). 
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Figure 6.8: Z-score summary of intervention effects on OCD-like behaviors. Heat map shows 

the z-score for all measured behaviors across intervention with fluoxetine and cell-specific genetic 

rescue. Subpanel heat maps shows comparison of fluoxetine and cell-specific genetic rescues as a 

function of percent recovery.  
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Figure 6.9: Effect of cell-specific genetic rescue on astrocyte morphology. a. Representative images of tdTomato+ striatal astrocytes 

in SAPAP3 KO mice injected with Astro GFP (left) or Astro SAPAP3 (right). Bar graph shows the measurements of astrocyte territory 

area. (n = 20 cells from 4 mice per group; two-tailed unpaired t-test with Welch correction, P = 0.001). b. Representative images of 

tdTomato+ striatal astrocytes in SAPAP3 KO mice injected with Neuro GFP (left) or Neuro SAPAP3 (right). Bar graph shows the 

measurements of astrocyte territory area. (n = 20 cells from 4 mice per group; two-tailed unpaired t-test with Welch correction).  
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Figure 6.10: Effect of cell-specific genetic rescue on astrocytic SAPAP3 interactions. a. 

Representative images of PLA puncta for SAPAP3 and Ezrin in SAPAP3 KO mice injected with 

Astro GFP or Astro SAPAP3. Bar graph denotes the integrated density in arbitrary units (a.u.) of 

the PLA signal within the astrocyte ROI. (n = 12 tdTomato+ astrocytes from 4 mice per group; 

two-tailed unpaired t-test with Welch correction, P = 0.002). ). b. Representative images of PLA 

puncta for SAPAP3 and Glt-1 in SAPAP3 KO mice injected with Astro GFP or Astro SAPAP3. 

Bar graph denotes the integrated density in arbitrary units (a.u.) of the PLA signal within the 

astrocyte ROI. (n = 12 tdTomato+ astrocytes from 4 mice per group; two-tailed unpaired t-test 

with Welch correction, P < 0.001). ). c. as in a, but for mice treated with Neuro GFP or Neuro 

SAPAP3. d. as in b, but for mice treated with Neuro GFP or Neuro SAPAP3. 
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Figure 6.11: Summary of effect of cell-specific genetic rescue on astrocytic SAPAP3 

interactions. Heat map shows the Z-scores of the molecular parameters measured in striatal 

astrocytes in (i) WT and SAPAP3 KO mice, (ii) SAPAP3 KO mice injected with Astro GFP or 

with Astro SAPAP3, and (iii) SAPAP3 KO mice injected with Neuro GFP or with Neuro SAPAP3. 
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morphology of the astrocyte via tdTomato signal at ~P180 (6 months of age). Consistent with the 

behavioral rescue, Astro SAPAP3 significantly restored the astrocyte area size when compared to 

control Astro GFP (Figure 6.9).  When we assessed tdTomato+ astrocytes in SAPAP3 KO treated 

with Neuro SAPAP3, we found no difference in astrocyte area when compared to Neuro GFP as 

the astrocytes still displayed smaller area sizes (Figure 6.9). Additionally, genetic intervention 

with Astro SAPAP3 restored the both the disrupted astrocytic SAPAP3-Ezrin interaction and the 

disrupted astrocytic SAPAP3-Glt1 interaction as measured by proximity ligation assay puncta 

(PLA) within astrocytes (Figure 6.10). However, genetic intervention with Neuro SAPAP3 did 

not restore either SAPAP3-Ezrin or SAPAP3-Glt1 interactions within astrocytes. Taken together, 

these data highlight the cell-specific mechanisms that drive astrocyte and neuronal contributions 

to OCD phenotypes in SAPAP3 KO mice. Furthermore, they exemplify that the astrocytic 

mechanisms driving astrocyte contributions to repetitive behaviors may be driven by cell-

autonomous mechanisms that regulate cell morphology and glutamate homeostasis (Figure 6.11). 

 

Section 6.5: Effects of cell-specific rescue in neurons and the CSTC circuit 

     Our results provide evidence that a cell- and striatum-specific intervention can drive profound 

changes in OCD related behaviors. In order to understand how these changes could arise, we 

sought to assess the changes that occur in the cortico-striatal-thalamo-cortical (CSTC) circuit 

which drive these behaviors. As discussed, the CSTC circuit has been heavily implicated in OCD 

pathophysiology in human studies (Rauch et al., 1997; Saxena and Rauch, 2000; Maia et al., 2008) 

and circuit dissection of the CSTC circuit in mouse models has revealed that perturbations in 

specific regions of the circuit can give rise to repetitive, compulsive, and habitual behaviors. 

Furthermore, cortical inputs onto the striatum, especially from the orbitofrontal cortex, have been 
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shown to drive repetitive behaviors (Burguiere et al., 2013; Ahmari et al., 2013; Gremel et al., 

2013). Therefore, to understand the role of a striatal-specific intervention, it is crucial to distinguish 

the two parallel pathways that exist within the striatum and drive CSTC function: the direct (D1) 

and indirect (D2) medium spiny neuron pathways. In brief, the direct (D1) pathway consists of 

MSNs that express dopamine D1 receptors and project to the internal part of the globus pallidus 

(GPi) to enhance excitatory feedback to the cortex from the thalamus. Conversely, the indirect 

pathway (D2) consists of MSNs that express dopamine D2 receptors that reduce feedback to the 

cortex by projecting to the external part of the globus pallidus (GPe) (Kreitzer et al., 2009). 

     To assess the changes that occur in the D1 and D2 pathways of the CSTC circuit in a broad and 

systematic manner, we employed the use of ΔFosB, a well-characterized marker of chronic 

neuronal activity (Figure 6.12). We first assessed ΔFosB levels in WT, SAPAP3 KO, KO + Astro 

SAPAP3, KO + Astro GFP, KO + Neuro SAPAP3, and KO + Neuro GFP mice in cortical inputs 

to the striatum including the orbitofrontal cortex (OFC) and the secondary area of the motor cortex 

(M2). We probed neurons in the OFC and M2 motor cortex with ΔFosB coupled with NeuN 

neuronal immunostaining. Our results indicated that the number of neurons expressing ΔFosB was 

significantly higher in SAPAP3 KO mice compared to WT (Figure 6.13). This high expression in 

cortical regions was maintained even in the presence of Astro SAPAP3 and Neuro SAPAP3 

genetic rescue conditions suggesting that the behaviorally beneficial effects of cell-specific 

SAPAP3 rescue are driven by the striatum.  

     When we assessed local changes of ΔFosB broadly across the striatum, SAPAP3 KO neurons 

had significantly higher ΔFosB expression than WT (Figure 6.14). This was true across the entire 

striatum as both dorsal and ventral striatum had an equivalent degree of increased ΔFosB+ 

neurons. Interestingly, in the presence of local SAPAP3 rescue in either astrocytes or neurons, 
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both dorsal and ventral striatum neurons show significantly less ΔFosB expression when compared 

to corresponding GFP controls, indicating that local genetic rescue in either astrocytes or neurons 

produces a direct effect on chronic neuronal activity in the striatum that leads to downstream 

behavioral consequences. Because of this, we decided to probe whether ΔFosB expression was 

different in D1 and D2 pathways.  

     We explored ΔFosB expression in D1 and D2 pathways by using RNA-scope in situ 

hybridization for D1 and D2 receptors coupled with ΔFosB and NeuN immunostaining in the 

striatum. When we compared ΔFosB+ D1 or D2 MSNs in WT and SAPAP3 KO, we found that 

both types of MSNs display significantly elevated ΔFosB expression in the KO context (Figure 

6.15) indicating that both pathways are altered in SAPAP3 KO mice. Upon genetic rescue with 

Astro SAPAP3, both D1 and D2 MSNs show significantly less expression of ΔFosB when 

compared to GFP controls. However, rescue with Neuro SAPAP3 only significantly decreases 

ΔFosB expression in D1 direct pathway neurons with no change in D2 indirect pathway neurons 

when compared to GFP controls. To further validate these findings, we assessed ΔFosB expression 

in select nuclei of the CSTC circuit that are downstream of the striatum and are part of the D1 and 

D2 pathways: the GPe, the GPi, the SNr, and the thalamus. Comparison of WT and SAPAP3 KO 

mice revealed that both GPi and thalamic neurons express significantly higher levels of ΔFosB in 

the KO condition (Figure 6.16). However, there were no elevated levels of ΔFosB+ neurons in 

the GPe or SNr in SAPAP3 KO mice. Moreover, Astro SAPAP3 rescue in the striatum caused a 

significant reduction of ΔFosB+ neurons in the GPe when compared to Astro GFP, but did not 

cause any changes in the GPi, SNr, nor in the thalamus. However, Neuro SAPAP3 rescue in the 

striatum caused a significant reduction of ΔFosB+ neurons   
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Figure 6.12: Schematic of ΔFosB and the cortico-striatal-thalamo-cortical loop. a. Schematic 

depicting the time scale of c-Fos and ΔFosB aling with their temporal interaction. b. Cartoon 

showing the cortico-striatal-thalamo-cortical brain pathway and corresponding major D1 and D2 

outputs. CTX, Cortex; OFC, orbitofrontal cortex; STR, striatum; GPe, globus pallidus externa; 

GPi, globus pallidus interna; SNr, substantia nigra; STN, subthalamic nucleus; THAL, thalamus. 

c. Schematic depicting experimental plan for assessment of chronic neuronal changes in SAPAP3 

KO mice and different interventions. 
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Figure 6.13:  ΔFosB changes in cortical inputs to the striatum. a. Representative coronal 

section images showing ΔFosB expression in wild-type and SAPAP3 KO mice. b. Zoom-in images 

show ΔFosB expression in cortical areas of wild-type, SAPAP3 KO, and SAPAP3 KO with 

genetic intervention mice. Graphs show the percent of neurons with ΔFosB expression of wild-

type, SAPAP3 KO, and SAPAP3 KO with genetic intervention mice (n= 4-5 mice per group; one-

way ANOVA with Bonferroni post hoc test). 
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Figure 6.14:  ΔFosB changes in the striatum. a. Representative coronal section images showing 

ΔFosB expression in wild-type and SAPAP3 KO mice. b. Zoom-in images show ΔFosB 

expression in dorsal and ventral striatum of wild-type, SAPAP3 KO, and SAPAP3 KO with 

genetic intervention mice. Graphs show the percent of neurons with ΔFosB expression of wild-

type, SAPAP3 KO, and SAPAP3 KO with genetic intervention mice (n= 4-5 mice per group; one-

way ANOVA with Bonferroni post hoc test). 
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Figure 6.15:  ΔFosB changes in D1 and D2 MSNs. a. Representative images of ΔFosB expression in D1 and D2 MSNs of wild-type 

and SAPAP3 KO mice. Graphs show the percent of neurons with ΔFosB expression of wild-type and SAPAP3 KO mice. (n = 7 mice; 

One way ANOVA with Bonferroni post-hoc).  b. Representative images of ΔFosB expression in D1 and D2 MSNs of SAPAP3 KO 

mice injected with either Astro GFP or Astro SAPAP3. Graphs show the percent of neurons with ΔFosB expression. (n = 6-7 mice; One 

way ANOVA with Bonferroni post-hoc).  c. Representative images of ΔFosB expression in D1 and D2 MSNs of SAPAP3 KO mice 

injected with either Neuro GFP or Neuro SAPAP3. Graphs show the percent of neurons with ΔFosB expression. (n = 6-7 mice; One 

way ANOVA with Bonferroni post-hoc). 



182 
 

 
Figure 6.16:  ΔFosB changes in striatal output nuclei. a. Representative images of ΔFosB 

expression in the globus pallidus external segment of wild-type, SAPAP3 KO, and SAPAP3 KO 

with genetic intervention mice. Graphs show the percent of neurons with ΔFosB expression (n = 

4 mice; One way ANOVA with Bonferroni post-hoc). b. Representative images of ΔFosB 

expression in the globus pallidus internal segment of wild-type, SAPAP3 KO, and SAPAP3 KO 

with genetic intervention mice. Graphs show the percent of neurons with ΔFosB expression (n = 

4 mice; One way ANOVA with Bonferroni post-hoc). c. Representative images of ΔFosB 

expression in the substantia nigra of wild-type, SAPAP3 KO, and SAPAP3 KO with genetic 

intervention mice. Graphs show the percent of neurons with ΔFosB expression (n = 4 mice; One 

way ANOVA with Bonferroni post-hoc). d. Representative images of ΔFosB expression in the 

thalamus of wild-type, SAPAP3 KO, and SAPAP3 KO with genetic intervention mice. Graphs 

show the percent of neurons with ΔFosB expression (n = 4 mice; One way ANOVA with 

Bonferroni post-hoc). 
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in the GPi and most notably, the thalamus compared to Neuro GFP controls (Figure 6.16). This 

was consistent with the result that the D1 MSN hyperactivity was significantly reversed by Neuro 

SAPAP3. In all, these data reveal that the differences in behavior between astrocyte and neuronal 

genetic interventions in the SAPAP3 KO mouse model may arise by specialized signaling 

mechanisms that modulate D1 and D2 pathways distinctly. Therefore, we provide a framework by 

which we may explore how astrocytes modulate D1 and D2 pathways and how MSNs respond to 

regulatory mechanisms that are both cell-autonomous and non-cell autonomous. 

 

Section 6.6: Relevance to human OCD data 

     The experiments presented here provide an exciting assessment of cell-specific mechanisms 

that drive repetitive and anxiety behaviors in a mouse model of OCD. In order to evaluate the 

relevance of our results to human OCD, we used mass spectrometry to conduct bulk proteomics 

on striatum of WT and SAPAP3 KO mice so that we could assess how protein changes compare 

to gene expression changes in post-mortem human OCD tissue and to astrocyte and neuronal gene 

expression. Our bulk proteomics experiment revealed 66 differentially expressed proteins (DEPs), 

46 of which were upregulated and 20 that were downregulated in SAPAP3 KO mice when 

compared to WT (Figure 6.17). When we assessed the gene expression level of these 66 DEPs in 

astrocytes and neurons, we found that all 66 proteins were expressed at the mRNA level (FPKM 

> 5) in both astrocytes and neurons from our RiboTag experiments (Figure 6.18). Furthermore, 

about 35% of our DEPs were found to be in either astrocytes or neurons at the protein level. We 

next compared our DEPs to their gene expression level in human OCD post-mortem tissue we 

found that 44 of the 66 DEPs were dysregulated in human OCD with 18 showing similar 

directional changes including Grin2a and Ankrd6.  
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     When we identified the top 30 differentially expressed caudate (human striatum) genes between 

healthy human non-diseased individuals and OCD individuals (Piantadosi et al., 2021) we found 

that 29 of the 30 genes were expressed in both astrocytes and neurons (FPKM > 5) and 2 were 

found within astrocyte and neuronal proteomes (Figure 6.19). Finally, we explored astrocytic and 

neuronal expression for 61 genes associated with human OCD and Tourette’s syndrome (Yu et al., 

2010), a disease that shares common features with OCD and is in the OCD spectrum. These 

analyses revealed that these 61 genes were all expressed to some degree in astrocytes and neurons 

(FPKM > 1) and at least 15% and 40% of them were found within our astrocyte and neuron 

proteomes, respectively. Additionally, a few were within our cell-specific SAPAP3 putative 

interactor lists (Figure 6.19).  

     Because a feature of human OCD is the development of symptoms during discrete 

developmental time points, especially at adolescence, we assessed the expression of striatal 

SAPAP3 across different mouse developmental time-points postnatally. Surprisingly, we found 

that postnatal expression of SAPAP3 mRNA in astrocytes and neurons differed in mice. These 

results revealed that at early developmental time points (P1-P7) SAPAP3 mRNA is exclusively 

expressed by NeuN+ neurons and not by Sox9+ astrocytes. Sox9+ astrocytes do not begin 

expressing SAPAP3 until P14. From P14 ,SAPAP3 expression within Sox9+ astrocyte increases 

and then plateaus at ~P56, while SAPAP3 expression in NeuN+ neurons stays high and constant 

throughout the entirety of postnatal development (Figure 6.20). These results may give a clue of 

how SAPAP3 expression may be relevant to the emergence of OCD phenotypes during 

adolescence. 

     The human analyses conducted here support our results in mice that molecular changes that 

occur or are associated with human OCD can impact signaling mechanisms in both astrocytes and   
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Figure 6.17: Whole tissue striatal proteomics of WT and SAPAP3 KO mice. Volcano plot 

shows the label-free based quantification comparison of 3407 proteins detected in whole tissue 

striatum proteomics. Red circles show upregulated proteins (Log2FC > 1 and FDR < 0.05) while 

blue circles show downregulated proteins (Log2FC < 1, FDR < 0.05) in the SAPAP3 KO striatum 

when compared to wild-type. The top 5 most down regulated and up regulated proteins are shown. 

Green label shows protein that appeared in the neuronal SAPAP3 interactome 
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Figure 6.18: Comparison of mouse striatal proteomics data to human OCD RNA-seq. List of the 66 differentially expressed proteins 

in the striatum of SAPAP3 KO mice when compared to wild typ. Heat map (i) shows the Log2fold change of the 66 proteins versus wild 

type control. Heat map (ii) shows the mRNA abundance (FPKM) of the 66 differentially expressed proteins in our neuron or astrocyte 

specific mouse RiboTag RNA-seq datasets. Heat map (iii) shows the Log2fold change at the mRNA level of the 66 proteins in human 

caudate of OCD subjects compared to controls. Arrows show genes that had conserved changes in the mouse SAPAP3 KO model and 

human OCD. Teal asterisks denote whether the protein was found in the astrocyte specific proteomics datasets, while the purple asterisks 

denote whether the protein was found in the neuron specific proteomics datasets.
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Figure 6.19: Assessment of human OCD-related genes to cell-specific RNA-seq and proteomics. List of 61 genes associated with 

OCD and Tourette’s syndrome from Phenopedia. Heat map depicts the genes’ respective mRNA abundances (FPKM) in our mouse 

neuron or astrocyte specific RNA-seq datasets. Teal asterisks show whether the protein was also found in the astrocyte specific 

proteomics datasets while the purple asterisks show whether the protein was found in the neuron specific datasets. Orange asterisks 

denote whether the protein was an astrocytic SAPAP3 interactor, while green asterisks denote whether the protein was a neuronal 

SAPAP3 interactor.
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Figure 6.20: SAPAP3 mRNA expression across postnatal development. a. (i-iv) 

Representative images of P1-P112 mouse striata with SAPAP3 mRNA in magenta, Sox9 astrocyte 

marker protein in blue, and NeuN neuronal marker protein in green. White arrows show SAPAP3 

mRNA expression in Sox9+ astrocytes. b. Line graph shows the average integrated intensity of 

SAPAP3 mRNA in either NeuN+ somata (green) or Sox9+ somata (blue) across 8 postnatal ages. 

Data are presented as the mean and the SEM; n = 6 FOVs per age from 4 mice per age.  
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neurons. Furthermore, we provide a handful of exciting new directions by which we can explore 

relevant mechanisms of OCD in a cell-specific manner. 

 

Section 6.7: Discussion 

     The contributions of astrocytes and neurons to brain disorders, including neuropsychiatric 

disease, have long been speculated (Kelley et al., 2018; Yu et al., 2018; Cui et al., 2018). Here, we 

explored novel astrocyte and neuronal mechanisms relevant to OCD that were directed by our 

broad proteomic explorations of astrocyte and neuronal function in the striatum. OCD is a poorly 

treated and complex disease characterized by obsessive thoughts that become intrusive and lead to 

compulsions exhibited as repetitive behaviors with accompanied anxiety. While OCD involves 

cortico-striatal circuit dysfunction, the precise cellular and molecular mechanisms that drive the 

disorder remain unclear. Previous studies have demonstrated that diverse cell types contribute to 

repetitive behaviors (Chen et al., 2010; Yu et al., 2018), indicating multicellular contributions to 

circuit dysfunction that ultimately give rise to OCD-like phenotypes. Our results demonstrate that 

both astrocyte and neuron SAPAP3 mechanisms contribute to OCD phenotypes in mice and that 

these mechanisms are shared and distinct at both the molecular and behavioral level. Thus, our 

experiments indicate that therapeutic strategies that target multicellular mechanisms could be 

useful to explore in a range of brain disorders, including OCD.  
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CHAPTER 7: CONSEQUENCES OF ASTROCYTIC CHEMOGENETIC 
MODULATION IN A MOUSE MODEL OF OBSESSIVE-COMPULSIVE DISORDER 

 

Section 7.1: Introduction 

     Using broad exploratory proteomic methods in both astrocytes and neurons of the striatum, we 

discovered that both cell types express SAPAP3, a gene related to obsessive-compulsive disorder 

(Chapters 3, 4 and 5). Our explorations also demonstrated that astrocytes express a rich variety 

of G-protein coupled receptors (GPCRs), a large family of membrane proteins that mediate most 

cellular responses to extracellular cues by integrating and amplifying intracellular signaling 

cascades (Rosenbaum et al., 2009). Furthermore, when we explored astrocyte specific mechanisms 

of SAPAP3 we found that four of the SAPAP3 interactors were related to G-protein signaling, 

including Gnai2 (Gene: Gnai2) a G-protein that directly integrates signals from GPCRs and 

initiates the intracellular signal cascade known as the G(i) pathway.  

     Because GPCR pathways mediate complex signaling events that give rise to cellular responses 

to a variety of extracellular stimuli, they have the potential to become important therapeutic targets 

for a variety of diseases. Furthermore, the expression of different subtypes of GPCRs in different 

cell types allow for exploration of cell-specific biology using pharmacological or engineered 

methods. DREADDs (designer receptors exclusively activated by designer drugs) are engineered 

GPCRs that have little to no responses to their endogenous ligands and have been designed to 

respond to synthetic and biologically inert chemical ligands (Roth 2016). As such, DREADDs 

have been widely used to explore neuron and astrocyte biology in brain preparations and in vivo 

by genetic expression of the DREADDs in distinct brain circuits with subsequent systemic 

injection of the synthetic ligand. Thus, DREADDs allow activation of distinct G-protein pathways 
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including the G(i) pathway via hM4D DREADD, the G(q) pathway via hM3D DREADD, and the 

G(s) pathway via rM3D DREADD in a time-dependent and cell-specific manner.  

     In relation to astrocyte biology, several studies have provided links between GPCR pathways 

within astrocytes to rodent behavioral alterations relevant to psychiatric disorders. For example, 

activation of the G(i)-GPCR signaling pathway in striatal astrocytes with hM4Di DREADD 

resulted in behavioral phenotypes related to hyperactivity with disrupted attention caused by 

enhanced excitatory transmission onto medium spiny neurons (MSNs) (Nagai et al., 2019). 

Additionally, activation of the G(i)-GPCR signaling pathway in striatal astrocytes with hM4Di 

DREADD improved detrimental behavioral phenotypes in the R6/2 mouse model of Huntington’s 

disease (Yu et al., 2020). In the context of the R6/2 mouse model of Huntington’s disease, 

astrocytes displayed reduced territory sizes which were also improved by G(i)-GPCR activation 

via hM4Di (Yu et al., 2020). Furthermore, genetic attenuation of the G(q)-GPCR signaling 

pathway within astrocytes in vivo has direct consequential effects on mouse behaviors including 

impaired spatial memory and altered neuronal signaling (Nagai et al., 2021). Thus, astrocyte 

specific G-protein pathways reveal causal astrocytic mechanisms that modulate circuits and 

therefore, behavior.  

     To further assess how astrocyte specific signaling cascades are involved in SAPAP3 mediated 

mechanisms that give rise to OCD-like phenotypes, we studied the consequences of G(i) and G(q) 

activation in striatal astrocytes using DREADDs in SAPAP3 KO mice. Our goal was to evaluate 

whether activation of these G-protein pathways provided any effect on the compulsion and anxiety 

behaviors in SAPAP3 KO mice and whether we could map these changes to neuronal activity in 

the striatum. In this way, specific molecular mechanisms could be teased apart to design astrocyte 

GPCR-based strategies to modulate responses related to psychiatric diseases such as OCD. 
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Figure 7.1: Canonical molecular pathways of G(i) and G(q) G-signaling. Cartoon shows the 

canonical molecular signaling pathways of G(i) and G(q) G-protein signaling pathways upon 

ligand activation of a GPCR. 
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Section 7.2: Consequences of striatal astrocyte Gq pathway activation on OCD-like 

behaviors 

     Because both G(i) and G(q) GPCR pathway modulation in astrocytes has been shown to be 

consequential to striatum associated behaviors, we first assessed the consequences of striatal 

astrocyte G(q) activation on both compulsion and anxiety behaviors in SAPAP3 KO mice. To 

further elaborate and distinguish the pathways, when a ligand binds to a G(q) associated GPCR, 

the intracellular Gq G-protein dissociates from the GPCR and interacts with enzymes of the 

phospholipase C family (PLC). These enzymes in turn regulate Ca2+ flux and activation of a variety 

of second messengers which cause a variety of intracellular signaling events to occur (Figure 7.1). 

To study striatal astrocyte G(q) pathway activation in the SAPAP3 KO context, we employed the 

use of astrocyte specific hM3Dq DREADD AAV (AAV 2/5 gfaABC1D hM3Dq-mCherry), 

hereafter referred to as Gq. We microinjected either Gq or astrocyte specific tdTomato as a control 

bilaterally into the striatum of wild-type (WT) and SAPAP3 KO mice at ~P28. After one month 

of expression, we injected deschloroclozapine (DCZ), a DREADD specific agonist, systemically 

into all mice via intraperitoneal (i.p.) injection (10μg/kg) three times a week for three months. We 

had four total experimental groups: 1) WT + tdTomato, 2) WT + Gq, 3) SAPAP3 KO + tdTomato, 

and 4) SAPAP3 KO + Gq which were all treated with DCZ. At ~P180, or about 6 months of age, 

we preformed behavioral assessments related to compulsion and anxiety including self-grooming, 

lesion analysis, and elevated plus maze (Figure 7.2).  

     Ambulation assessments in the open field arena (OFA) showed that astrocytic Gq activation 

via hM3D DREADD had no effect in the WT mice as both tdT and Gq groups both had the same 

average total speed and travelled the same distance in the OFA. When we assessed the SAPAP3 

KO mice, both tdT and Gq groups showed decreased total speed and total distance traveled when 
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compared to WT. Comparison between KO + tdT and KO + Gq groups did not show any difference 

in ambulation as both groups had similar total average speed and total distance traveled 

measurements. Thus, astrocytic Gq activation did not affect or improve measures of general 

ambulation in the SAPAP3 KO mice (Figure 7.3). 

     When we assessed measurements of anxiety with the OFA and the elevated plus maze (EPM), 

we again, found no effect of Gq activation between the WT groups. We also did not find an effect 

of Gq activation when we compared the KO + tdT and the KO + Gq groups as both groups showed 

decreased time spent in the open arms of the EPM, increased speed in the center of the OFA, and 

decreased time spent in the center of the OFA when compared to WT. These metrics did not 

improve with astrocytic Gq activation (Figure 7.4).  

     Finally, when we explored excessive self-grooming by using the area of lesions, the total 

number of lesions, the number of grooming bouts, and the time spent grooming, we found no 

significant effect of astrocytic Gq activation in either WT or SAPAP3 KO in any of these metrics. 

Comparison of WT + tdT and WT + Gq showed no changes in any grooming parameters and this 

result was the same for the KO + tdT and KO + Gq group comparison. Thus, activation of the Gq 

GPCR pathway in astrocytes does not affect self-grooming in the context of SAPAP3 KO (Figure 

7.5).  

     Our results indicate that astrocytic activation of Gq in the striatum does not change any 

compulsion or anxiety phenotypes in the context of OCD. Activation of Gq did not change any 

baseline behaviors in WT mice nor did they change any OCD-related behaviors in SAPAP3 KO 

mice. Therefore, activation of the astrocytic Gq pathway is not consequential to OCD-related 

behaviors in the SAPAP3 KO mouse model. 
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Figure 7.2: Experimental timeline for G(q) and G(i) pathway activation. Cartoon shows the 

experimental plan and timeline for in vivo activation of the astrocytic (Gq) pathway or astrocytic 

G(i) pathway. Wild-type or SAPAP3 KO mice are microinjected with G(q) or G(i) DREADDs and 

then chronically treated with the ligand DCZ. Image made with Biorender (Biorender.com). 
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Figure 7.3: No effect of astrocytic G(q) activation on locomotion in SAPAP3 KO mice. Representative traces of 20 minute open 

field recordings for WT and SAPAP3 KO mice treated with DCZ and microinjected with tdTomato or hM3Dq Gq GPCR. Blue dot 

depicts the location of the mouse at the start of the recording, while the red dot depicts the location of the mouse at the end of the 

recording. Bar graphs show locomotor activity by two different metrics: total distance traveled and total average speed. (n = 7-8 mice 

per group; Kruskal-Wallis test). 
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Figure 7.4: No effect of astrocytic G(q) activation on anxiety in SAPAP3 KO mice. Representative traces of 10 minute elevated plus 

maze recordings for WT and SAPAP3 KO mice treated with DCZ and microinjected with tdTomato or hM3Dq Gq GPCR. Blue dot 

depicts the location of the mouse at the start of the recording, while the red dot depicts the location of the mouse at the end of the 

recording. Bar graphs show anxiety parameters measured by three different metrics: Time spent in open arms of the EPM, mean speed 

in the center of the OFA, and time spent in the center of the OFA. (n = 7-8 mice per group; Kruskal-Wallis test). 
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Figure 7.5: No effect of astrocytic G(q) activation on self-grooming in SAPAP3 KO mice. 

Representative photographs of WT and SAPAP3 KO mice treated with DCZ and microinjected 

with tdTomato or hM3Dq Gq GPCR. White outlines show the extent of the lesions. Bar graphs 

show self-grooming parameters measured by four different metrics: area of lesions per mouse, 

total number of lesions per mouse, number of grooming bouts in 10 minutes, and time spent 

grooming. (n = 7-8 mice per group; Kruskal-Wallis test). 
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Section 7.3: Consequences of striatal astrocyte Gi pathway activation on OCD-like behaviors 

     Our previous explorations revealed that proteins related to the G(i) GPCR pathway, including 

Gnai2, were constituents of the SAPAP3 interactome within striatal astrocytes. Thus, we assessed 

the consequences of astrocytic G(i) pathway activation in the context of SAPAP3 KO. In short, 

when a ligand binds to a G(i) associated GPCR, the intracellular Gi G-protein dissociates from the 

GPCR and inhibits adenylate cyclase, a conserved enzyme that mediates the conversion of 

adenosine triphosphate (ATP) to cyclic-AMP (cAMP) which then in turn acts as a second 

messenger to mediate a myriad of intracellular signaling events. Thus, the G(i) pathway directly 

regulates the concentration of cAMP (Figure 7.1). To explore the role of astrocyte specific G(i) 

pathway activation in the striatum and in the context of SAPAP3 KO, we used astrocyte specific 

hM4Di DREADD AAV (AAV 2/5 gfaABC1D hM4Di-mCherry), hereafter referred to as Gi. We 

microinjected wither Gi or astrocyte specific tdTomato as a control bilaterally into the striatum of 

WT and SAPAP3 KO mice at ~P28. After one month of expression, we began injection of 

deschloroclozapine (DCZ), a DREADD specific agonist, systemically into all mice 

intraperitoneally (i.p.) (10μg/kg) for three times a week for three months. We a total of four 

experimental groups: 1) WT + tdTomato, 2) WT + Gi, 3) SAPAP3 KO + tdTomato, and 4) 

SAPAP3 KO + Gi which were all treated with DCZ. At ~P180, or about 6 months of age, we 

preformed behavioral assessments related to compulsion and anxiety including self-grooming, 

lesion analysis, and elevated plus maze (Figure 7.2).  

     Measurements of ambulation in the OFA revealed that there were no differences in total speed 

and total distance traveled between the WT + tdT and the WT + Gi groups. However, comparison 

of the KO + tdT and KO + Gi groups revealed a significant increase of both total speed and total 

distance traveled in KO mice with astrocytic Gi activation when compared to KO + tdT control. 
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Our results indicate that activation of the G(i) pathway selectively within striatal astrocytes 

improves ambulation and locomotion in SAPAP3 KO mice (Figure 7.6). 

     When we assessed anxiety behavior in the elevated plus maze (EPM) and the OFA, we found 

that WT + Gi mice trended to explore the open arms of the EPM for more time when compared to 

WT + tdT mice. When we compared the KO + tdT and KO + Gi groups, we found that SAPAP3 

KO mice with astrocytic Gi activation explored the open arms significantly more than the 

respective control mice. Measurements in the OFA also showed that KO + Gi mice spent 

significantly more time in the center and were significantly slower when crossing the center of the 

open field, thus indicating less anxiety. Therefore, astrocytic Gi pathway activation improves 

anxiety in the context of SAPAP3 (Figure 7.7).  

     Finally, we measured several self-grooming parameters to explore consequences of astrocytic 

Gi pathway activation in WT and SAPAP3 KO mice. We measured the area of self-inflicted 

lesions, the total number of lesions, the number of grooming bouts, and the time spent grooming. 

Surprisingly, comparison of the KO + tdT and KO + Gi group revealed significantly decreased 

area of lesions, significantly reduced number of lesions, and significantly reduced grooming time 

in KO + Gi mice when compared to KO + tdT mice. The number of grooming bouts remained 

unchanged. Astrocytic Gi activation had no effect on baseline self-grooming in WT mice. 

Therefore, as the astrocyte SAPAP3 interactome predicted, activation of the G(i) pathway in 

striatal astrocytes of SAPAP3 KO mice improves excessive self-grooming in these mice (Figure 

7.8). 

     Our results show that specific activation of the G(i) GPCR pathway in striatal astrocytes is 

sufficient to ameliorate some of the detrimental phenotypes in the SAPAP3 KO model of OCD 

including excessive self-grooming and anxiety. Interestingly, these results were not re-capitulated  
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Figure 7.6: Effect of astrocytic G(i) activation on locomotion in SAPAP3 KO mice. Representative traces of 20 minute open field 

recordings for WT and SAPAP3 KO mice treated with DCZ and microinjected with tdTomato or hM4Di Gi GPCR. Green dot depicts 

the location of the mouse at the start of the recording, while the red dot depicts the location of the mouse at the end of the recording. Bar 

graphs show locomotor activity by two different metrics: total distance traveled and total average speed. (n = 11-12 mice per group; 

Kruskal-Wallis test). 
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Figure 7.7: Effect of astrocytic G(i) activation on anxiety in SAPAP3 KO mice. Representative traces of 10 minute elevated plus 

maze recordings for WT and SAPAP3 KO mice treated with DCZ and microinjected with tdTomato or hM4Di Gi GPCR. Green dot 

depicts the location of the mouse at the start of the recording, while the red dot depicts the location of the mouse at the end of the 

recording. Bar graphs show anxiety parameters measured by three different metrics: Time spent in open arms of the EPM, mean speed 

in the center of the OFA, and time spent in the center of the OFA. (n = 11-12 mice per group; Kruskal-Wallis test). 
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Figure 7.8: Effect of astrocytic G(i) activation on self-grooming in SAPAP3 KO mice. 

Representative photographs of WT and SAPAP3 KO mice treated with DCZ and microinjected 

with tdTomato or hM4Di Gi GPCR. White outlines show the extent of the lesions. Bar graphs 

show self-grooming parameters measured by four different metrics: area of lesions per mouse, 

total number of lesions per mouse, number of grooming bouts in 10 minutes, and time spent 

grooming. (n = 11-12 mice per group; Kruskal-Wallis test). 
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with G(q) GPCR pathway activation, indicating that the G(i) pathway specifically drives 

improvements via Gi mediated intracellular signaling. These data were supported by our proteomic 

assessments in which G(i) pathway proteins were shown to interact with SAPAP3 within 

astrocytes. Thus, the G(i) pathway may be a core astrocytic mechanism involved in OCD-like 

phenotypes in SAPAP3 KO mice. To further explore this, we assessed cellular readouts of neurons 

and astrocytes in the context of SAPAP3 KO and subsequent astrocytic Gi activation.      

 

Section 7.4: Cellular correlates of astrocytic Gi activation in SAPAP3 KO mice 

     Our results indicate that striatal astrocyte G(i) pathway activation can drive changes in 

repetitive and anxiety behaviors in the SAPAP3 KO context. Our previous cellular data revealed 

that striatal astrocyte morphology, including the actin cytoskeleton, is altered in SAPAP3 KO 

mice. Furthermore, by using ΔFosB as a marker of neuronal activity, we found that striatal neurons 

are hyperactive in SAPAP3 KO mice when compared to WT. Finally, we found that some of these 

cellular parameters are restored by neuron or astrocyte specific genetic rescue of SAPAP3 

(Chapter 6). To further assess the role of astrocytic G(i) pathway activation in the context of 

SAPAP3 KO, we assessed both astrocyte morphology and neuronal hyperactivity in KO mice with 

activated G(i) pathway in striatal astrocytes. 

     We evaluated astrocyte morphology and the actin cytoskeleton with an astrocyte-specific 

LifeAct-GFP AAV (AAV 2/5 gfaABC1D LifeAct-GFP). We microinjected wither Gi or astrocyte 

specific tdTomato in combination with LifeAct GFP bilaterally into the striatum of WT and 

SAPAP3 KO mice at ~P28. After one month of expression, we began injection of 

deschloroclozapine (DCZ), a DREADD specific agonist, systemically into all mice 

intraperitoneally (i.p.) (10μg/kg) for three times a week for three months. There were a total of 
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four experimental groups: 1) WT + tdTomato, 2) WT + Gi, 3) SAPAP3 KO + tdTomato, and 4) 

SAPAP3 KO + Gi which were all treated with DCZ. At ~P180, or about 6 months of age, we 

processed the tissue and conducted immunohistochemistry to assess the astrocyte morphology via 

LifeAct-GFP signal.  When we measured the total actin area of astrocytes across all four groups, 

we found no difference between the WT + tdT and WT + Gi group. However, consistent with 

previous analyses, the astrocyte actin area was significantly small in KO + tdT mice but was 

significantly increased in KO + Gi mice when compared to tdT controls. Analysis of the intensity 

of actin signal across a 40 μm area supported the LifeAct area measurements as the F-actin 

intensity at the edges of astrocytes were significantly reduced in the KO + tdT group but this 

intensity was significantly recovered in the KO + Gi group (Figure 7.10). Therefore, activation of 

the astrocytic G(i) pathway directly restores decreased F-actin and reduced morphology of 

SAPAP3 KO astrocytes.  

     We next interrogated broad neuronal activity changes in the striatum using ΔFosB as a marker 

of sustained neuronal activity. Analysis of the percent of neurons with ΔFosB showed no 

difference between WT + tdT and WT + Gi groups. As expected, KO + tdT mice showed a 

significant increase in ΔFosB+ neurons in both the dorsal and ventral striatum when compared to 

both WT groups, thus confirming neuronal hyperactivity within the striatum. When we analyzed 

the KO + Gi group, we found that these mice showed significantly reduced ΔFosB+ neurons in 

both the dorsal and ventral striatum when compared to the KO + tdT group indicating that G(i) 

pathway activation within astrocytes may drive a specific molecular pathway that modulates 

neurons to ameliorate repetitive and anxiety behaviors in the context of SAPAP3 KO (Figure 

7.11). These results are exciting as they provide a molecular basis by which astrocytes contribute 

to OCD-like phenotypes in mice via SAPAP3.  
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Figure 7.9: Expression of astrocyic hM4Di in the striatum. Representative saggital images 

showing hM4Di expression (red) in the mouse striatum. Blue, DAPI; green, ΔFosB. 
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Figure 7.10: Effect of astrocytic G(i) pathway activation on astrocyte morphology.  a. Representative images showing LifeAct GFP 

expression in astrocytes of wild-type and SAPAP3 KO mice treated with DCZ and microinjected with either tdT or hM4Di Gi AAV. 

Line graph depicts LifeAct GFP intensity as a function of distance from the center of the astrocyte soma. Points represent mean intensity 

from 14-16 cells per group from 4 mice. (Two-way repeated measures ANOVA with Bonferroni post-hoc test). Bar graphs shows the 

total LifeAct GFP area in wild-type and SAPAP3 KO mice treated with DCZ and microinjected with either tdT or hM4Di Gi AAV. (n 

= from 14-16 cells per group from 4 mice; Kruskal-Wallis test) 
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Figure 7.11: Effect of G(i) pathway activation on ΔFosB expression in the striatum. Representative images show ΔFosB expression 

in dorsal and ventral striatum of wild-type and SAPAP3 KO mice treated with DCZ and microinjected with either tdT or hM4Di Gi 

AAV. Bar graphs show the percent of neurons with ΔFosB expression in wild-type and SAPAP3 KO mice treated with DCZ and 

microinjected with either tdT or hM4Di Gi AAV. (n= 4 mice per group; one-way ANOVA with Bonferroni post hoc test).
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Section 7.5: Summary  

     Throughout this dissertation, we assessed the contributions of neurons and astrocytes to 

repetitive and anxiety behaviors using the SAPAP3 KO mouse model of OCD. We confirmed that 

fluoxetine, a first line treatment of human OCD, recovers the OCD-like phenotypes in the SAPAP3 

KO mouse model. We then discovered that genetic rescue of SAPAP3 in either astrocytes or 

neurons ameliorates self-grooming and repetitive phenotypes, but have different degrees of 

contributions in relation to anxiety. Given these results, we finally assessed whether activation of 

specific GPCR pathways within astrocytes could also modulate OCD-like behaviors in SAPAP3 

KO mice. Excitingly, we found that astrocytic activation of the G(i) pathway, but not the G(q) 

pathway significantly improves both repetitive and anxiety behaviors in SAPAP3 KO mice. To 

summarize the extent of this improvement and also consolidate all behavioral data presented, we 

analyzed the data using a Z-score measurement. The Z-score heat map shows the extent rescue for 

fluoxetine, the astrocyte genetic rescue, the neuronal genetic rescue, and the astrocyte GPCR 

pathway activation rescue across all nine behavioral parameters we measured (Figure 7.12). The 

heat map underscores that while Gi activation significantly improves behaviors when compared to 

respective tdT controls, it does not rescue it to the same effect as genetic rescue with Astro 

SAPAP3. While this may seem like a limitation, we must assess the way we define our goals for 

possible therapeutic strategies for disorders such as OCD. 

     OCD remains a poorly treated and understudied psychiatric disease. Presently, there is not one 

hint for a possible cure, however, treatments such as fluoxetine exist to improve the quality of life 

for patients. While SSRIs are the first line of treatment for human OCD, only up to 65% of patients 

respond to fluoxetine and/or other SSRI drugs with about a 25% reduction in symptoms (Koran et 

al., 2007), thus indicating important limitations with current drug treatments. Therefore,   
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Figure 7.12: Z-score summary of all OCD-related behaviors and their responses to diverse 

cell-specific interventions. Heat map shows the z-score for all measured OCD-related behaviors 

across interventions with fluoxetine, cell-specific genetic rescue, and activation of astrocytic G(q) 

and G(i) G-protein pathways.  
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identifying and understanding distinct cellular mechanisms related to OCD-phenotypes provide 

new ideas for novel treatments. In our curiosity to understand basic astrocyte biology, we have 

found that activating astrocytic G(i) can reduce OCD-like phenotypes in mice and provides a new 

line of investigation to molecularly dissect pathways that can possibly improve outcomes in OCD. 

Thus, by understanding basic multicellular interactions, we can probe cell-selective pathways in 

both astrocytes and neurons that could help us explore novel therapeutic strategies. The exploration 

of these is an exciting continuation in the quest to understand basic astrocyte function. 
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CHAPTER 8: CONCLUSIONS 

Section 8.1: Data Summary 

     Since their first description by Virchow in 1858, the role of glia in the nervous system has been 

the subject of much speculation. This speculation led to novel hypotheses by pioneers such as 

Golgi and Ramon y Cajal who first documented astrocytes in the brain with their contemporary 

histology methods. However, the lack of specific tools to study astrocytes caused these cells to 

become understudied for the majority of the 20th century as neuroscience moved toward a more 

neuro-centric view in favor of the electrically excitable neurons. With the development of novel 

cell culturing methods, novel imaging techniques, and the advent of nucleic acid sequencing in the 

early 21st century, the hypotheses developed by early neuroscientists in relation to astrocytes 

finally became testable. However, because of their complex morphology and close association 

with neurons, it is imperative to develop tools to assess astrocyte biology as close to in vivo as 

possible. 

     Here, we presented a toolset to assess cell and subcompartment-specific proteomes in vivo using 

genetically targeted biotin ligase, BioID2 (Chapter 3). With this method we were able to assess 

the cytosolic and plasma membrane proteomes of neurons and astrocytes in the striatum, a model 

brain circuit with well-defined inputs and outputs. We validated that our constructs were both cell-

selective and functional within neurons and astrocytes and were able to reliably identify proteins 

which provide a basis for cell-specific signaling. Because genetically targeted BioID2 provided 

reliable results, we then extended the BioID2 toolset to explore astrocyte subproteomes at five 

genetically defined functional subcompartments within striatal astrocytes including the astrocyte 

end foot, fine processes, sites of glutamate buffering, sites of potassium buffering, and astrocyte-

astrocyte contact points at gap junctions (Chapter 4). The proteins identified at these astrocyte 
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subcompartments allowed us to define the protein basis of the diverse physiological functions that 

an astrocyte conducts.  

     Our cell- and subcompartment- proteomic analyses revealed that both striatal astrocytes and 

neurons express SAPAP3 (gene: Dlgap3), a canonical post-synaptic density protein that is 

associated with human obsessive-compulsive disorder (OCD). We discovered that SAPAP3 is 

highly expressed in the astrocyte fine processes and proximal to the plasma membrane where 

astrocytes interact with neuronal synapses (Chapters 3, 4, and 5). This discovery led us to explore 

the molecular mechanisms of SAPAP3 within astrocytes which included glutamate homeostasis 

and regulation of the actin cytoskeleton (Chapter 5). Furthermore, these molecular functions were 

altered in SAPAP3 KO mice, which exhibit OCD-like symptoms.  

     To further define the cell-specific molecular mechanisms of SAPAP3 in the striatum, we 

genetically rescued SAPAP3 specifically in astrocytes and neurons to assess cell-specific 

contributions to OCD-related phenotypes in SAPAP3 KO mice (Chapter 6). These experiments 

showed that both astrocytes and neurons contribute to repetitive and compulsion behaviors, but 

neurons play a larger role in anxiety behaviors. Thus, our data revealed different contributions of 

astrocytes and neurons to different behaviors related to OCD.  

     Finally, we explored how modulating distinct signaling pathways within astrocytes could affect 

OCD-like behaviors in SAPAP3 KO mice (Chapter 7). Because our proteomic data revealed that 

SAPAP3 interacts with G(i) GPCR-pathway signaling molecules and our behavioral data revealed 

that astrocytes contribute to OCD-behaviors, we hypothesized that activating this pathway could 

result in some sort of behavioral effect. Our results demonstrated that specific activation of the 

G(i) GPCR pathway within astrocytes was sufficient to drive behavioral improvements in the 

SAPAP3 KO mouse model. These results were not replicated with astrocytic G(q) GPCR pathway 
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activation indicating that the G(i) pathway is specific to this behavioral modulation. Therefore, our 

results provide a new line of evidence that treatments that could target both astrocytes and neurons 

should be explored in OCD and perhaps other brain disorders.  

     In all, the toolset we developed here to explore astrocyte and neuron biology at the protein level 

provided novel insights into astrocyte function in the striatum and multicellular interactions that 

drive distinct behavioral phenotypes. All the data presented here are publically available. Our 

RNA-sequencing data for striatal neurons and astrocytes have been deposited at the Gene 

Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/geo) with accession number 

GSE184773. All our neuron and astrocyte proteomics data, including the astrocyte subproteome 

data have been deposited at the Proteome Exchange Consortium via PRIDE with accession number 

PXD029257. The plasmids corresponding to the neuron and astrocyte-targeted AAVs developed 

for this dissertation have been deposited on Addgene.  

 

Section 8.2: Cell- and subcompartment-specific proteomes define the molecular basis of 

function 

     Using biotin ligase, BioID2, we were able to reliably capture and identify proteins in both the 

cytosol and plasma membrane of astrocytes and neurons in vivo. Analyses of the proteins identified 

in both cell types at different compartments revealed that the major signaling pathways in 

astrocytes were lipid metabolism, cell-cell signaling, and actin filament based processes while the 

major signaling pathways in neurons were ion binding, receptor signaling, and synaptic signaling. 

To further probe into these pathways, we evaluated specific proteins within these unique pathways 

to compare the astrocyte and neuronal proteomes. We found that proteins related to Ca2+ dependent 

vesicular neurotransmitter release were abundant in neurons, but absent in astrocytes (Chapter 3). 

http://www.ncbi.nlm.nih.gov/geo
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Furthermore, proteins involved in lipid metabolism were highly abundant in astrocytes with far 

fewer in neurons. Therefore, our data define a protein basis for cell-type specific signaling 

mechanisms that diverge the functions conducted by striatal neurons and astrocytes. While 

seemingly obvious, this functional comparison had not been done and serves to underscore the 

functions conducted by neurons and astrocytes in the striatum.  

     Additionally, our data provide a platform to assess and perform hypothesis driven experiments 

related to cell-type specific function in the striatum. While we did analyze divergent mechanisms 

in astrocytes and neurons, of interest were also those proteins that were found in both cell types, 

as they represent a basis for multicellular contributions that drive overall circuit function. We 

found at least 100 proteins that were shared between astrocytes and neurons that could represent 

shared mechanisms between both cell types. We validated the expression of ZO-1 (gene: Tjp1) a 

gene canonically described in endothelial cells, and protein Tau (gene: Mapt) a protein canonically 

described in neurons, and found that they were both highly expressed in striatal astrocytes at the 

protein and RNA-level. This indicates that the way in which a gene or protein is defined as “cell-

specific” may have to be re-defined and re-assessed as there could be many proteins that are 

understudied in distinct cell types simply because of their presumed “cell-specificity.” Proteins 

like these may need to be studied on a case-by-case basis. 

  A surprising protein shared between astrocytes and neurons was striatum enriched SAPAP3. 

While traditionally a canonical post-synaptic density protein, we were surprised to see SAPAP3 

reliably identified at the astrocyte plasma membrane and within the cytosol indicating it is 

expressed intracellularly near the plasma membrane of astrocytes. With this discovery, we were 

able to conduct several hypothesis-driven experiments to understand its function within astrocytes 

and in relation to obsessive-compulsive disorder. Thus, the cell-type and subcompartment-specific 
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proteomes provide an unprecedented resource to the scientific community to assess the function 

of cell-specific proteins within defined neural circuits. 

 

Section 8.3: Subproteomes define molecular functions of complex astrocytes 

We studied the proteomes of astrocytes at distinct functional subcompartments because we were 

inspired by the variety of function served by morphologically complex astrocytes. Because our 

cell- and subcompartment-specific methods allowed us to reliably detect proteins, we expanded 

the use of BioID2 to five functional subcompartments. To do this we generated AAVs for Aqp4-

BioID2 to assess astrocyte end feet, 2) Ezr-BioID2 to explore astrocyte fine processes, 3) Glt1-

BioID2 to assess sites of glutamate uptake, 4) Kir4.1-BioID2 to assess sites of extracellular 

potassium homeostasis, and 5) Cx43-BioID2 to assess astrocyte-astrocyte contacts. We validated 

that each construct resulted in BioID2 expression similar to the endogenous protein within 

astrocytes and also demonstrated functional biotinylation at each subcompartment. This resulted 

in the discovery of a myriad of subcompartment specific proteins that defined the functions of each 

subcompartment within astrocytes. Broad assessments of these proteins using gene ontology 

analyses revealed that the astrocyte subcompartments differed in their predicted biological 

functions and in their major signaling pathways.  

     To summarize the entirety of this rich dataset, we created the “astrocyte subproteome cards” 

which summarize each astrocyte subproteome in a broad and accessible way. For each 

subproteome card we present 1) unique and enriched proteins, 2) correlations between protein 

abundance and RNA expression, 3) validation of a candidate protein identified within the targeted 

subcompartment, 4) a putative protein-protein interaction map for the unique and enriched 

proteins, and 5) predicted signaling and functional pathways. The astrocyte subproteome cards 
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reveal known protein-protein interactions as well as hundreds of new putative interactions waiting 

to be studied. One of these novel interactions was that of Ezrin at the fine processes with SAPAP3, 

which we extensively studied. Taken together, our astrocyte subcompartment cards provide a 

platform for design of new experiments in order to understand astrocyte roles in brain function.  

 

Section 8.4: On the relationship between RNA and protein 

     The advent of RNA-sequencing in the early 21st century provided novel molecular mechanisms 

by which to study astrocytes. Coupled with genetic strategies to obtain cell-specific RNA, 

expression analyses using RNA have been invaluable to understand astrocyte roles in health and 

disease. However, as already discussed, the relationship between RNA expression and protein 

levels is remarkably complex as post-translational modifications, protein localization mechanisms 

and RNA-regulation deeply influence the abundance of both macromolecules. Therefore, to 

reliably assess cellular function, it was imperative for us to assess protein based mechanisms for 

striatal astrocytes and neurons. While we achieved this goal, we were curious to assess how our 

proteomic data related to the cell-specific transcriptomic data that our lab has previously described.  

     To assess this, we compared the RNA abundance from neuron and astrocyte specific RiboTag 

methods to protein abundance from our neuron and astrocyte specific BioID2 approach. We found 

that although many of the top astrocyte and neuron enriched genes were also detected in the 

proteomes, the relationship between the RNA expression and protein abundance was weak. The 

correlation between RNA and protein was remarkably lower for proteins found at the plasma 

membrane. Therefore, at least with our methods, protein abundance cannot be accurately predicted 

by RNA abundance.  
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     We conducted similar analyses across all five astrocyte subproteomes and our data showed that 

the correlations between RNA and protein were markedly different across all proteomes, but the 

overarching conclusion was the same: there was very low correlation (pearson’s r < 0.6 and 

spearmann’s ρ < 0.5) between RNA abundance and protein amount within any subproteome. These 

results are interesting because they may reflect biology related to differences in transcript and 

protein turnover that could have important implications about a cell’s function and requires future 

exploration. 

 

Section 8.5: Cell-specific contributions in a mouse model of OCD 

     Using our cell-specific proteomics approaches, we discovered that SAPAP3 is expressed by 

astrocytes in addition to neurons. This was of interest to us because SAPAP3 is associated with 

OCD and repetitive behaviors in humans, and these behaviors are primarily driven by the striatum. 

Thus, we confirmed the expression of SAPAP3 within astrocytes using a variety of –omic 

approaches including proteomics, deep RNA-seq, single-cell RNA-seq, and histology methods. 

All the approaches we used confirmed the expression of SAPAP3 within striatal astrocytes. We 

then evaluated the molecular mechanisms of SAPAP3 function within astrocytes using a range of 

molecular techniques and discovered that astrocytic SAPAP3 functions to regulate the actin 

cytoskeleton and possibly, glutamate homeostasis in astrocytes. The actin cytoskeleton regulation 

function was confirmed with the use of constitutive SAPAP3 KO mice, which revealed decreased 

territory sizes and altered F-actin within striatal astrocytes. Furthermore, we confirmed known 

SAPAP3 interactions within neurons including interactions at the glutamatergic post-synaptic 

density. Given the distinct, but shared molecular mechanisms between neuronal and astrocytic 
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SAPAP3, we then wanted to assess the relative contributions of both cell types to OCD-related 

behaviors using the SAPAP3 KO mice.  

     SAPAP3 KO mice exhibit compulsive self-grooming and elevated anxiety, thus making them 

an excellent mouse model of OCD. We genetically expressed SAPAP3 in either astrocytes or 

neurons in the striatum of SAPAP3 KO mice which revealed that both cell types contribute to 

OCD-phenotypes. Both striatal astrocytes and neurons ameliorate excessive self-grooming upon 

genetic rescue of SAPAP3, however only neurons were able to rescue the anxiety phenotypes. 

Thus, this result indicates that OCD-like phenotypes originate and are heavily regulated by the 

striatum and that multicellular interactions between astrocytes and neurons play important 

convergent and divergent roles in repetitive and anxiety behaviors. These claims were further 

supported by our data showing that both astrocyte and neuronal genetic rescue of SAPAP3 were 

sufficient to lower medium spiny neuron hyperactivity and influenced downstream circuitry 

differentially. However, only astrocyte specific genetic rescue was sufficient to restored the altered 

morphology of astrocytes indicating roles for cell-autonomous and non-cell autonomous 

mechanisms. Our findings thus highlight the molecular, cellular, and behavioral differences and 

similarities between neuronal and astrocytic mechanisms relevant to OCD-like phenotypes in the 

SAPAP3 KO mouse model. 

     Because astrocytes played a causal role in OCD-related behaviors in SAPAP3 KO mice and 

because our assessments revealed that astrocytic SAPAP3 interacted with proteins involved in the 

G(i) GPCR pathway, we investigated whether activation of this pathway in striatal astrocytes could 

modulate OCD-related behaviors. Our studies found that specific activation of the G(i) GPCR 

pathway, but not orthogonal pathways such as the G(q) GPCR pathway, was sufficient to improve 

compulsive self-grooming and anxiety in SAPAP3 KO mice. Our results indicate that investigation 
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of cell-specific signaling mechanisms in astrocytes and neurons may be fruitful to engineer novel 

therapeutic strategies for OCD or potentially other brain disorders.  

 

Section 8.6: Relevance to human studies 

     Finally, we explored the implications of our results in relation to human OCD. We conducted 

bulk proteomics analysis on wild-type and SAPAP3 KO mice to explore differentially expressed 

proteins. We related our differentially expressed proteins to gene expression changes from human 

OCD post-mortem tissue and to astrocyte and neuron specific gene expression from our datasets. 

Our analyses revealed 66 differentially expressed proteins, all of which were expressed to some 

degree in astrocytes and/or neurons. 65% of the genes were also altered in human OCD, with 27% 

showing similar directional changes.  

     Furthermore, we identified the top 30 differentially expressed genes in striatum of human OCD 

and found that several were also expressed by astrocytes and neurons at the transcriptional level 

and were found within the proteomes. Finally, we extended our analysis and found 61 genes that 

were associated with human OCD and Tourette’s syndrome from the NIH Phenopedia database. 

All 61 genes had some degree of expression within our astrocyte and neuron transcriptomes with 

many found within the astrocyte and neuron proteomes. Therefore, these analyses suggest that 

indeed, the molecular changes associated with OCD do impact signaling in both astrocytes and 

neurons. These results also support that understanding basic biological mechanisms in model 

systems such as mice in a careful and hypothesis-driven manner could reveal important 

mechanisms relevant to human disorders. 

 

Section 8.7: Conclusion 
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     In all, we were driven by the same curiosity possessed by scientists in the 19th century to 

understand how astrocytes function in the brain. This motivated us to develop a toolset to assess 

astrocyte and neuronal proteomes in vivo. As the most diverse and complex building blocks in 

biology, understanding proteins gives us a molecular handle on a cell’s function. With the tools 

we developed, we were able to define the fundamental functional differences between striatal 

astrocytes and neurons while also defining a molecular basis for the myriad of functions a 

morphologically complex astrocyte conducts within a defined neural circuit. We have provided a 

rich and complex dataset that represents previously unexplored interactions and molecules that 

compliments gene expression data to explore both astrocytes and neurons in vivo. 

     While the relative contributions of astrocytes and neurons to brain disorders has long been 

speculated, we conducted causal manipulations to assess how astrocytes and neurons molecularly 

contribute to aberrant phenotypes related to OCD. Our studies revealed that SAPAP3, a protein 

expressed by both astrocytes and neurons, produces distinct effects on OCD-related behaviors by 

specific astrocyte and neuron molecular interactions. Our studies show that multicellular 

interactions are relevant in complex brain diseases and provide a basis for a myriad of novel ideas 

by which to test these interactions. 
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