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Astrocytes, the most numerous brain glia, play crucial roles in maintaining brain 

homeostasis, supplying energy, and mediating the injury response, as well as regulating neuronal 

synapse formation and function. Astrocytes are highly dynamic, sensing and responding to a 

large variety of factors and neuronal activity, changing their function and morphology in 

response to extrinsic events. This dissertation investigates the extent of this dynamism under 

physiological conditions, interrogating how astrocytes mature, affect synaptic plasticity, and 
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change in old age. I used astrocyte-ribotag to isolate murine astrocyte-enriched mRNA in vivo, 

RNA sequencing to identify and quantify mRNA, and validated relevant astrocyte gene 

expression changes. Together these data provide a comprehensive mRNA-seq database of 

developing, plastic, and adult cortical astrocytes, as well as adult and aged astrocyte gene 

expression across the visual cortex, motor cortex, hypothalamus, and cerebellum.  

Chapter 2 identifies astrocyte genes altered by aging across brain regions, and regionally 

unique aging changes. Aging astrocytes show minimal alteration in basic function, but 

upregulate genes that eliminate synapses, and partially resemble reactive astrocytes. I find that 

alterations to astrocytes in aging create an environment permissive to synapse elimination and 

neuronal damage, potentially contributing to aging-associated cognitive decline. 

In Chapter 3, I demonstrate that adult astrocytes are highly regionally distinct, implying 

widely different functionality depending on brain region. In aging, astrocytes exhibit an order of 

magnitude different level of gene expression changes based upon regional identity. In Chapter 4, 

I find that astrocyte identity is in flux in postnatal development, with key functional changes 

pegged to developmental stage and circuit-level changes, and I further used this data to identify 

markers of astrocyte maturity. Astrocytic gene expression was altered in visual cortex by 

plasticity paradigms, though there were few common changes across different plasticity 

paradigms. These data demonstrate that astrocytes are not static; however, the magnitude of their 

adaptation is highly variable, both on the level of what population/region is being surveyed, and 

what provokes a response. Overall, this dissertation demonstrates that astrocytic dynamism is 

prominent during changes in the brain, from regional changes, to circuit changes in development 

and plasticity, and in aging.  
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Chapter 1: Introduction 

 

 

A note about the format of this dissertation: every chapter has its own, self-contained 

introduction and discussion, the introduction and conclusion chapters are intended to broadly 

frame and contextualize the dissertation. All methods are confined to a single methods chapter at 

the end of the dissertation. 
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Astrocytic function and dynamism in the central nervous system  

As electrically non-excitable cells, the dynamic roles of astrocytes in the brain were long 

ignored due to limitations in both knowledge and tools. Their traditional role as little more than 

“brain glue” (neuroglia, in Greek), support cells to neurons, was largely acknowledged but 

unstudied for most of neuroscience. Recently, tools have become available to assay the role of 

astrocytes in the brain, revealing a large diversity and breadth of functionality. Astrocytes, so 

called due to their star-like shape, have many thousands of processes and closely associate with 

neurons and blood vessels (Figure 1.1).  They play a key role in homeostasis and metabolic 

support, sensing and responding to neural activity, signaling to each other (and within the cell) 

with calcium, and shuttling various nutrients through gap junctions (Belanger et al., 2011; 

Sofroniew and Vinters, 2010). Astrocytic endfeet contact blood vessels, maintaining water 

homeostasis and taking up nutrients such as glucose, which is converted into lactate, a crucial 

source of neuronal energy (Belanger et al., 2011; Sofroniew and Vinters, 2010). Their processes 

contact up to 100,000 synapses per murine astrocyte (Bushong et al., 2004), forming the tripartite 

synapse with the pre- and post- synaptic neuronal partners, where they play roles in integrating 

and responding to neural activity. At the synapse, as well as throughout the brain, astrocytes 

maintain homeostasis through expression of ion and neurotransmitter channels (Allen, 2014), as 

well as supply energy in an often activity-dependent fashion through the secretion of lactate and 

ATP, both roles actively affecting neuronal function and synaptic dynamics (Pellerin et al., 

2007). Astrocytes have also been well characterized to directly modulate synapse development, 

secreting a variety of factors, some of which prompt structural synapse formation (e.g. 

thrombospondins), receptor clustering (e.g. glypicans), or synapse elimination and engulfment 

(e.g. Sparc, Mertk) (Allen, 2014; Chung et al., 2015). Another key role for astrocytes is in the 
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brain’s injury response. Astrocytes dynamically respond to all ranges of insult to the central 

nervous system (CNS), with the ability to control regrowth and partition off the injured site 

(Sofroniew and Vinters, 2010; Zamanian et al., 2012). This injury response is quite diverse, with 

recent work detailing multiple discrete types of these so-called reactive astrocytes, some of 

which support regrowth while others seem to be neurotoxic, a response highly reliant upon 

context and signaling with other glia (Anderson et al., 2016; Liddelow et al., 2017; Zamanian et 

al., 2012). Therefore astrocytes play a diversity of roles throughout the brain, much of which 

depends on context and timing, relying on often obscure signals to modulate their function and 

activity. 

This dissertation sets out to rectify a key gap in knowledge of basic astrocyte function, 

investigating the dynamism of an astrocyte. Even with the recent expanse of work into, and 

appreciation of, astrocyte’s wide-ranging functions in the CNS, there is a lack of basic 

understanding about the flexibility of an astrocyte in time and space in normal brain function.  

Figure 1.1. Astrocytes have many thousands of processes, associate with neurons and contact blood 

vessels Gfap-cre x flox-tdTomato marking astrocytes (red or white) with either neuronal stainings, NeuN (left) 

or Map2 (center), or outlining a blood vessel (right), demonstrating the complexity of a single astrocyte, close 

association of astrocytes with neurons, and astrocytic contact with blood vessels, respectively. Scales decrease 

in size left to right. 
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Much of the work done on astrocytic function, particularly in transcriptomic profiling, has been 

in early development (Cahoy et al., 2008; Zhang et al., 2016) and in injury paradigms (Zamanian 

et al., 2012), highlighting very specific astrocyte roles and responses. Existing data demonstrates 

that an astrocyte can play a variety of roles, mediating synaptic development and injury response 

in a multitude of different ways, with variation in extrinsic cues (e.g. type of injury response) 

massively changing gene expression (Zamanian et al., 2012). However, the dynamism of an 

astrocyte in physiological conditions, while hinted at, has not been well demonstrated. How does 

an astrocyte change, if at all, during the maturation of a neuronal circuit? When this circuit 

changes, do astrocytes respond and adapt; are astrocytes responsible for mediating some of this 

change? Do astrocytes have the same properties across the brain? Across time? Do they play the 

same roles in the brain throughout life? This dissertation will address these questions and more 

through in vivo transcriptomic profiling of murine astrocytes. 

Astrocytes across development 

The brain changes with age. The murine brain establishes itself first at the level of the 

cell, with cellular division and migration, then neural connectivity becomes established, and 

subsequently refined, often in an activity dependent manner (Espinosa and Stryker, 2012). 

Astrocytes develop a little later than neurons, with progenitors that formerly produced neurons 

switching to making astrocytes at ~E16, with most astrocytes formed in the first postnatal weeks, 

either from progenitors or local division (Bayraktar et al., 2014). Astrocytes then develop along 

with the circuit, with more diverse, less complex morphology at P7 that grows more complex as 

the circuit matures, with astrocytes extending many thousands of processes, many of which 

contact neural synapses, around the same time cortical synaptogenesis peaks (Bushong et al., 

2004). At this age, several astrocyte-secreted factors that promote synaptogenesis have been 
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identified (Allen et al., 2012; Chung et al., 2015). As development moves along, neural 

connections get refined, and astrocytes have been shown to express factors which eliminate 

synapses in a developmental-timing regulated fashion (Chung et al., 2013; Vainchtein et al., 

2018). Astrocyte form and function continues to mature with the circuit; astrocyte processes are 

themselves refined at the same time as neural processes (Bushong et al., 2004; Espinosa and 

Stryker, 2012). Despite these promising data in early development, the maturity of an astrocyte 

in the period after its establishment until adulthood has not been interrogated in an unbiased, 

systematic fashion. This dissertation proposes to do just that: investigate the dynamism of an 

astrocyte from birth through peak synaptogenesis, activity-dependent refinement, then adulthood, 

using the well-established model of visual cortex development.  

Astrocytes and visual cortex plasticity 

The positioning of astrocytes at as synaptic modulators put them at a privileged position 

to regulate the brain’s ability to adapt to changes. We think astrocytic function may be 

particularly salient at the time in cortex development termed critical period, during which neural 

connections have a unique ability to remodel in an activity-dependent manner (Espinosa and 

Stryker, 2012). There is some evidence from transplantation experiments that juvenile astrocytes 

may be able to reopen this critical period in an adult brain (Muller and Best, 1989). Looking at 

astrocyte changes during visual cortex plasticity will give us further information about the scope 

of astrocytic dynamism, capturing at least part of their ability to respond to activity and control 

cortical connectivity beyond early development. To this end, part of this dissertation will parse 

apart astrocyte gene expression changes in visual cortex plasticity, comparing astrocytes both at 

developmental times permissive and restrictive to plasticity (i.e. critical period vs. mature adult 

astrocytes) as well as in various paradigms that are restrictive or permissive to plasticity.    
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Astrocytes and aging 

Changes in the brain do not stop even after the closing of critical periods and maturity. 

The aged brain is different in key ways from the adult brain, with notable cognitive decline even 

in the absence of pathology. At a finer level, aging sees the brain exhibit characteristic changes 

in synaptic dynamics, shifts in spine number and morphology, as well as a region-specific 

synapse loss (Morrison and Baxter, 2012). Astrocytes, with their well characterized ability to 

regulate synaptic behavior and homeostasis, are a prime potential effector of these changes seen 

in aging. Glial transcripts seem to change more with age than their relatively static neuronal 

counterparts (Soreq et al., 2017), pointing to a potential dynamism of astrocytes in aging, but this 

has not been shown by specifically looking at astrocytes in aging, instead inferred from bulk 

sequencing. Many studies have been published looking at changes in neurons with age, but few 

have asked similar questions about differences in astrocyte function. Largely, this is a context in 

which a whole field has been dedicated to studying the response of neurons in aging, with 

astrocytes largely ignored, despite their greater dynamism and responsiveness to extrinsic 

change. By looking at astrocyte gene changes in aging, this study examines how astrocytes 

respond to a physiologically normal yet impactful change in brain state, asking how they change 

and how this may inform overall brain function.  

Astrocyte heterogeneity across regions 

So, we set out to investigate astrocytes across time, but what about space? The diversity 

in input, output and function across brain regions is astounding, yet there is little data on how 

astrocytes change across regions. Neuronal diversity has been given in depth examinations 

essentially since the origins of neuroscience, down to figuring out differences in subtypes of 



7 

subtypes within sub-regions (Lake et al., 2016); this is hardly the case with astrocytes, where 

little unbiased work has been done. Studies parsing apart the roles of astrocytes have been 

conducted across the brain (and spinal cord), and offer an intriguing breadth of functionality, yet 

it is often assumed that astrocytes across the brain all carry out the same function. However, the 

extent to which this is actually the case remains to be determined: for instance, cerebellar 

Bergmann glia uniquely express ionotropic glutamate receptors (Doyle et al., 2008), and arcuate 

nuclear (hypothalamus) astrocytes have estrogen receptors (Garcia-Segura et al., 2008). In both 

cases, this receptor expression confers special, region-specific functionality onto the astrocyte. In 

the cerebellum, these glutamate receptors allow Bergmann glia to sense and respond to 

excitatory signaling, and are necessary for proper synaptic dynamics and, ultimately, motor 

coordination (Saab et al., 2012). Astrocytic estrogen receptors in the hypothalamus are needed to 

properly form synapses, as well as playing important roles in some forms of synaptic plasticity in 

the region (Garcia-Segura et al., 2008). It is mostly unknown how much of astrocyte 

functionality is regionally distinct; and to what extent astrocytic gene expression, perhaps at the 

root of this diversity, differs between regions. An unbiased survey of multiple distinct regions is 

needed to address this issue. Analysis of differential gene expression across the brain will give an 

indication of astrocytic diversity and hint at the breadth of the differential roles of astrocytes 

across circuits. To this end, a chapter of this dissertation sets out to determine whether mature 

adult astrocytes from different brain regions have genetically distinct identities. 

Further adding to this exploration of astrocytic dynamism, as part of the chapter on aging, 

we will explore how aging astrocyte changes differ by brain region. We propose that astrocytes 

from separate regions will have differential responses to aging, as they exist in different extrinsic 

contexts and derive from separate progenitors. The cerebellum, for instance, exhibits selective 
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neuron loss with age (Andersen et al., 2003), and has been variously proposed to age more 

slowly than the rest of the brain, according to epigenetic measures (Horvath et al., 2015), but also 

reaches senescence earlier (Woodruff-Pak et al., 2010). The hypothalamus, in its role in 

regulating homeostasis, has been proposed to coordinate aging change on the level of the entire 

organism (Chen et al., 2015), with hypothalamic stem cell function and loss correlated with 

overall aging speed (Zhang et al., 2017). This part of the study will interrogate the diversity of 

astrocyte dynamism in aging response: each region ages differently, and regional astrocytes, with 

distinct identities, are proposed to have varying responses to aging. To test the involvement of 

astrocytes in regional aging, we will look at astrocytic gene expression in aging between motor 

cortex, visual cortex, hypothalamus, and cerebellum. 

Using RNAseq and ribotag to investigate astrocyte dynamism  

Throughout this dissertation, the ribotag mouse model (Sanz et al., 2009) will be used in 

conjunction with Gfap-cre (Garcia et al., 2004) to profile the dynamism of astrocyte gene 

expression throughout the brain (Figure 1.2). Essentially, this labels the Rpl22 subunit of 

endogenous ribosomes with a hemagglutinin (HA) tag wherever cre is expressed, in this case, 

astrocytes. Ribosomes may then be isolated using an HA antibody conjugated to magnetic beads, 

and messenger RNA (mRNA) associated with the ribosome isolated, purified, and sequenced. 

While this will overlook any non-mRNA in the astrocyte, it will provide a way of getting at 

mRNA actively being utilized by the cell, and, unlike a technique such as fluorescence-activated 

cell sorting (FACS), will not mechanically stress the astrocyte nor overlook transcripts 

transported into astrocytic processes, where local translation has been shown to be functionally 

important (Sakers et al., 2017). These ribotag data offer a sort of translatome; that is, they will 

profile mRNA actively being made into protein. However, as stalled ribosomal subunits have 
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been shown to be involved in long term RNA storage by RNA granules in the brain (Anderson 

and Kedersha, 2006), we cannot say with certainty that any mRNA profiled in these data are in 

fact being translated. For this reason, we will use the term ‘transcriptome’ to refer to data 

gleaned from this methodology. Overall, we will use this methodology to assay the dynamism of 

astrocytes in aging, from different brain regions, in circuit maturity and in plasticity. The guiding 

hypothesis for this dissertation is that astrocytes are essentially dynamic, integrating extrinsic 

cues to inform gene-level changes which consequently exert an effect on their surroundings.  

 

  
Figure 1.2. Schematic of experimental paradigm – purification of astrocyte-enriched mRNA from Gfap-

Ribotag mice across brain regions, time or plasticity conditions, followed by RNA sequencing and analysis. 
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Introduction 

In the healthy aging brain there is a decline in neuronal activity, a loss of synaptic 

connections and a decrease in synaptic function (Wang et al., 2011). The magnitudes of these 

effects vary by brain region (Burke and Barnes, 2006; Samson and Barnes, 2013), however the 

mechanisms underlying these changes in neuronal and synaptic function are unclear. In the 

developing and adult brain non-neuronal glial cells, in particular astrocytes, carry out important 

functions that regulate synapse number and synaptic communication, as well as supporting 

neuronal health and homeostasis (Khakh and Sofroniew, 2015). Whether these astrocytic 

functions change in the aging brain is not known. Here we explore the hypothesis that decreased 

neuronal and synaptic function in the aging brain are due to altered properties of astrocytes that 

negatively impact neurons.  

Physiological aging brings about a variety of negative phenotypes in the brain even in the 

absence of pathology, marked by an overall decrease in cognitive function, including, in humans, 

decreases in memory, processing speed, attention, and executive function (Harada et al., 2013). 

These deficits correspond to a multitude of changes in the normal aging brain, and this chapter 

examines whether murine astrocytes are contributing to these changes, by exhibiting gene 

expression alterations related to brain function with age. Prominently, with age there is a 

disruption of homeostasis in the brain, both at the broad level of metabolism, as well as in ionic 

balances. Calcium, for example, has been shown to have shifting dynamics with advanced age, 

associated with alterations in synaptic plasticity and neuronal excitability (Foster, 2007). 

Astrocytes are well characterized in their roles of maintaining brain homeostasis, expressing 

numerous channels which clear ions and neurotransmitter (Olsen et al., 2015). Aging is 

accompanied by a disruption of homeostasis in brain energetics as well: proteomic/metabolic 
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studies of aged mouse cortex identified what they termed ‘metabolic drift’ in aged mouse cortex, 

with altered metabolism characterized by imbalance of metabolites from oxidative 

phosphorylation, glycolysis, and nucleotide biosynthesis. (Ivanisevic et al., 2016). Astrocytes are 

particularly well positioned to affect change on metabolism: they are responsible for more than 

half of glucose uptake in the brain, and provide neurons with much of their energetic needs, in an 

activity-dependent manner (Belanger et al., 2011). Astrocytes take up nutrients, including lipids 

and sugars from the blood, processing them, and delivering them to neurons for energy (van 

Deijk et al., 2017), and are noted for their metabolic plasticity, modulating metabolism to adapt 

to physiological challenges (Belanger et al., 2011). This homeostatic disruption seen in brain 

aging could then be a consequence of astrocytic changes, or astrocytes may be dynamically 

responding to the challenge of aging by altering gene expression. 

Despite lack of significant cell death, both cortical volume and overall neuronal activity 

decrease with age, associated with an atrophy of neuronal dendrites and an accompanying 

reduction in dendritic spine number (Pannese, 2011), also evident as a decline in neuronal 

synapse number (Morrison and Baxter, 2012; Petralia et al., 2014). Multiple models, from mouse 

to human, have demonstrated apical dendrite loss and retraction, as well spine loss, differences in 

types of spines seen, and overall synapse loss with age (Dickstein et al., 2007), though the 

specific effect and magnitude of change is dependent on region and species. Astrocytes are again 

well positioned to respond to these changes, and may be actively involved in many them, in part 

through contacting the synapse directly through thousands of fine processes that ensheath 

neuronal synapses (Khakh and Sofroniew, 2015). In the developing brain, astrocytes directly 

play a role in both synaptic formation and elimination beyond mere support. They regulate 

synapse number by secreting synaptogenic signals such as thrombospondins, hevin and glypicans 
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that induce synapse formation (Allen et al., 2012; Christopherson et al., 2005; Kucukdereli et al., 

2011), and by eliminating excess synapses by phagocytosis using the receptors Mertk and 

Megf10, and indirectly by inducing expression of complement cascade components in neurons 

(Bialas and Stevens, 2013; Chung et al., 2013; Stevens et al., 2007). This study sets out to 

examine whether astrocytes role in synaptic development continues throughout the lifespan of 

the mouse, and if there are age related changes in synapse-regulating astrocytic genes. 

As changes in aging differ based upon brain regions, astrocytic aging was examined in 

multiple areas. In the forebrain, neuron and astrocyte cell numbers do not significantly change 

with age, demonstrating that changes in performance are due to altered properties of these cells 

rather than cell death (Pelvig et al., 2008; Samson and Barnes, 2013). There is a progressive loss 

of cerebellar Purkinje neurons with age, as well as an increase in cerebellar behavioral deficits 

(Woodruff-Pak et al., 2010). Similarly, extensive stem cell loss is seen in the hypothalamus with 

age (Zhang et al., 2017), showing regional differences in aging are present in the brain. 

To ask whether astrocyte function is altered in the aging brain and contributes to 

decreased neuronal and synaptic function we took a transcriptomic approach. We isolated 

mRNA from astrocytes from multiple regions of the adult (4 months) and aging (2 years) mouse 

brain, allowing us to ask if astrocyte gene expression changes with age are global or show 

regional specificity, particularly important as heterogeneity exists between astrocytes from 

different brain areas (Chai et al., 2017). To specifically isolate astrocyte mRNA we used the 

Ribotag technique to genetically tag ribosomes in astrocytes (Sanz et al., 2009), restricting 

analysis to astrocytes and enabling purification of astrocyte associated mRNA throughout the 

entire cell, including in the fine processes. We used RNA sequencing to identify and quantify 

astrocyte mRNA, providing unbiased identification of gene expression changes. Prior work has 
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inferred astrocyte changes in aging from whole brain data (Cribbs et al., 2012; Soreq et al., 

2017), which is unable to say anything directly about astrocyte expression, while our work 

allows for a more sensitive examination of just astrocytes. Other work used less physiological 

isolation methods such as culturing astrocytes (Bellaver et al., 2017; Jiang and Cadenas, 2014), 

which stresses astrocytes and removes extrinsic cues so altering gene expression, or FACS (Orre 

et al., 2014), which stresses the cell and allows only mRNA from the cell body to be isolated. 

Microarray and candidate analysis has also been used to identify genes changed in astrocytes 

with aging (Orre et al., 2014; Rodríguez et al., 2014), which biases discovery and offers an 

incomplete view of gene expression compared to RNAseq.  

Our approach has generated a comprehensive dataset of astrocyte gene expression from 

multiple regions of the adult and aging brain. We have made this dataset freely available as a 

resource by generation of a website, allowing anyone to investigate how astrocytes change with 

age. We used this data to determine key changes to astrocytes in the aging brain, and asked if 

these changes could negatively impact synaptic and neuronal function. 
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Results 

Generation of an astrocyte-ribotag mouse model for purification of astrocyte-enriched 

mRNA from the adult and aging brain 

To isolate astrocyte-enriched mRNA we employed a genetic strategy to affinity-tag 

ribosomal subunits in astrocytes, referred to as astrocyte-ribotag. We crossed floxed-RPL22-HA 

mice (cre-dependent HA-tag on ribosomal subunit 22) (Sanz et al., 2009) to a GFAP-cre mouse 

line (expression of cre recombinase under the GFAP promoter to restrict expression to 

astrocytes) (Garcia et al., 2004). In cells expressing cre recombinase an HA-tagged ribosomal 

subunit is produced, which allows for affinity purification of HA-tagged ribosomes and 

associated mRNA using an antibody against HA (Figure 1.2) (Chai et al., 2017; Sanz et al., 

2009). Immunostaining against the HA-tag demonstrated widespread expression of HA-tagged 

ribosomes in most brain regions at 4 months, including the cortex, cerebellum, and subcortical 

areas (Figure 2.1A, B). Based on this we focused our studies on astrocyte aging in the visual 

cortex (VC), motor cortex (MC), cerebellum (CB) and hypothalamus (HTH) (Figure 2.1A, B). 

To determine if astrocytes are the major cell type expressing HA-tagged ribosomes we 

immunostained brain sections for HA along with antibodies against cell-specific markers 

(astrocytes S100b; neurons NeuN; oligodendrocyte precursor cells NG2; oligodendrocytes APC; 

microglia Iba1; Figure 2.1C for VC; Figure 2.2, 2.3A other regions). Colocalizing cell specific 

markers with HA staining, we found a 92-97% overlap between HA and the astrocyte marker 

S100b in the VC, MC and HTH (Figure 2.1D), with the rest of the HA positive cells being 

neurons (2-4%) or oligodendrocyte lineage (2-4%). In the HTH a subset of ependymal cells 

lining the third ventricle expressed HA (α tanycytes which derive from the GFAP lineage and 
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Figure 2.1. Characterization of the astrocyte-ribotag mouse model A. Sagittal brain section from 4 month old 

astrocyte-ribotag mouse immunostained for HA to visualize ribosomes B. Higher power images from A, regions 

of HA-tagged ribosome purification (VC, MC, HTH, CB) C. Immunostaining for HA and cell-specific markers in 

VC to determine cell-type expression of HA-tagged ribosomes D. Quantification of cell-specific staining shows 

majority of HA-tagged ribosomes are in astrocytes. N=3 x 4 month mice/brain region E. qRT-PCR from HTH and 

CB astrocyte-ribotag isolated mRNA shows enrichment for astrocyte mRNAs over other cell types, compared to 

total (input) mRNA. N=3 x 2 year mice/brain region, graph mean ± SEM F. Quantification of S100b positive cells 

that are also HA positive; N=3 x 4 month mice/brain region G. Immunostaining for HA and S100b shows 

ribosomes present throughout astrocyte processes in VC  



20 

share astrocyte properties (Delgehyr et al., 2015; Rodríguez et al., 2005); Figure 2.3B, C). The 

high density of immunostaining in the CB (Figure 2.2A) made quantification challenging, so we 

used qRT-PCR to determine cell-type enrichment. In both the CB and HTH (as a comparison) 

mRNA for astrocyte markers is strongly enriched in the pulldown compared to total mRNA from 

all the cells (input), and expression of neuronal and oligodendrocyte lineage genes is decreased 

(Figure 2.1E).  

  

 

Figure 2.2. Validation of astrocyte-ribotag model in the  cerebellum and motor cortex. Immunostaining for 

HA and cell-specific markers, to determine cell-type expression of HA, in the cerebellum (A) and motor cortex 

(B). Quantification included in Figure 2.1. 
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The majority of astrocytes in each brain region expressed HA-tagged ribosomes, shown 

as 96-99% of S100b positive cells also being HA positive (Figure 2.1F). As adult astrogenesis 

and astrocyte loss are rare, this demonstrates that the population of astrocyte-ribotag cells should 

remain constant between the adult and aged time points, as ribotag encompasses the majority of 

astrocytes in each region. We further confirmed that ribosomes are HA-tagged throughout the 

astrocyte, including distal processes where local translation has been shown to be important for 

astrocyte function (Sakers et al., 2017), using high power imaging of S100b and HA (Figure 

2.1G). These data demonstrate that the astrocyte-ribotag mouse is a good model for purifying 

and analyzing astrocyte-enriched mRNA from multiple brain regions in adult and aging samples. 

Further, cortical astrocytes have been well characterized as forming non-overlapping domains 

which tile the region (Halassa et al., 2007). Anti-HA staining recapitulates this phenotype 

throughout cortex (Figure 1B), indicating complete coverage of cortical protoplasmic astrocytes.   
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Purification and sequencing of astrocyte-enriched mRNA from multiple brain regions of 

adult and aging mice 

To ask whether astrocyte gene expression is altered in the aging brain we isolated 

astrocyte-enriched mRNA from multiple brain regions, as validated in Figures 2.1-2.3 – the VC, 

MC, HTH and CB. mRNA was isolated from 2 ages, to compare astrocyte gene expression 

between adult mice at 4 months of age to aged mice at 2 years of age. We chose a 4 month time 



23 

point for the adult purification, as by this stage, developmental changes to astrocyte gene 

expression will have ceased. We chose 2 years as the aging time point as a stage before age-

dependent pathology develops. We used RNA sequencing (RNAseq) as an unbiased way to 

identify and quantify the mRNA. For each time point and brain region we sequenced 3 astrocyte-

ribotag samples from separate mice, and an input sample (mRNA from all cells) to provide a 

reference for determining astrocyte enrichment. To quantify astrocyte enrichment we developed 

a list of cell-specific markers from published RNAseq and microarray data of purified cortical 

cell types from the developing brain (Table S1 for list) (Cahoy et al., 2008; Zhang et al., 2014). 

Comparison of astrocyte-ribotag mRNA levels to the input shows a 6-fold enrichment for 

astrocyte genes in all brain regions at both ages, along with a depletion of neuronal and 

microglial genes and decreased levels of endothelial and oligodendrocyte lineage genes (Figure 

2.4A). We further compared the cerebellar data to cerebellar cell type-specific microarray data 

(Doyle et al., 2008), finding a 3-5 fold enrichment for astrocyte and Bergmann glia genes, and a 

depletion of other cell types (Figure 2.4B). 
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Having validated that astrocyte-ribotag samples are enriched for astrocyte mRNA, we 

performed clustering analysis on all samples using the top expressed genes. This showed that 

biological replicates from the same brain region group together, and input samples (all cells) 

segregate away from astrocytes. Samples derived from the same individual do not cluster 

together, indicating no batch effects. Astrocytes from each cortical region are more similar to 

each other than astrocytes from non-cortical regions, and within a brain region the majority of 

samples cluster by age at isolation (Figure 2.5). This shows that astrocytes from different brain 

regions have distinct gene expression profiles, and that these profiles change with age. 

Differences between regions are further explored in Chapter 3. This now provides a dataset to 

ask how astrocyte gene expression changes in the aging brain (Table S2), available online as a 

resource at http://igc1.salk.edu:3838/astrocyte_aging_transcriptome/. 

Figure 2.4. Comparison of ribotag pulldown to whole ROI data shows astrocyte enrichment A. Analysis of 

RNAseq data for cell-specific mRNA demonstrates enrichment for astrocytes over other cell types in the pulldown 

(astrocyte mRNA) compared to input (total mRNA) (Table S1 for gene list) B. Analysis of cerebellum RNAseq 

data for cerebellar cell type-specific mRNA, comparing HA-tagged ribosome pulldown mRNA (astrocyte) to the 

total lysate mRNA (input sample), as in A, but with cerebellum specific gene lists developed from (Doyle et al., 

2008). Cre line from which the pulldown in Doyle et al data was derived is labeled in parentheses. 
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Identification of gene expression changes between adult and aging astrocytes from multiple 

brain regions 

We first determined the number of genes that are significantly upregulated or 

downregulated (P<0.05 adjusted for multiple comparisons) in astrocytes by aging in each 

individual brain region. We found the least changes in cortical astrocytes (<100 genes) and the 

most in the hypothalamus and cerebellum (>500) (Table S3). We then filtered for genes that are 

significantly altered (adjusted P<0.05), expressed at an appreciable level (FPKM >1) and are 

astrocyte-expressed (pulldown/input >0.75) (see Methods). This identified 42 upregulated genes 

in VC, 23 in MC, 130 in HTH and 415 in CB (Figure 2.6A; Table S4, top 15 upregulated 

genes/region Figure 2.6B). To identify core aging-upregulated genes we looked for overlap in 

Figure 2.5. Hierarchical clustering of astrocyte aging samples. Clustering analysis of 

top 4,401 expressed genes shows astrocyte-ribotag pulldown samples cluster away from 

input mRNA; samples cluster by region of isolation and, within region, by age. N=3 mice 

for each brain region and age (astrocyte samples). Table S2 for FPKM for all genes.  



26 

gene expression changes between all brain regions, and identified 7 genes (Figure 2.6A), 

including markers of reactive astrocytes, GFAP and Serpina3n (Zamanian et al., 2012), and a 

component of the complement cascade involved in synapse elimination, C4b (Sekar et al., 2016). 

β-protocadherins are upregulated in all astrocytes by aging, and while little is known about their 

function, the related γ-protocadherins have important roles in developmental synapse formation 

(Peek et al., 2017). To determine if any of the upregulated genes are region-specific, we 

generated lists of genes that are uniquely upregulated in astrocytes in one brain region, or 

showed overlap with 1 or 2 other regions (Table S4). This showed a specific increase in BMP6 in 

VC astrocytes with age, along with the negative synaptic regulator Sparc (see below). The CB 

has unique pro-inflammatory changes with age, with caspases 1 and 12, the chemokine Cxcl5, 

and key inflammasome receptors Tlr2 and 4 all going up.  

We applied the same filtering criteria to identify genes that are downregulated in aging 

astrocytes. This identified 17 genes in VC, 14 in MC, 286 in HTH and 190 in CB (Figure 2.6D; 

Table S4, top 10 decreased genes/region Figure 2.6F). There are 4 core genes significantly 

downregulated in astrocytes in all brain regions, 2 of which are heat shock proteins (Figure 

2.6E), protective molecular chaperones which prevent protein damage (Bobkova et al., 2015). 

We next generated lists of genes that are uniquely downregulated in astrocytes in one brain 

region, or showed overlap with 1 or 2 other regions (Figure 2.6F, Table S4 for full list). BMP4 is 

downregulated with aging in the VC, MC and HTH, but not the CB, appearing to oppose the 

increase in BMP6 observed with age in the VC. In the HTH the extracellular matrix factor Tnc, 

associated with the astrocyte injury response, goes down, as do multiple amino acid transporters. 

These data identify core changes that are common to all astrocytes in the aging brain, as well as 

unique region-dependent aging responses. 
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Figure 2.6. Summary of aging changes across regions. A. Venn diagram shows overlap of genes 

upregulated in astrocytes from 4 different brain regions between 4 months and 2 years.  B. Heat map of 

genes that are significantly upregulated in astrocytes by aging in all regions C. Heat maps of top 15 genes 

upregulated in astrocytes in each brain region by aging (excluding those in A; Table S3, S4 for full list) D. 

Venn diagram of genes downregulated in astrocytes from 4 different brain regions between 4 months and 2 

years E. Heat map of genes that are significantly downregulated in astrocytes by aging in all regions F. 

Heat maps of top 10 genes downregulated in astrocytes in each brain region by aging (excluding those in D; 

Table S3, S4 for full list). All heatmaps presented as fold change 2 year/4 month (log2).  
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Figure 2.7. Subtraction of lipofuscin background from in situ samples and lipofuscin cellular 

localization. A. Raw images of in situ hybridization of Gpc5 in the visual cortex of 4 month (left) and 2 year 

old (right) mouse brain (note same example images as Fig S4). Images are mosaic image of tiles acquired at 

20x  B. Images of Gpc5 in situ on 4 month (left) and 2 year old (right) cortex with probe and empty 

(unlabeled channel, with autofluorescence indicative of lipofuscin) channels, alone and merged, with lower 

right panels showing the Gpc5 channel after subtracting the “empty” channel. C,D. Immunostaining for cell-

type markers and lipofuscin (autofluorescence) in 2 year old brain, in layer IV of visual cortex (C), and for 

astrocytes in the motor cortex, hypothalamus, and cerebellum (D), with arrows marking example cell-

lipofuscin overlap. Images shown are cropped from a larger mosaic tiled image.  
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Validation of aging astrocyte gene expression changes by in situ hybridization 

Before examining aging-induced changes in astrocyte gene expression in detail, we first 

validated the ability of RNAseq to reliably detect mRNA changes in aging astrocytes using 

RNAscope multiplex fluorescent in situ hybridization in 4 month and 2 year old VC of wild type 

mice. We examined upregulated genes (C4, Sparc), a downregulated gene (Hspa1b) and a gene 

that did not change with age (Gpc5) in the RNAseq analysis. In the aging brain we detected high 

levels of autofluorescence from lipofuscin granules (Figure 2.7), an accumulation of lipids 

characteristic of aging brain tissue (Gray and Woulfe, 2005). The lipofuscin colocalizes with 

neuronal and microglial markers in the cortex and HTH, with little found in astrocytes (Figure 

2.7C, D), whereas extensive lipofuscin is seen in Bergmann glia in the CB (Figure 2.7D). This 

may be related to how cell types deal with reactive oxygen species (ROS), which accumulates 

with aging, causing oxidative stress which damages proteins and lipids, ultimately resulting in 

lipofuscin formation {Hohn, 2013 #268}. Astrocytes have uniquely high expression of super 

oxide reductases (Figure 2.8a), the first line of defense against ROS, with six-fold more 

extracellular Sod1, and two-fold more cytoplasmic Sod3 than the input (all cells). Cerebellar 

astrocytes, while enriched for Sod1, express it at roughly half the level of all other regions 

(Figure 2.8b).  
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To allow image analysis, lipofuscin signal was removed by masking (example images: 

Figure 2.7A, B; Methods for details). We quantified the total signal intensity of the probe and 

detected a similar fold-change in mRNA as the RNAseq – an increase in C4 and Sparc with age, 

no change in Gpc5 and a decrease in Hspa1b in the VC (Figure 2.9A-H, 2.10A-D). C4 mRNA 

was also increased in the aging HTH, matching the RNAseq (Figure 2.9A, B, 2.10E). As an 

alternative approach, we quantified the total volume of the mRNA signal, which yielded the 

same fold-change in mRNA level (Figure 2.10F). We next validated astrocyte expression of 

target genes by probing for the gene of interest along with the astrocyte marker Aldh1l1, 

showing overlap between Aldh1l1 and all of the genes of interest (C4, Sparc, Gpc5, Hspa1b) 

(Figure 2.9I-L). As an additional validation, we normalized the target probe signal to the Aldh1l1 

signal as an internal control, and again found the same trends in altered gene expression with age 

(Figure 2.10G). Taken together, this shows that astrocyte-ribotag RNAseq reliably detects 

upregulated, downregulated and unchanging gene expression in wild type aging astrocytes.  

Figure 2.8. Superoxide dismutase expression in astrocytes A. Sod1-3 expression in 2 year old 

astrocyte ribotag samples compared to whole ROI input across regions. 4 month old data exhibit the 

same trend. B. 2 year old astrocyte ribotag expression of Sod1 in the cerebellum, compared to an 

average of astrocyte ribotag from all other ROIs; other Sod genes have near equal expression 

amongst ROIs   
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 Figure 2.9. Validation of aging-induced changes in astrocyte gene expression by in situ hybridization A, C, E, 

G. In situ hybridization to detect mRNA for candidate genes in 4 month (left) and 2 year old (right) mouse brains, 

with lipofuscin subtracted for clarity (as in Figure 2.S3). In situ hybridization for a gene upregulated in astrocytes 

by aging in VC and HTH, C4 (A); unchanged in VC, Gpc5 (C); downregulated in VC, Hspa1b (E); upregulated in 

VC, Sparc (G). For whole region images encompassing the area analyzed, see Figure 2.S4. B, D, F, H. 

Quantification of fold-change in mRNA expression detected by in situ hybridization between 2 years and 4 months, 

compared to fold-change detected by RNAseq, shows similar fold-change. Data presented as scatter plot of 

individual points with mean ± SEM. In situ N=4 x 4 month and 4 x 2 year mice; RNAseq N=3 x 4 month and 3 x 2 

year mice I-L. Double in situ hybridization with astrocyte marker Aldh1l1 and C4 (I), Gpc5 (K), Sparc (L) in 2 

year VC, and Hspa1b (J) in 4 month VC. Circles mark astrocytes expressing target probe and Aldh1l1.  
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Figure 2.10. In situ hybridization validation of RNAseq changes. In situ hybridization to detect mRNA for candidate 

genes in the VC (A-D) and HTH (E) of 4 month (left) and 2 year old (right) mouse brain, related to Fig 3 example 

images. Visual cortex RNAscope for Gpc5 (A unchanged in aging; note same example images as before), Hspa1b (B, 

decreased in aging), C4 and Sparc (C, D, increased in aging), and hypothalamic C4 (E, increased in aging). Images are 

mosaic of tiles acquired at 20x  F,G. Normalization of in situ hybridization data to either total analyzed volume of stain 

(F) or total intensity of Aldh1l1 colabel (G). The direction of gene expression change matches that in prior figure. 
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Aging astrocytes show altered expression of synapse regulating genes 

Our hypothesis is that changes in astrocyte properties, reflected as changes in gene 

expression, are contributing to impaired synaptic and neuronal function in the aging brain. We 

therefore asked if genes expressed by astrocytes that regulate synapses during development are 

altered in aging and contributing to synapse loss (Figure 2.11A). We examined known synapse-

inducing genes, thrombospondins (Thbs) and Sparcl1 (Hevin) (Christopherson et al., 2005; 

Kucukdereli et al., 2011), as well as astrocytic regulators of synaptic strength, glypicans 4 and 6 

(Allen et al., 2012). Glypican and hevin expression are not altered in any brain region between 4 

months and 2 years, and Thbs1,2 and 4 are not altered in the aging cortex. There is a significant 

decrease in Thbs4 in the aging HTH (Figure 2.11B), while in the CB there is a significant 

decrease in Thbs1 and an increase in Thbs2 with age (Figure 2.11B). Sparc inhibits synapse 

function by blocking synapse formation and decreasing synaptic AMPA receptors (Allen, 2014). 

There is a significant 2-fold increase in Sparc in the aging VC, confirmed by in situ (Figure 

2.9G), with the same trend in MC, suggesting that in the aging cortex increased production of 

Sparc may inhibit synaptic function and block new synapse formation (Figure 2.11B).  

Astrocytes regulate synapse elimination during development by secreting Tgfβ which 

induces components of the complement cascade in neurons (C1q), and by direct phagocytosis of 

synapses using Mertk and Megf10 (Bialas and Stevens, 2013; Chung et al., 2013; Stevens et al., 

2007). There is no change in Tgfβ1-3 expression in aging astrocytes, except for a significant 2-

fold increase in Tgfβ2 in cerebellar astrocytes (Figure 2.11B). Interestingly, C3, a part of the 

classical complement cascade required for synapse elimination (Stevens et al., 2007) is strongly 

upregulated in aging astrocytes in all brain regions examined, as are other members of the 

complement cascade (see below) (Figure 2.11F). Expression of Megf10 and Mertk are not 
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Figure 2.11. Astrocyte marker and synapse modifying gene expression in the aging brain A. Schematic of 

astrocyte-expressed genes that regulate neuronal synapse formation, function and elimination, with corresponding heat 

map (B) demonstrating region-specific increased expression of genes that inhibit synaptic function and eliminate 

synapses C. Schematic of genes important for astrocyte identity and function: astrocyte markers and metabolism (top 

astrocyte), homeostatic functions (right astrocyte) and neurotransmitter receptors (left astrocyte), with corresponding 

heat map (D) show minimal changes in aging E. Enzymes in the cholesterol synthesis pathway are downregulated in 

aging astrocytes, while cholesterol transporting proteins are upregulated F,G. Immune/antigenic response pathways 

implicated in synapse elimination, the complement cascade (F) and MHC (G), are upregulated in aging astrocytes. All 

heatmaps presented as 2 year/4 month (log2) fold change for each brain region. * represents significantly altered 

between 2 year and 4 month astrocytes.   
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altered, suggesting there is no increase in direct phagocytosis of synapses by aging astrocytes 

(Figure 2.11B). Taken together, these data support an active role for astrocytes in eliminating 

synapses in the aging brain by upregulating expression of genes known to be involved in synapse 

elimination, with limited alterations in expression of genes that induce synapse formation. 

Astrocyte homeostasis genes are largely unchanged with aging 

We next asked if genes considered markers of astrocytes are altered by aging, including 

cytoskeletal markers GFAP and vimentin, cytosolic markers S100b, Aldoc and Aldh1l1, the 

lipoprotein Apoe and the water channel Aqp4 (Figure 2.11C). Of these, only GFAP is 

significantly altered in astrocytes in all brain regions by aging, with a 2-3 fold increase in 

expression (Figure 2.11D). GFAP is a known marker of reactive astrocytes, and this is explored 

more in Figure 2.12 and 2.13 (Zamanian et al., 2012). In the adult brain astrocytes regulate 

synaptic transmission and neuronal homeostasis through a number of pathways (Figure 2.11C) 

(Allen, 2014). Astrocyte expression of Kir4.1 (Kcjn10), the major channel involved in potassium 

uptake, is unchanged by aging. The glutamate uptake transporters Glt1 and GLAST (Slc1a2, 

Slc1a3), the glutamate metabolizing enzyme glutamine synthetase (Glul) and the GABA 

transporter GAT3 (Slc6a11), are not significantly altered by aging (Figure 2.11D). Astrocytes 

express numerous channels and neurotransmitter receptors, and can respond to activation of 

receptors with increases in intracellular calcium and release of neuromodulators (Figure 2.11C) 

(Khakh and Sofroniew, 2015). Examination of genes related to these functions, including 

connexins, metabotropic glutamate and GABA receptors, calcium channels and ATP receptors 

revealed no significant change in expression with aging, except for a decrease in CB Gabbr2 

(Figure 2.11D). Components of the lactate shuttle (e.g. Ldha, Mct1) that supply neurons with 

lactate for metabolism, are also unaltered in aging astrocytes, as is the transcription factor 
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regulating lipid synthesis, SREBP (Figure 2.11D). Therefore, expression of genes related to 

major functions of astrocytes in relation to synaptic transmission and neuronal homeostasis are 

not altered in the aging brain, demonstrating there is not a general loss of astrocyte support of 

neurons with age.  

Cholesterol and the aging brain 

As an unbiased approach to identify alterations in aging astrocytes, we carried out 

pathway analysis of top changed genes in each brain region (Table S5). Fitting with the pattern 

of individual gene expression changes, the majority of pathways altered in aging were in the CB 

and HTH, rather than the cortex. A pathway downregulated in aging astrocytes in multiple brain 

regions is the cholesterol synthesis pathway (Figure 2.11E). The major rate-limiting enzyme, 

Hmgcr, is significantly decreased in HTH, MC and CB astrocytes (as well as trending down in 

VC), and the majority of the genes involved in cholesterol synthesis (Martin et al., 2010) 

decrease in the HTH, with similar trends seen in all other regions. Conversely, expression of 

genes responsible for cholesterol transport are increased in the CB and HTH (Figure 2.11E), 

again with a similar trend in the cortex. Astrocytes are a major source of lipid synthesis in the 

brain and provide neurons with cholesterol, essential for presynaptic vesicle formation (Figure 

2.11A), suggesting a lack of cholesterol production in aging astrocytes may inhibit release of 

neurotransmitter and decrease presynaptic function (Mauch et al., 2001; van Deijk et al., 2017).  

Aging astrocyte gene changes overlap with reactive astrocyte gene changes 

The major pathways shown to be upregulated in aging astrocytes include the complement 

system, cytokines and major histocompatibility complex (MHC) (Table S5). Class I MHC are 

upregulated in the CB, HTH and VC (Figure 2.11G), and as they present antigen their 
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upregulation may be a sign of cellular stress (Cribbs et al., 2012), although in the developing 

brain class I MHC play a role in promoting synapse elimination (Huh et al., 2000). Multiple 

components of the classical complement cascade are significantly upregulated in aging 

astrocytes across brain regions, including C3 and C4 which are upregulated in all astrocytes 

(Figure 2.11F). In development synapse elimination is induced by complement, with C1q 

tagging synapses for elimination (Stevens et al., 2007) and recruiting C3, leading to phagocytosis 

of synapses by microglia (Schafer et al., 2012). These pathway changes show that aging 

astrocytes provide an environment that will allow synapse elimination via upregulation of 

complement and MHC, and decrease synaptic support by downregulation of cholesterol 

synthesis. The prevalence of traditionally antigen and inflammation-associated genes and 

pathways suggest that aging astrocytes may be reactive, as reactive astrocytes show similar 

changes (Sofroniew, 2015; Zamanian et al., 2012). 

Indeed, the majority of astrocytic commonly upregulated genes in aging (i.e. C4b, 

Serpina3m, Gfap, Serpina3n) are those identified as being upregulated in astrocyte reactivity 

paradigms or are even considered markers of astrocyte reactivity. These changes persist on the 

level of protein, with immunohistochemistry against GFAP showing a ~1.5 fold increase 

between 4 month and 2 year old VC and HTH, a similar upregulation to that detected by 

RNAseq (Figure 2.12A,B). We additionally asked if Serpina3n is upregulated in aging astrocytes 

using in situ hybridization and found a 4-fold upregulation of Serpina3n in the VC, similar to 

that detected by RNAseq (Figure 2.12C,D), mirroring the effect seen for C4 (Figure 2.9, 10). 

Increases in GFAP and Serpina3n are distributed throughout the brain, showing a general 

increase in astrocyte reactivity across the brain with age rather than a localized response to injury 

or damage. 
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Reactive astrocytes are characterized by altered expression of hundreds of genes, not just 

an upregulation of GFAP, and show varying gene expression changes depending on the type and 

severity of the insult (Sofroniew, 2015; Zamanian et al., 2012). We therefore compared changes 

Figure 2.12. Aging astrocytes look like reactive astrocytes A. Immunohistochemistry for GFAP in 4 month (top) 

and 2 year (bottom) mouse brain demonstrates increased GFAP protein in multiple regions (VC and HTH) of the 

aging brain B. Quantification of GFAP immunostaining in VC (top) and HTH (bottom), compared to RNAseq C. In 

situ hybridization for Serpina3n in 4 month (left) and 2 year (right) VC, demonstrates increased Seprina3n in aging 

VC D. Quantification of Serpina3n mRNA in VC, comparing in situ hybridization with RNAseq B,D. Data 

presented as scatter plot of individual points with mean ± SEM. Immunostaining and in situ N=4 x 4 month and 4 x 

2 year mice; RNAseq N=3 x 4 month and 3 x 2 year mice 
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in aging astrocytes to those induced by different injury paradigms: peripheral LPS to induce 

neuroinflammation (purportedly damaging reactivity) and MCAO to induce a stroke (purportedly 

protective reactivity) (datasets from (Zamanian et al., 2012)). We first looked at pan-reactive 

astrocyte genes (upregulated in response to both LPS and MCAO) and found between 8% and 

56% of genes are significantly upregulated in aging astrocytes, with MC showing least changes 

and CB the most (Figure 2.13A). We then investigated changes unique to each paradigm and 

again identified overlap between the genes increased in aging and the modality-specific reactive 

astrocyte genes, with most changes in CB and least in cortical astrocytes (Figure 2.13B, C). 

Therefore the aging related changes we see do not fit in with one single paradigm of activation, 

instead overlapping with a little bit of both paradigms. Further, the magnitude of change induced 

in the reactivity paradigms is much greater than that seen in aging. For the top 50 changes 

(Figure 2.13A), there is at least a two-fold difference between reactive paradigm and control, 

with some genes increasing by >20-fold; these differences are much smaller in aging vs adult 

samples. Overall, these data show that aging astrocytes have gene expression changes that 

partially overlap with reactive astrocyte changes, reflecting a mild to moderate reactive state. 

 

 

Figure 2.13. Aging astrocytes upregulate expression of genes that overlap with reactive astrocytes A-C. 
Comparison of fold-change in expression of reactive astrocyte genes between adult and aging astrocytes shows 
overlap varies by brain region A. Pan-reactive astrocyte genes B. LPS-specific reactive astrocyte genes C. MCAO-
specific reactive astrocyte genes. Heatmaps presented as 2 year/4 month (log2) fold change for each brain region. 
* represents significantly altered between 2 year and 4 month astrocytes.  
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Discussion 

We performed RNA sequencing on astrocytes from multiple regions of the adult and 

aging mouse brain to investigate the question: do alterations in astrocyte properties lead to the 

loss of neuronal synapses in aging? We found little change in expression of synapse supportive 

factors, except for a decrease in cholesterol synthesis, showing that loss of astrocyte support is 

not responsible for synaptic senescence. Instead we found that astrocytes upregulate the 

expression of inflammatory factors that can damage synapses and cause their elimination, 

demonstrating astrocytes become actively damaging to synapses in the aging brain. There was 

variability in the number of genes that changed with age in astrocytes from different brain 

regions, with cortical astrocytes showing the least changes and cerebellar astrocytes the most. 

This demonstrates the regional dependency of astrocyte aging, with more alterations in areas that 

experience cell death (Woodruff-Pak et al., 2010; Zhang et al., 2017). Altogether we provide a 

comprehensive and validated analysis of gene expression changes in astrocytes between the 

healthy adult and aging brain, which we have made available as a resource online. We have 

focused on changes to astrocytes that may impact synaptic function, the hypothesis we set out to 

test.  

Validity of findings 

Our adult astrocyte gene expression datasets are in broad agreement with other 

microarray and RNAseq profiles of astrocytes from the developing and adult brain (Cahoy et al., 

2008; Chai et al., 2017; Doyle et al., 2008; Morel et al., 2017; Zhang et al., 2014). We now add 

to these resources by extending the analysis to examine aging astrocyte gene expression from 

multiple brain regions using astrocyte-ribotag and RNAseq. Ribotag restricts analysis to 

ribosome-associated mRNAs, which are more likely to be actively being made into proteins 
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providing a representation of the translational state of the cells, a similar approach to (Chai et al., 

2017; Doyle et al., 2008; Morel et al., 2017). Studies using FACS (Cahoy et al., 2008) or 

immunopanning (Zhang et al., 2016) to isolate astrocyte mRNA offer the ability to look at a 

more complete transcriptome, including ncRNAs, but do not emphasize mRNAs that are being 

functionally utilized, and are restricted to RNAs present in the cell body. An advantage of 

Ribotag over BAC-trap is that it only requires transient cre recombinase expression to 

irreversibly express an HA-tag on the endogenous ribosomal Rpl22 subunit (Sanz et al., 2009), 

so after recombination the production of tagged ribosomes is determined by the normal program 

of that cell, regardless of cre expression. We have validated that the majority of astrocytes in all 

brain regions examined (~98%, Figure 2.1) express tagged ribosomes in the adult brain, and as 

adult astrogenesis and astrocyte loss are rare the population of astrocyte-ribotag cells should 

remain constant between the adult and aged time points and encompass the majority of cells. 

This is particularly important as we used GFAP-cre to induce recombination, and GFAP 

increases in aging astrocytes. In the astrocyte-ribotag model ~95% of tagged ribosomes are 

expressed by astrocytes, with a minority in non-astrocyte cells including a subset of neurons and 

oligodendrocytes, as well as hypothalamic tanycytes (Figure 2.1-3; Table S1). To focus on gene 

changes occurring in astrocytes we restricted our analysis to genes that showed an enrichment in 

the astrocyte pulldown sample compared to the whole brain input, which should prevent gene 

expression changes caused by a minority cell type from being detected. Finally, as with all large 

datasets, we encourage users to independently validate genes of interest. 

These data were further validated by a paper published a month after our own. Using a 

bacterial artificial chromosome to drive expression of a GFP-tagged Rpl10 ribosomal subunit 

under control of the astrocytic Aldh1l1 promoter, this group isolated striatal, hippocampal and 
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cortical astrocyte mRNA of 10 week old and 2 year old mice (Clarke et al., 2018). They similarly 

found few homeostatic changes in aging, and more increases in age than decreases. While this 

study looked at a different subset of brain regions, they similarly found largely non-overlapping, 

region-specific changes, with the fewest changes in the aging cortex. Their results also found that 

characteristically reactive astrocyte genes mildly increase with age. Therefore, these data solidify 

our findings, reinforcing our conclusion that astrocyte aging is a dynamic process.  

Summary of changes in astrocyte aging 

In addition to identifying aging changes to astrocytes, our 4 month data also provide 

insight into roles of adult astrocytes. The majority of genes implicated in synaptic formation in 

the developing brain are unchanged between adult and aging astrocytes. It is surprising that so 

many of these genes, including those for hevin, thrombospondin and glypican family members, 

remain expressed throughout life, long after developmental synapse formation has ceased. This 

points to additional roles for these factors in the adult brain, perhaps in relation to learning and 

memory. The decreased thrombospondin expression in the HTH with aging may contribute to 

alterations in synapse number and dendritic spine morphology observed with age, as 

thrombospondins regulate these features (Christopherson et al., 2005). A similar stability of gene 

expression between the adult and aging brain was found for synaptic transmission regulators, 

including potassium channels and neurotransmitter uptake transporters. This lack of age-

dependent changes points against dysregulated astrocyte homeostasis being involved in altered 

synaptic transmission in aging.  

We found substantially more genes increase with age than decrease, a trend which 

mirrors whole brain data (Cribbs et al., 2012). Of the consistent decreases, the most robust is in 

the cholesterol synthesis pathway. The brain synthesizes the majority of the cholesterol it needs 
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in situ, as circulating cholesterol is unable to readily cross the blood brain barrier. The aging 

human and rodent brain have decreased cholesterol levels, but the reasons for this decrease are 

not known (Martin et al., 2010; Thelen et al., 2006). We identified decreased expression of 

cholesterol synthesis genes, with a significant decrease in the rate-limiting enzyme Hmgcr in 

aging astrocytes across brain regions, providing a potential mechanism for decreased cholesterol 

levels in the aging brain. Astrocyte-derived cholesterol is essential for neuronal dendritic 

elaboration and presynaptic function during development (Mauch et al., 2001), and given that 

dendrites atrophy and presynaptic release decreases in the aging brain, decreased astrocyte 

cholesterol synthesis with age may contribute to these deficits. It is unsurprising that the 

strongest effects of aging on cholesterol synthesis and transport are in the hypothalamus, as this 

region is particularly sensitive to extrinsic signals, e.g. insulin, that regulate cholesterol 

metabolism (Suzuki et al., 2010). Insulin production and dynamics have been shown to change 

with aging (Gumbiner et al., 1989), potentially disrupting cholesterol synthesis. Cholesterol 

synthesis across the brain can be affected both on a local scale and by organism-wide phenomena 

(eg diabetes (Suzuki et al., 2010)), and it will be interesting to determine which is the case here.  

A major change we detected in aging astrocytes was an upregulation of genes that have 

an important role in eliminating excess synapses during development, including the complement 

pathway and class I MHC (Huh et al., 2000; Stevens et al., 2007). Recently these same pathways 

have been implicated in synapse elimination in neurological disorders, for example C4 is 

upregulated in schizophrenia and complement in general is involved in eliminating synapses in 

Alzheimer's disease (Hong et al., 2016; Sekar et al., 2016; Sekar et al., 2015). These pathways 

are among the top genes we find upregulated in astrocytes in the aging brain across regions, 
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strongly suggesting that aging astrocytes provide an environment that is permissive for synapse 

elimination.  

We find that astrocytes in the aging brain exhibit gene expression changes consistent with 

reactive astrocytes (Figures 2.12, 2.13), albeit with changes of a lesser magnitude, showing a 

mild to moderate level of reactivity (Sofroniew, 2015). Previous studies have shown increased 

GFAP levels in the aging brain (Bellaver et al., 2017), however GFAP is just one of hundreds of 

genes that can be upregulated in reactive astrocytes, so our data allowed us to ask how reactive 

aging astrocytes are. This analysis identified differential gene expression changes between 

normal aging and pathological astrocytes, providing a resource to distinguish between astrocytes 

in healthy aging and disease (Berchtold et al., 2014; Sekar et al., 2015). Interestingly the top 2 

genes upregulated by aging in all regions were the reactive astrocyte genes Serpina3m and n, 

variations in which have been associated with cognitive function in human aging and 

Alzheimer’s disease vulnerability (Cluett et al., 2010). The cause of the moderate reactivity of 

astrocytes in the aging brain is unclear, as the gene expression changes overlap with those 

induced by both peripheral inflammation, which induces inflammatory reactive astrocytes, and 

stroke, which induces purportedly protective reactive astrocytes. This result contradicts the title 

of the paper published shortly after ours, “Normal aging induces A1-like astrocyte reactivity” 

(Clarke et al., 2018), that is, inflammatory-responsive astrocytes e.g. like those induced by LPS 

(Liddelow and Barres, 2017). Further exploration of their data reveals that only some “A1” 

specific genes are upregulated, along with some (though fewer) “A2” specific genes (analogous 

to the MCAO condition), so in fact a similar result to that which we obtained. Additionally, the 

two papers examine astrocytes from different brain regions, which may be responsible for the 

discrepancy in the reactive astrocyte data.  
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Astrocyte-microglia interactions in aging 

An additional finding in the (Clarke et al., 2018) work is that mice lacking the pro-

inflammatory cytokines Tnfa, C1qa, and Il1a, have reduced expression of some reactive 

astrocyte genes at 14 months old (upper middle aged). This opens the possibility that the 

astrocyte reactivity seen in aging is mediated by cytokine expression in microglia. There is a 

strong association between astrocytic and microglial reactivity, with NF-KB induced cytokine 

expression associated with astrocyte reactivity induction, which can partially be rescued by TNF 

knockdown (Kirkley et al., 2017). Previous work demonstrated that Il1a, TNF and C1q are 

secreted by reactive microglia in an inflammatory paradigm, and in turn are necessary and 

sufficient to induce “A1” astrocyte reactivity in vitro and in the retina (Liddelow et al., 2017b). 

In aging, transcripts associated with activation/inflammation increased in mouse microglia 

(Grabert et al., 2016), and cytokine expression in microglia increases in aging humans (Olah et 

al., 2018). This aging-driven microglial activation could result in cytokine secretion resulting in 

the mildly reactive astrocyte phenotype we see in the data.  

Interestingly, the mechanism of synapse elimination involves complement tagging of 

synapses for phagocytosis by microglia, again showing a potential for cross-talk between 

different glial cell types in aging, which may be bidirectional (Liddelow et al., 2017a; Schafer et 

al., 2012). Microglia also show alterations in gene expression in the aging brain and, as with 

astrocytes, these changes vary by brain region, with cerebellar microglia showing the most 

changes with age, the same result we found for astrocytes (Grabert et al., 2016). The cerebellum 

is the only region of the brain where age-dependent neuronal death is observed, and the only 

region with astrocyte accumulation of lipofuscin, so it is interesting that this is where the most 

gene expression changes in glial cells occur. In future it will be important to investigate if glial 
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gene expression changes are causative, preceding the Purkinje neuron death, or occur later as a 

response to the change in environment caused by neuronal loss. 

Cause of astrocyte reactivity in aging 

What’s at the root of the reactivity seen in both microglia and astrocytes? This could be at 

least partially a result of lipofuscin accumulation in the brain (Figure 2.14). Lipofuscin 

accumulates in microglia (Figure 2.7), most likely as a result of accumulation of protein 

misfolding and reactive oxidative damage. This is borne out by an aging microglial 

transcriptome, which found that reactive oxygen species-related transcripts were increased in 

aged microglia (Grabert et al., 2016). Reactive oxygen species are inextricably linked with 

microglial activation (Qin and Crews, 2012; Ruuls et al., 1995), and oxidized lipoproteins, which 

make up much of lipofuscin (Hohn and Grune, 2013), prompt reactive responses in microglia in 

vitro (Keller et al., 1999). The formation of aggregates in the brain, most often studied in the 

context of alpha-synuclein in Parkinson’s or amyloid-beta in Alzheimer’s diseases, have 

similarly been shown to activate microglia (Zhang et al., 2005). The accumulation of lipofuscin 

and reactive oxygen species may then lead to microglial activation, which in turn leads to 

cytokine release that prompts astrocytic reactivity (Figure 2.14). Microglial reactive oxygen 

production in aging may be in a feedback loop: activated microglia have been shown to produce 

reactive oxygen species in response to neuroinflammation in aging-related diseases (Glass et al., 

2010; Zhang et al., 2005), which could lead to further lipofuscin accumulation and reactivity. 

Astrocytes themselves have been shown to regulate microglial activation, with astrocyte secreted 

factors prompting a reduction in microglial reactive oxygen species and reducing reactivity (Min 

et al., 2006).  
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Lipofuscin and astrocyte reactivity 

Another question this study brings up is how are astrocytes preferentially able to escape 

lipofuscin accumulation in the aging brain? Astrocytes preferentially express the genes 

Figure 2.13. Unifying model for aging changes in the brain. Accumulation of reactive oxygen species and 

misfolding lead to lipofuscin deposits in neurons and microglia. Astrocyte expression of Sod and increased 

cholesterol transport prevents most lipofuscin formation, but increased lipid concentrations lead to decrease in 

cholesterol synthesis. Lipofuscin accumulation in microglia leads to reactivity, involving secreted cytokines and 

reactive oxygen species, which in turn causes astrocyte reactivity.   
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responsible for dealing with reactive oxygen in the brain (Figure 2.8). Two of the three 

superoxide dismutases, which convert free superoxide radicals to oxygen and hydrogen peroxide, 

are enriched in astrocytes, with cytoplasmic Sod1 two-fold enriched in all areas but HTH (and, 

while still enriched, expressed at half the level in cerebellum), and extracellular Sod3 more than 

six-fold enriched in astrocytes compared to whole brain in the adult and aged animals. This 

difference could be responsible for the lack of lipofuscin in aging astrocytes: they have the 

capacity to handle reactive oxygen species while other cell types do not. Notably, in the 

cerebellum, Sod1 levels are half that of other regions (Figure 2.8), which is observed in a 

specific Bergmann glia pulldown as well (Doyle et al., 2008), which squares well with the 

observation that Bergmann glia are the only astrocytes that have lipofuscin deposits. Sod1 

expression specifically in astrocytes can be induced by extracellular cytokines, and where it is 

consequentially shown to be protective of reactive oxygen species formation (Wang et al., 2018). 

The highly astrocyte-enriched expression of extracellular superoxide dismutase Sod3 seems to 

imply that astrocytes have a role in dealing with extracellular reactive oxygen species, which 

seems to be the case in (Min et al., 2006). Astrocytes, therefore, are positioned in such a way as 

to both protect themselves and the extracellular space from reactive oxygen species (Figure 

2.14). At odds with this protective roles of astrocytes, we found a robust decrease across the 

brain of heat shock protein 70 (Figure 2.6), a protein chaperone whose main function is to 

prevent protein aggregation (Mashaghi et al., 2016), and actively prevents lipofuscin formation 

(Hohn and Grune, 2013). Similarly, one of the five brain-expressed glutathione peroxidases, 

Gpx8, which acts to protect against reactive oxygen species by reducing lipid hydroperoxides 

(which comprise much of lipofuscin) is downregulated in astrocyte aging across brain regions. It 

is then surprising that there is a decrease in HSP and Gpx8 expression just when they are needed 
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the most, when lipofuscin aggregates are forming (though not in astrocytes), but HSP weakening 

seems to be a core component of aging (Kaarniranta et al., 2009). Notably, we did not find a 

compensatory increase of other heat shock proteins or glutathione peroxidases, nor did we see a 

change in superoxide dismutase expression with aging.  

Lipofuscin itself seems to cause astrocyte and microglial reactivity. In a progranulin 

knockout mouse, which shows premature/increased lipofuscin formation, numbers of reactive 

astrocytes and microglia at 1 year of age exceeded that of 2 years of age in a WT (Ahmed et al., 

2010). The authors also show that progranulin expression increases as a response to lipofuscin 

accumulation. Our data find unchanged levels of astrocytic progranulin expression with age, with 

a notable exception in the cerebellum, where it increases, perhaps reflective of the presence of 

lipofuscin in astrocytes: astrocytic lipofuscin is only seen in the cerebellum, and no other regions 

examined. The presence of lipofuscin solely in the cerebellum may also account for aged 

cerebellar astrocyte’s upregulation of inflammatory caspases, found in no other region. 

Overall, we find that astrocytic changes in the aging brain are highly region dependent. 

Across the brain, aged astrocytes are mildly reactive, further altering their gene expression to 

produce an environment that will allow synapse elimination and decrease presynaptic function. It 

has been proposed that aging changes predispose the brain to diseases of aging such as 

Alzheimer's and Parkinson's by providing conditions that allow them to develop and progress. 

Our data support this hypothesis, and show that changes in astrocytes could be major 

contributors, as in normal aging they are already in a state that looks mildly injured. This 

suggests that targeting astrocytes is a viable approach to protect synapses in the aging brain and 

in aging-related diseases.  
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This chapter, in part, is a reprint of the material as it appears in Boisvert MM, Erikson 

GA, Shokhirev MN, Allen NJ. The Aging Astrocyte Transcriptome from Multiple Regions of the 

Mouse Brain. Cell Rep. 2018 Jan 2;22(1):269-285. The dissertation/thesis author was the 

primary investigator and author of this paper. 
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Chapter 3: Astrocyte heterogeneity between and within regions  
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Introduction 

Since Ramon y Cajal drew white and gray matter astrocytes at the turn of the 20th 

century, it has long been appreciated that different populations of astrocytes are morphologically 

distinct. Differences in astrocyte morphology can even differentiate sub-regions of complex 

tissue (Emsley and Macklis, 2006). Evidence of a molecular and functional diversity of 

astrocytes, however, has only recently been investigated. Astrocytes have wide ranging 

functionality that can be specialized to particular brain regions, for example suprachiasmatic 

nucleus astrocytes regulate circadian cycles (Ruben and Hogenesch, 2017), and pH sensing 

astrocytes in the brainstem generate breathing rhythms (Gourine et al., 2010).  Descriptions of 

this diversity on the level of gene expression have largely been absent: this Chapter addresses 

this gap by examining astrocyte transcriptomes from 3 discrete brain regions (the cerebellum, 

cortex and hypothalamus), as well as 3 different sub-regions of the cortex (motor, somatosensory 

and visual). 

The brain regions we have chosen to study contain different populations of neurons, 

unique circuit architecture, and receive extrinsic information from different sources. We 

anticipate that these regional differences produce environments that drive differences in astrocyte 

gene expression between brain regions. For instance, cerebellar Purkinje neurons (output cells of 

the cerebellum) receive weak innervation from thousands of excitatory cerebellar granule 

neurons, along with strong input from one or two neurons in the medulla (Fujita, 2016). This 

contrasts with the well-characterized stereotypy of the cerebral cortex, with Layer II/III largely 

comprised of intracortical connections, Layer IV driven by thalamic excitation and projects 

intracortically, Layer V mainly projecting subcortically, and Layer VI sending reciprocal 

projections into the thalamus. The hypothalamus is uniquely positioned to secrete and respond to 
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hormones, as it has access to the circulatory system (Rodriguez et al., 2010), and cell types here 

are quite intermingled, in contrast to the stereotyped layers of the cerebellum and cerebral cortex. 

This diversity of form and function will doubtlessly inform astrocytic transcription. Relative glia 

to neuron ratios are also different across the brain, from a 1:1 ratio in the cortex to a 1:10 

glia:neuron ratio in the cerebellum (Herculano-Houzel, 2014), which may also affect the signals 

received by the astrocytes.  

In the spinal cord, astrocytes have been shown to be both genetically and functionally 

different. For example, astrocytes from dorsal and ventral progenitor domains in the spinal cord 

give rise to functionally and molecularly distinct astrocytes (Molofsky et al., 2014; Tsai et al., 

2012). This is largely attributed to intrinsic differences in the progenitor populations. However, 

astrocytes are highly dynamic in terms of functionality, changing and adapting in response to 

extrinsic signals e.g. neuronal activity, which may be more potent modifiers of astrocyte identity 

than any intrinsic signal (Poskanzer and Molofsky, 2018). Adult astrocytes can readily change 

their morphology, function, and gene expression in response to a variety of signals, most 

prominently injury (Zamanian et al., 2012). That is to say, the large differences between brain 

regions in terms of the extracellular milieu, combined with astrocyte responsiveness to extrinsic 

cues, may both be responsible for driving astrocytic regional changes. This study addresses the 

question of regional differences between astrocytes through sequencing astrocytes from 3 

discrete progenitor domains, as well as populations which arise from the same progenitor pool. 

Utilizing data from the aging chapter, mRNA sequencing of astrocyte ribotag was used to look at 

astrocytic diversity, comparing adult samples from hypothalamus, cerebellum, visual cortex, and 

motor cortex. The vast differences in neuronal composition and connectivity between the cortex, 
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hypothalamus and cerebellum will tell us how different astrocytes can be, how dynamic this 

single cell type is across the brain. 

 To investigate within region astrocytic differences, we compared astrocytes from 3 

cortical regions. This allowed us to ask how astrocytes derived from the same progenitor domain, 

and present in circuits with a similar overall structure, but receiving distinct sources of neuronal 

inputs and outputs, differ. For example, unbiased clustering of RNAseq data from the same 

excitatory neuronal subtypes from different cortical sub-regions yielded distinct clusters based 

upon neuronal electrophysiology and connectivity (Lake et al., 2016), implying distinct regional 

transcriptomic identity even within neuronal subtypes. Overall, the three separate cortical regions 

examined will allow us to look at how differential neuronal activity drives astrocytic diversity, as 

astrocytes from these regions are derived from the same progenitor populations, but have 

different inputs and outputs.    
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Results 

 

Adult cortical astrocytes show region-dependent gene expression 

In addition to identifying alterations in gene expression in aging astrocytes, our dataset 

allows us to ask how astrocytes differ between regions of the adult brain. We concentrated on 
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differences within cortical regions (Figure 3.1-3.3), and between the cortex (CTX) and other 

brain regions (Figure 3.4, 3.5). We added a 4 month somatosensory cortex (SC) condition to 

enable comparison of 3 distinct cortical areas (Figure 3.1A); like other cortical ribotag samples 

(Figure 2.4), sequencing of SC samples demonstrates 6-fold astrocyte enrichment over input and 

depletion of other cell types (Figure 3.1B). Clustering analysis using the top expressed genes 

demonstrates that each cortical region clusters separately from other cortical regions, indicating 

region-specific astrocyte gene expression (Figure 3.1C). We determined the number of genes that 

significantly change between astrocytes from different cortical regions (Table S6), and to 

identify astrocyte-enriched genes, we filtered for genes that are significantly altered (adjusted 

P<0.05), expressed at an appreciable level (FPKM >1) and are astrocyte-enriched 

(pulldown/input >3) (Table S7). The MC and VC astrocytes have the most differences in gene 

expression when compared to all other cortical astrocytes, with 58 and 83 genes upregulated, 

respectively (Figure 3.2A-C; Table S7). SC astrocytes have the least region-specific genes, with 

an intermediate gene expression profile reflective of their anatomical position between the VC 

and the MC (Figure 3.2B). We further generated a list of genes with differential expression 

comparing the VC to the MC (Table S7), and found SC astrocyte gene expression is between that 

of MC and VC for 93% of the 216 significantly changed astrocyte-enriched genes between MC 

and VC (Figure 3.2D and E), demonstrating an anterior to posterior gene expression gradient in 

cortical astrocytes for these genes. 
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Figure 3.2. Cortical astrocytes show an expression gradient. Heat maps and fold 

change of top 20 genes significantly upregulated in astrocytes in MC (A) , SC (B), and 

VC (C) compared to all other cortical regions (MC, SC, VC) presented as row z-score D, 

E: Genes significantly differentially expressed between MC vs VC show a gradient of 

gene expression, normalized to MC (D) or VC (E). One gene (Cdr1) exceeds axis range 

and is excluded for clarity  
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We then asked if cortical astrocytes from distinct regions have differential expression of 

synapse-modifying and other functionally implicated astrocytic genes (Figure 3.3). Due to the 

expression gradient, we compared astrocytic gene expression between MC and VC astrocytes 
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(Table S7). VC astrocytes show significantly increased expression of the cytoskeletal protein 

GFAP, the synapse inducer Thbs4, and a synapse-eliminating complement cascade component, 

C4b. MC astrocytes express significantly higher levels of glutamate uptake transporter Slc1a2 

(Glt1), potassium channel Kcnj10 (Kir4.1), and monoamine oxidase Maoa, all of which could 

impact ongoing synaptic transmission. Additionally, MC astrocytes have increased glypican 

Gpc5, which may affect synaptic function, as well as phagocytic receptor Megf10, involved in 

synapse elimination. Therefore, even within the cortex, astrocytes show differential expression of 

synapse-regulating genes. 

We found that 13% of astrocyte-enriched genes are significantly differentially expressed 

between astrocytes in motor and visual cortices, showing that they are regionally distinct. These 

include two genes long considered astrocyte markers, vimentin and Gfap, which are 

differentially expressed between the two cortical regions. These genetically distinct regional 

identities are also reflected in the aging response, discussed in the prior chapter, with only 17 

significant shared changes in aging (Figure 2.6), though many genes trend similarly between 

regions. Synaptic formation associated genes thrombospondin 1, 2 and 4 expression, for 

example, trend downward in aging MC but not VC (Figure 2.11b) and many of the top changed 

genes in aging are non-overlapping (Figure 2.6).  

Identification of regionally enriched genes in adult astrocytes  

We next focused on astrocyte-enriched gene expression differences between astrocytes 

from distinct brain regions. Comparing the CTX and HTH, there are 749 astrocyte-enriched 

genes significantly upregulated in the HTH, and 159 significantly up in the CTX (Table S7, 

Figure 3.5A for top changes). Overall, more than half of all astrocyte-enriched genes are 

significantly >1.5-fold different between regions, with 3-fold more genes upregulated in the 
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HTH than CTX (Figure 3.4A), perhaps reflecting the specialization of HTH astrocytes. HTH 

astrocytes express higher levels of synapse modifying genes (Figure 3.5A and C), with Sparc 

expression 15-fold greater, Thbs1 and 2 4-fold increased, and hevin (Sparcl1) significantly 

increased. Gpc4 and 6, however, show significantly lower expression in HTH astrocytes than 

CTX. HTH astrocytes have increased mRNA for complement factors involved in synapse-

elimination, C3 (44-fold) and C4b (4.8-fold), and a significant decrease in the phagocytic 

receptor Mertk. In the HTH, the astrocyte water channel Aqp4 is doubled, the astrocyte marker 

GFAP increased 3-fold, and purinoreceptors P2rx7 and P2ry4 are significantly increased (Figure 

3.5C, D). The primary astrocyte GABA/glycine transporters Gat3 (Slc6a11), Slc6a9, and Gat1 

(Slc6a1) are enriched in the HTH, while the glutamate transporter Glt1 (Slc1a2) is enriched in 

the CTX (Figure 3.5D). 

  
Figure 3.4. Changes in astrocyte genes across regions Pie chart summarizing % of astrocyte enriched 

(FPKM>1, Ribotag/IN>3 in ROI) genes significantly different (adjusted P<0.05, >1.5 fold change) between 

combined cortex and hypothalamus (A), cortex and cerebellum (B), and hypothalamus and cortex (C). 
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These myriad changes are presumably mirroring the differential capabilities of cortical 

and hypothalamic astrocytes to buffer neurotransmitter. This makes sense given the different  

glutamate:GABA ratios in these regions, as there are roughly equal portions of glutamatergic and 

GABAergic neurons in the hypothalamus (Chen et al., 2017), but a 4:1 

Figure 3.5. Regional differences between adult astrocytes A,B. Heat maps of top 20 regional astrocyte-

enriched genes between adult regions, presented as log2 fold change of HTH (A) or CB (B) FPKM/combined 

CTX FPKM C,D. Comparison of expression of genes that are important for astrocyte regulation of synapses (C) 

and for astrocyte functions (D), between HTH and CTX, and CB and CTX, presented as log2 fold change of HTH 

or CB/CTX. E, F: relative quantification of in situ hybridization of C4 (E) or immunohistochemical staining of 

GFAP (F) between VC and HTH, compared to RNAseq data  * represents significantly altered between regions.  
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glutamatergic:GABAergic ratio in the cortex (Sahara et al., 2012). Reflective of the 

hypothalamus’s role in energy metabolism (Coll and Yeo, 2013), glucose transporters Slc2a12, 

Slc2a4 (Glut4), Slc2a1 (Glut1), and Slc2a10 were all increased in the HTH. Pathway analysis of 

differentially expressed genes (Table S8) identified ‘metabolism of lipids and lipoproteins’ as 

enriched in the HTH, while CTX astrocytes are enriched for ‘cholesterol biosynthesis’ and 

‘steroid metabolism’, suggesting differential lipid processing and synaptic support between the 

two brain regions. 

We carried out the same comparison between CTX and CB astrocytes, identifying 326 

astrocyte-enriched genes increased in the CB, and 656 genes upregulated in the CTX (Table S7, 

Figure 3.5B for top changes), with more than three quarters of astrocytic genes changing 

between regions (Figure 3.4B). Synapse modifying genes also differ between the regions (Figure 

3.5C), with Thbs4 expressed >500-fold more in the CTX, and Thbs1 and 2, Gpc6 and Sparc 

higher in the CB. CTX astrocytes express more Wnt genes (e.g. Lrp4, and frizzled family 

members Sfrp1, Sfrp5, Fzd2, Fzd10), which have been implicated in remodeling adult synapses, 

and may confer neuroprotective benefits in aging (Oliva et al., 2013). The neurotransmitter 

transporters Glt1 (Slc1a2) and Gat3 (Slc6a11), as well as metabotropic glutamate receptors 

(Grm3,5) and GABA receptors (Gabbar1,2) are enriched in CTX astrocytes, while the glutamate 

transport GLAST (Slc1a3) and ionotropic glutamate receptors GluA1 and 4 are higher in CB 

astrocytes (Figure 3.5D). We also compared hypothalamus and cerebellum astrocytes. 

Unsurprisingly, more than 2/3 of astrocyte enriched genes changed between regions (Figure 

3.4C, Table S7), with many changes in synapse-modifying and general astrocyte identity genes 

as well (Figure 3.5C and D). We finally asked if these regional differences between adult 
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astrocytes are maintained in the aging brain, and confirmed that the majority are (Table S6, S7), 

showing that regional astrocyte identity is largely maintained in aging. 

Validation of regional heterogeneity  

We further validated these inter region-specific differences. Experiments from the aging 

portion of this study (chapter 2) were reanalyzed with regards to interregional differences, 

allowing us to ask whether changes seen in astrocyte-ribotag RNAseq at both adult and aged 

time points are consistent in wild type mice. Using in situ hybridization and 

immunohistochemistry, we asked whether C4 mRNA and GFAP protein alterations are the same 

as those found by RNAseq, namely an increase in both adult and aged hypothalamus (Table S6, 

S7), relative to visual cortex. We found that this is indeed the case, with a trend to both increased 

GFAP detected by immunohistochemistry, and increased C4 mRNA detected by in situ 

hybridization, very nearly matching RNAseq in both aged and adult time points (Figure 3.5 E 

and F), validating our ability to detect regional heterogeneity through astrocyte ribotag.       
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Discussion 

In this chapter we offer compelling evidence of transcriptional differences in adult and 

aged astrocytes from different brain regions, corroborated with in situ hybridization and 

immunohistological data. Overall, these data provide evidence that not all astrocytes are alike. 

There is more region-based heterogeneity in astrocytes than anticipated, with a majority of 

astrocyte enriched genes being more than 1.5-fold differentially expressed between regions. 

Even sub-regions of the cortex have more than 10% of astrocyte genes altered, which is 

dependent on cortical location and occurs along an anterior-posterior axis.  

In comparing these brain regions, it is important to keep in mind that each brain region 

may have different caveats and considerations when using the astrocyte-ribotag model to isolate 

astrocyte mRNA. As discussed in the previous chapter on aging, there are slightly different 

levels of non-astrocytic cell types labeled by the ribotag, which we attempt to eliminate post-hoc 

by only investigating astrocyte expressed (ribotag/IN>0.75) or enriched (ribotag/IN>3) genes.  

Within enriched populations, each region has a diversity of different astrocyte subtypes marked 

by astrocyte ribotag. In the cerebellum, there are at least 3 morphologically discrete astrocyte 

subtypes contributing to gene expression differences: Bergmann glia, protoplasmic astrocytes 

(velate astrocytes in the granular layer, which ensheath granule neurons (Hoogland and Kuhn, 

2010)), and, due to the close association of myelinated tracks to the cerebellum, white matter 

astrocytes (when possible, white matter was grossly dissected from the samples). In the 

hypothalamus, astrocyte-like ventricular tanycytes (Figure 2.3) are included in the astrocyte 

ribotag sample. In addition to morphologically distinct differences, hypothalamus astrocytes 

have functionally identified specialties as well, with arcuate nuclear astrocytes responding to a 

variety of hormones to control glucose uptake (Garcia-Caceres et al., 2016), and can even 
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regulate food intake on an organismal level (Kabra et al., 2016). Cortical astrocyte samples are 

almost entirely protoplasmic, though a minority of white matter astrocytes may also be included 

due to the close association of corpus callosum with the cortex. As different astrocytic 

subpopulations make up any given region, this variability will certainly contribute to differences 

seen between regions. Due to the nature of this analysis, the contribution of cell subtypes within 

regions cannot be ascertained, and should be followed up, perhaps by singe cell analysis, or the 

use of specific cre lines to parse apart variations within individual subtypes across regions (e.g. 

comparing just protoplasmic astrocytes across regions). A recent paper used an antibody-based 

approach to identify astrocyte subtypes within a given brain region, positing that there are 5 

types of astrocytes in the forebrain (Lin et al., 2017), regardless of region, with cortical regions 

expressing differential proportions of subtypes.  The drastic differences between astrocytes of 

different progenitor origin (i.e. hypothalamus, cortex and cerebellum) would suggest that there 

may be larger differences than differential distribution of 5 cell types would suggest. Single cell 

sequencing could be useful for this purpose, profiling the diversity of individual astrocytes 

within a region. 

Until last year, little work had been done to characterize astrocyte heterogeneity in the 

adult brain. Other heterogeneity studies have been published contemporaneously with this work, 

using RNA sequencing and similar ribosomal pulldowns to look at striatum, hippocampus, 

cortex, hippocampus, thalamus, hypothalamus, nucleus accumbens, and caudate putamen (Chai 

et al., 2017; Clarke et al., 2018; Lin et al., 2017; Morel et al., 2017). These data have shown that 

astrocytes are quite diverse, with their diversity posited to be dependent on circuit (Chai et al., 

2017) and patterned in a dorsal-ventral fashion (Morel et al., 2017). To our knowledge, no one 

has compared astrocyte cortical region transcriptomes, nor done RNA sequencing on cerebellar 
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astrocytes, although microarray data profiling cerebellar astrocytes exists (Doyle et al., 2008). 

The data described in this chapter add to this growing collection of data on astrocyte regional 

heterogeneity, and, by taking special emphasis on astrocytes at the synapse, provides particular 

insight into astrocyte function throughout the brain.     

Intracortical differences 

In the adult brain we identified significant differences in gene expression between 

astrocytes in different cortical regions, showing that even within the cortex, astrocytes may be 

specialized to the functions of each cortical area. This work provides the first description of 

astrocyte heterogeneity between cortical regions, with the majority of differentially expressed 

genes showing a gradient of expression across the cortex. These include synapse regulators such 

as Thbs4, which induces synapse formation, C4b and Megf10, which may eliminate synapses, 

extracellular matrix factors, and enzymes that process neurotransmitters. Subpopulations of 

cortical astrocytes from within a cortical region have been shown in co-culture assays to have 

differential effects on synapse formation (Lin et al., 2017); similarly, our data may indicate that 

astrocytes from differing cortical regions similarly have varying synaptogenic potential. 

Possibly, using Lin et al.’s framework, these regions may express different proportions of 

astrocyte subtypes, leading to differences in expression, particularly of synaptogenic factors.     

The similarities between SC and other cortical regions are not surprising, with SC 

seeming like an intermediate bridging the more divergent MC and VC, as its position would 

imply. SC and VC are both sensory areas, and so are expected to have similar structure, cell 

ratios inputs, and outputs. Further, SC and MC are highly reciprocally connected, so much of 

their activity will be correlated (Petrof et al., 2015). In addition to its physical intermediacy, 

these similarities in extrinsic environment make sense of the transcriptomic similarity between 
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MC and SC, and SC and VC. It is unexpected that >10% of astrocyte enriched genes are 

differentially expressed between posterior and anterior regions, due to the highly stereotyped 

structure of the cortex and similar progenitor populations. However, it has been shown that 

astrocytes in the cortex derive from discrete progenitor columns, and do not migrate laterally out 

of the column (Magavi et al., 2012); therefore regionally specificity may be partially intrinsic, 

conferred by this progenitor-based regional segregation.  

Origin of intracortical differences 

Differences in extrinsic factors are undoubtedly also at play in defining astrocytic 

regional heterogeneity, even within the cortex, as astrocytes express a plethora of receptors, 

sensing and responding dynamically to their environment (as evidenced by aging changes 

described in the prior chapter). Some of these cortical differences may be driven by differences 

in layer size, which will subsequently drive differences in expression. Motor cortex has a larger 

layer V (output), with a relatively smaller layer 4 (input) than sensory areas (Watson et al., 

2012). This difference in relative amount of input versus output will change the extrinsic signals 

astrocytes receive and integrate, thus potentially changing gene expression. Cortical astrocytes 

have been shown to exhibit different properties based upon layer (Takata and Hirase, 2008), 

which may be manifest in our data. Backing up this claim is recent work by Lin and colleagues, 

who argue that there are different subtypes of astrocytes within a given region, which cluster 

separately, with differing transcriptomes. One such cluster is marked by CD51, whose presence 

differentiates subtypes of cortical astrocytes and is preferentially expressed in deep layers (Lin et 

al., 2017). Some of the regional cortical differences we see may then be resultant of differing 

subtypes of astrocyte due to differences in layer size, driving differences in both 

inhibitory/excitatory activity and cellular subtypes. To get at the question of intrinsic vs extrinsic 
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influences on regional diversity, it would be interesting to do transplantation-based studies. A 

nascent astrocyte or astrocyte progenitor from one population could be transplanted into another 

region, and the resultant cell’s transcriptome and morphology could be compared to its 

neighbors. 

Interregional differences 

When we compared astrocytes from distinct brain regions many more differences in gene 

expression were found than in the cortical comparisons. Hypothalamic astrocytes express higher 

levels of genes that regulate synapses compared to cortical astrocytes, indicative of a continued 

role for astrocytes in adult synaptogenesis in the hypothalamus (Theodosis et al., 2008). Further 

suggestive of different roles for astrocytes at the synapse between regions were their differential 

expression of neurotransmitter channels and receptors. A lot more GABA channel expression in 

the hypothalamus and an increase in cortical astrocytic glutamate transporter expression imply 

functional differences in regional astrocyte ability to clear neurotransmitter from the synapse. 

Our hypothalamus-cortical comparisons confirms key changes between dorsal and ventral 

astrocytes highlighted in a recent regional astrocyte heterogeneity survey (Morel et al., 2017). In 

both datasets, synaptic regulator Sparc and blood pressure monitor Agt were increased in the 

HTH, while homeobox proteins Hopx and Emx2 were expressed much more highly across 

cortical regions (Figure 3.5, (Table S7). Interestingly, hypothalamic astrocytes are enriched in 

genes involved in lipid metabolism, whereas cortical astrocytes are enriched in genes for lipid 

synthesis, suggesting different lipid processing between the two areas.  

The most differences between regions were between the cerebellum and other brain 

regions (Figure 3.4). As this has been explored in depth before (Doyle et al., 2008), these 

differences will not be discussed as extensively, and many differences are doubtless a 
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consequence of the presence of Bergmann glia, whose unique ionotropic AMPA receptor 

expression is robustly represented by a two order of magnitude enrichment in these data, as well 

as white matter astrocytes. Overall, an entirely different astrocytic synaptogenic profile is seen in 

the cerebellum, with subsets of both positive and negative regulators varyingly expressed, often 

by an order of magnitude or more. This raises the question of whether the astrocyte field’s 

forebrain focus has overlooked the unique ways in which cerebellar astrocytes may modify the 

synapse. 

Concluding remarks 

Taken together, these data suggest that astrocytes are more diverse than originally 

thought. This has wider implications for the study of astrocytes in the brain: common function 

cannot necessarily be assumed to be consistent among astrocytes from different regions, as they 

express differing subsets of genes, at different levels. While the origin of this diversity remains 

opaque, both cell intrinsic and extrinsic mechanisms seem to be at work, as astrocytes from the 

same progenitor populations differ (e.g. intracortical comparisons), but not at close to the same 

level as those from separate domains. On the whole, astrocyte gene expression is largely dictated 

by where it is in the brain, further giving evidence to the dynamic profile of the astrocyte in the 

adult brain.  

This chapter, in part, is a reprint of the material as it appears in Boisvert MM, Erikson 

GA, Shokhirev MN, Allen NJ. The Aging Astrocyte Transcriptome from Multiple Regions of the 

Mouse Brain. Cell Rep. 2018 Jan 2;22(1):269-285. The dissertation author was the primary 

investigator and author of this paper.   
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Introduction 

How does an astrocyte change over time? The first part of this thesis focused on 

astrocytes in aging, how aging-related changes affect astrocytic gene expression, and how this 

may reciprocally affect brain function. This chapter takes a similar approach, but turns around 

the time scale, focusing on how development and the maturation of a circuit, as well as the 

plasticity of a circuit, informs the astrocytic transcriptome, asking how the changes within an 

astrocyte may affect its function and, conversely, change the rest of the brain. In this chapter, I 

will first profile astrocyte mRNA throughout late development, focusing on changes in genes 

which may affect astrocyte-neuron interactions. Then this chapter will look at whether visual 

cortex plasticity leads to particular changes in the astrocyte transcriptome, which may itself 

control how this plasticity manifests. 

Astrocytes in post-natal development 

Much of the work characterizing astrocyte-neuronal interactions, and indeed on astrocyte 

function as a whole, has focused on early postnatal development. Many of the techniques in the 

field, including astrocyte isolation protocols e.g. (Foo, 2013) and work in brain slices ex vivo, 

have focused on immature brains, as have transcriptomic resources (Cahoy et al., 2008; Zhang et 

al., 2014), due to comparative ease and the robustness of the juvenile brain. Prior to two years 

ago, an adult RNAseq transcriptome data did not exist for astrocytes. This has led to 

considerable controversy for the field, with suppositions made about astrocyte function in the 

adult brain that were not supported by actual adult astrocyte data. Notably, astrocyte expression 

of metabotropic glutamate receptor mGluR5 has been a key player in findings on astrocytic 

signaling, neuroprotection (Vanzulli and Butt, 2015), calcium oscillations (Zur Nieden and 

Deitmer, 2006), and long term potentiation and plasticity (Panatier and Robitaille, 2016). 
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However, a key paper used multiple modalities to demonstrate that this receptor is only 

expressed in the developing astrocyte, with astrocyte mGluR5 levels dropping to near zero at 

P21 (Sun et al., 2013). This finding challenged many assumptions in the field, as findings from 

the early postnatal and juvenile brain were often extrapolated to adult astrocyte function, and 

work at young ages was not necessarily caveated as such. This developmental timing-dependent 

receptor expression is of particular interest in the context of this chapter, as it both highlights 

how functionality of an astrocyte may change over time and demonstrates the need for better 

resources and information about astrocytes throughout development and maturity. What else 

changes in developing astrocytes? Are there discrete juvenile and adult astrocyte gene expression 

profiles? Is the path from a newborn astrocyte to a mature adult astrocyte linear, or are there 

intermediate stages with unique gene expression and functional profiles? 

The role of an astrocyte in the brain is not static, so neither should its transcriptome be. 

The current study sets out to determine how astrocytes in the juvenile brain change, profiling 

actively translating astrocyte mRNA expression at five time points, from seven postnatal days 

old (P7) through adulthood (P120), in the visual cortex. In this period, the brain undergoes many 

changes and refinements, and astrocytes are developing in unison with the maturity of the visual 

cortex as a circuit. Astrocyte development happens after neurons are already established in the 

brain, and so they are forming their identities in a cue-rich environment, leaving them open to 

changing based upon extrinsic cues as they mature. Astrocytes do seem to change with cortical 

maturation. A study which used antigenic markers to define astrocyte subpopulations found that 

there were key changes in astrocyte populations from P1-P28 (or at least changes in astrocytic 

antigen surface markers) (Lin et al., 2017). In the adult brain, the authors found that these 
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populations had distinct transcriptomic profiles from each other, so, at the very least, changes in 

the relative proportions of sub-populations will influence gene expression over time. 

Visual cortex development 

In looking from post-natal day 7 to 120, this study encompasses astrocytic gene 

expression in the visual cortex from retinotopy to a fully established, mature, non-plastic circuit. 

At P7, a mouse’s eyes are still closed, with a combination of spontaneous activity (e.g. 

cholinergic waves in the retina) and molecular cues driving the formation of the connectivity 

between the retina and the visual cortex (Espinosa and Stryker, 2012). By P14, eyes are open and 

input from the retina starts driving visual cortex activity, with individual cortical neurons 

becoming selective to visual input from a particular orientation. At P21, visual experience refines 

the cortical circuit, with visual input driving synaptic connectivity. For instance, in a neuron 

driven by visual input from both eyes, the inputs onto this neurons will be refined such that the 

orientation selectivity of the input will match (Wang et al., 2010). Astrocytes are well known to 

both facilitate synaptic formation as well as prune synapses in multiple complementary ways 

(Chung et al., 2015), positioning them to change their gene expression to effect synaptic 

refinement during this period. This is the beginning of critical period, a developmental time 

period characterized by a more labile visual circuit, which will be discussed in depth later in the 

chapter. P28 is the peak of critical period, which gradually ends in the subsequent week. By 

P120, the circuit is mature, and unable to change in the way it could during development 

(Espinosa and Stryker, 2012).  

Astrocytes and VC development 
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How much do astrocytes affect this development, and change along with the circuit? In 

the period of post-natal development this study examines, the synapse is in flux, with 

synaptogenesis peaking at P7-P14, followed by synapse elimination. Throughout VC 

development, there are key neurotransmitter receptor type and subunit changes in neurons 

(Traynelis et al., 2010). Astrocytes are well-characterized to promote synaptic formation in a 

receptor (Chung et al., 2015), and even in a subunit-specific manner (Allen et al., 2012). The 

timing of astrocyte modification of synapses has been shown to be under timing-dependent 

control: thrombospondins, which promote silent structural synaptic formation, are highly 

expressed around P5 (Christopherson et al., 2005), while Sparc, which negatively regulates 

synapses, peaks around the time of synaptic refinement at P21 (Kucukdereli et al., 2011). Thus, 

for a subset of genes, timing-dependent astrocyte gene expression has been shown to have 

functional effects in a temporally relevant manner. 

This study sets out to investigate how astrocyte gene expression is associated with 

changes in cortical maturation, investigating transcriptomic differences throughout development 

in an unbiased manner. Using astrocyte ribotag to sequence actively translating mRNA at P7, 

P14, P21, P28 and P120 will yield a genetic profile of astrocytic maturity. Overall, astrocytes are 

proposed to change along with the maturation of this circuit, reciprocally affecting change in the 

circuit, which will be manifest in characteristic gene expression changes.      

Establishment of visual cortex plasticity: a role for astrocytes? 

The guiding hypothesis in this chapter is that astrocytes change to reflect the 

developmental state of the brain. The fairly well characterized role of immature astrocytes in 

synaptic development is largely reflective of a brain in which synapses are forming and 

maturing. When synapses are further refined and pruned in a dynamic, activity-dependent 
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fashion (e.g. during critical period), we hypothesize that the transcriptome of an astrocyte will 

change to reflect this role. The latter half of this chapter will deal with the role of astrocytes in 

visual cortex plasticity, positing that astrocytes have characteristic gene expression changes 

during times of plasticity, and these changes may in turn control, or at least tune, the visual 

cortex’s ability to adapt to changes. 

As is a common theme in this thesis, astrocytes are a particularly vulnerable target to 

extrinsic signals, with changes in the astrocytic transcriptome in this case hypothesized to be 

induced by the plasticity paradigms. The patterns of DNA methylation (methylome) in mature 

glia remain more like a fetal methylome than mature neuronal methylation does (Lister et al., 

2013). This implies a certain transcriptional flexibility and increased responsiveness and 

adaptability to change, at least in terms of gene expression. With extensive ability to monitor and 

decode neuronal input across time and space (Khakh and Sofroniew, 2015), as well as the ability 

to actively shape synaptic activity (Allen, 2014), astrocytes are in a unique position to affect 

plasticity in the visual cortex.  

Astrocytes and visual cortex plasticity 

How is plasticity regulated in the visual cortex, and where may astrocytes fit in? After the 

establishment of the basic circuitry in the visual cortex, inhibitory circuits start to function 

properly, which marks the beginning of critical period (Espinosa and Stryker, 2012), with 

adequate GABA levels and receptors needed to open CP. From here, activity-driven circuit 

refinement abounds; for instance, at this time individual binocular zone neurons refine their 

inputs to only strengthen those which match across eyes, with regards to orientation selectivity 

(Wang et al., 2010). Maturation of the extracellular matrix (ECM) is coincident with the critical 

period, with full establishment of the ECM marking the end of critical period, as the adult ECM 
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is believed to restrict axonal neuronal process reorganization (Fawcett, 2009). A key 

measurement of critical period is the visual cortex’s ability to remodel according to the ocular 

dominance plasticity paradigm. In critical period, when visual input to one eye is eliminated 

(monocular deprivation), the open eye’s input onto the binocular zone of V1 contralateral to that 

of the closed eye (which would normally drive most of the neural activity in that hemisphere) 

will expand, with input from the open eye driving more neuronal response in the binocular zone 

than the closed eye. Some of this reorganization is dependent on neuronal firing: immediately 

after monocular deprivation during critical period, there is a reduction in excitatory firing in the 

binocular zone, but this returns to normal levels through a large reduction in inhibitory neuronal 

firing after 24 hours (Kuhlman et al., 2013). It’s not until 2 days later that spine elimination (or at 

least silencing) from the contralateral (closed) eye is robust. This elimination of contralateral eye 

response is followed by an increase in open eye-driven activity at 4 days, and both processes 

seem to be a result of both homeostatic plasticity and long term potentiation/depression 

(LTP/LTD) together (Espinosa and Stryker, 2012).    

As discussed extensively elsewhere in this thesis, astrocytes have been shown to regulate 

synaptogenesis and synaptic pruning in a highly specific manner during development (Allen, 

2014). This bidirectional regulation of plasticity is an essential aspect of a putative regulator of 

critical period plasticity, as the multiple stages of cortical remodeling in a paradigm such as 

monocular deprivation relies both on a specific, activity dependent loss of synapses from the 

closed eye, and a subsequent gain in connectivity from the opposite, open eye (Espinosa and 

Stryker, 2012). Further, astrocytic expression of key synaptic modulators has been shown to 

change over time (Chung et al., 2015), and these changes may well be key for the temporal 
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regulation of critical period, positioning astrocytes as potentially essential regulators of critical 

period plasticity. 

In addition to their role in promoting synaptic formation and pruning positioning 

astrocytes as potential promoters of cortical plasticity, astrocytes are also well suited to play a 

role in closing the critical period. This may be done through the secretion of factors which 

restrict growth and establish the extracellular matrix; the ECM has been widely implicated in 

restricting plasticity and the closure of critical period (Fawcett, 2009; Gundelfinger et al., 2010). 

Astrocytes are well documented in restricting neuronal outgrowth and synaptic reformation in 

injury paradigms, secreting factors (e.g. CSPGs) which construct and reinforce the extracellular 

matrix (Silver and Miller, 2004; Sofroniew, 2015). While this restriction certainly isn’t the whole 

story of the astrocytic injury response, as astrocyte scar formation is increasingly revealed to 

play a more complex role in healthy regeneration of a circuit after injury (Anderson et al., 2016), 

reactive astrocyte scar formation is still a useful lens with which to view possible mechanisms 

for astrocytic closure of critical period. Astrocyte reactivity is characterized by wide-ranging 

transcriptomic changes, many of which are dependent on injury type, and these include growth-

restrictive genes (Zamanian et al., 2012). Many of the same restrictive factors could be 

upregulated in physiological conditions during maturation, and at the closing of critical period, 

and this study sets out to characterize these changes. 

Investigating astrocytes in plasticity  

This chapter hypothesizes that astrocytes dynamically respond to, and ultimately mediate 

parts of, activity-dependent plasticity in the visual cortex, and this will be manifest in 

characteristic changes in gene expression during times of plasticity. Astrocytes may be 
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responsible for opening and closing critical period plasticity, and by looking at common changes 

in multiple paradigms of high and low plasticity, the plasticity-responsive factors which drive 

these changes may be elucidated. To this end, this study uses astrocyte ribotag to profile actively 

translating astrocytic mRNA in four different paradigms, with their non-plastic comparator in 

parentheses: critical period (vs adult), monocular deprivation in critical period (vs non-deprived), 

dark rearing post-critical period juvenile (vs regularly reared), and 10 day dark-housed mature 

(vs non-dark housed) mice. From these comparisons, a pro- and anti- plasticity astrocyte 

transcriptome may be developed, with genes commonly upregulated in these paradigms 

hypothesized to promote plasticity, and genes down-regulated in the plastic groups perhaps 

responsible for closing the window of critical period plasticity.   

Paradigms to investigate visual cortex plasticity  

A key comparison to investigate the role of astrocytes in plasticity is investigating early 

and peak critical period (P21 and P28) versus mature adult (P120) samples, building off of the 

hypothesis that astrocytes express particular genes that may allow critical period remodeling to 

happen (e.g. synaptogenic or growth factors). This experiment builds on data demonstrating that 

juvenile astrocyte transplants are sufficient to reintroduce critical period-like visual cortex 

plasticity in an adult (Muller and Best, 1989), but adult astrocytes cannot. This implies the 

presence of specific immature astrocyte factors which can restore plasticity, regardless of the 

status of the brain, i.e. this affect still occurs in spite of extracellular matrix and circuit maturity. 

This study sets out to identify the factor(s) underlying this effect. A further insight comparing 

critical period and mature astrocytes may provide are elucidating astrocytic factors which may 

close critical period, expressing genes which prevent plasticity. By looking at factors upregulated 
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in mature versus critical period astrocytes, genes responsible for closing critical period, and 

preventing plasticity throughout life may also be elucidated.  

Comparing critical period and mature astrocyte transcriptomes is by itself not adequate 

for addressing the question of astrocytes in plasticity, simply because there will be non-plasticity 

related developmental changes associated with the maturation of cortical astrocytes. In 

complement to the critical period to mature astrocyte comparison, a paradigm in which critical 

period is extended is examined. When a mouse is reared in the dark, the maturation of the visual 

cortex is delayed, particularly in establishment of the inhibitory network therein (Morales et al., 

2002), which is crucial for the beginning of critical period (Espinosa and Stryker, 2012). By 

comparing dark and normally reared mice at P45, a time at which critical period plasticity is 

normally attenuated, we will be able to elucidate the changes that the delay in inhibitory 

maturation effect on astrocytes. Conversely, by looking at genes downregulated in this dark-

reared, more immature cortex, plasticity closing signals that are perhaps activity-driven may be 

found. As this comparison is time matched (i.e. both the pro- and anti- plastic conditions are the 

same age), the effect of time-driven maturation on gene expression will be divorced from that of 

circuit- and activity- driven maturation.  

As a further way of getting at what happens to astrocytic gene expression when the 

potential for visual cortex plasticity is increased, a paradigm where heightened adult VC 

plasticity is induced will be examined. While not as robust an effect as critical period plasticity, 

it has been well demonstrated that dark housing an adult mouse instigates critical period-like 

effects on plasticity. Monocular deprivation after a period of at least 10 days of continuous dark 

housing drives an increase in open eye response in the binocular zone of the VC contralateral to 

the closed eye (He et al., 2006; Stodieck et al., 2014). Changes in dark exposed mice are seen at 
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the level of the synapse, with a decrease in cortical GABAA receptors, and a switch in NMDA 

receptor composition to that seen in critical period (He et al., 2006). Dark exposure further 

results in a decrease in perineuronal nets (Stodieck et al., 2014) and reduces tonic inhibition by a 

third (Huang et al., 2015). This is proposed to act in a homeostatic manner to strengthen the 

deprived circuit (Huang et al., 2015), and can be blocked by chemically increasing intracortical 

inhibition (Stodieck et al., 2014). Similarly, after critical period, a reduction in inhibition in the 

cortex can restore CP-like plasticity after monocular deprivation (Kuhlman et al., 2013). This 

inhibition-mediated restoration of critical period-like plasticity in the adult offers a different way 

to get at the question of what happens in plastic astrocytes. While a generally milder effect, 

looking at differences here will divorce astrocytic changes from those of development, and 

narrow down specifically plasticity affecting changes. 

This study also looks at what is happening to astrocytes during active remodeling and 

plasticity. To investigate the effect of monocular deprivation during critical period after 2 days 

on actively translating astrocyte mRNA, this study separately looks at visual cortex hemispheres 

ipsilateral and contralateral to the deprived eye. The contralateral VC is hypothesized to undergo 

remodeling based upon the repression of activity from its main input, with inputs from the other 

eye subsequently driving cortical activity. This remodeling is largely absent in the hemisphere 

ipsilateral to the closed eye, intended to provide a within animal control comparison, though 

there is homeostatic plasticity after 3 days in the ipsilateral binocular zone (Espinosa and 

Stryker, 2012). Monocular deprivation samples will further be compared to normally reared P28 

samples, to test what factors are induced when visual cortex is actively remodeling.  

This chapter hypothesizes that astrocytes are not static after their/the circuit’s 

establishment in the cortex, and instead both actively respond to, and are responsible for, 
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changes in the maturing visual cortex. In profiling actively translating mRNA over the 

maturation of the visual cortex, we will test a number of questions: whether astrocytes change 

along with the cortex; asking what genes change the most; if astrocytic identity is static; whether 

functionally relevant genes differ over time; and if these changes are linear. We will extend these 

questions to encompass whether astrocytes specifically change in plasticity. That is, when we 

change the potential of the visual cortex to remodel, or when it is actively remodeling, are there 

common changes in astrocytes controlling this process? From these data, we hope to find and 

manipulate astrocytic candidate factors that may open or close windows of plasticity in the visual 

cortex.       
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Results and Discussion 

Validation of mouse model  

To profile astrocytic gene expression across development and plasticity, we again used 

the astrocyte ribotag mouse model to pulldown and sequence ribosome-associated mRNA (Gfap-

cre (Garcia et al., 2004) x floxed-RPL22-HA  (Sanz et al., 2009)), with all work done on the 

visual cortex due to its well characterized development and plasticity. Adult (P120) astrocyte 

ribotag expression and specificity was well-characterized in the prior chapter (Figures 2.1, 2.2, 

2.4). We additionally validated juvenile astrocyte ribotag expression in the visual cortex at P28; 

this time point is used to examine astrocytic changes in plasticity and in the developmental time 

series. As before, immunostaining against HA and cell type specific markers were used to 

validate ribotag specificity (Figure 4.1: astrocytes, S100β; neurons, NeuN; oligodendrocyte 

precursor cells, NG2; oligodendrocytes, MOG; microglia, Iba1), with 2-3 GFAP-cre x RPL22-

HA brain sections/staining examined in 3 different animals (n=2 for anti-ng2) at P28. Less than 

2% of HA positive cells co-stained with neuronal or oligodendrocyte precursor markers, with 

<0.1% for oligodendrocytes, whereas >95% of all HA+ cells co-stained with astrocytic marker 

S100β. Virtually all astrocytes expressed ribotag, with >94% of cells positive for S100β co-

staining with HA; the majority of S100β+/HA- cells showed a distinctly non-astrocyte 

morphology. Overall, these data indicate a strong enrichment for expression of HA-tagged 

ribosomes in astrocytes in juvenile animals. 
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Figure 4.1. Characterization of the astrocyte-ribotag mouse model at P28 A. Sagittal brain section 

from 28 day old astrocyte-ribotag mouse immunostained for HA to visualize ribosomes B. Higher power 

images of VC from A C. Immunostaining for HA and cell-specific markers in VC to determine cell-type 

expression of HA-tagged ribosomes D. Quantification of cell-specific staining shows majority of HA-

tagged ribosomes are in astrocytes. N=3-4 x P28 mice/brain region, N=2 for NG2 stain. 



94 

Astrocyte maturation in visual cortex 

To assess gene expression changes during astrocyte maturation, astrocyte ribosomes were 

pulled down and associated mRNA sequenced at 7, 14, 21, 28, and 120 post-natal days (Table 

S10 for FPKM). These time points encompass the period shortly after neuronal cortical 

migration and patterning ends and spontaneous activity drives the VC (P7); just after eye-

opening, when activity-dependent synaptic development and refinement peaks (P14); towards 

the end of synaptic development, at peak pruning and the beginning of critical period (P21); once 

synapses are mature, and critical period peaks (P28); and in the mature adult (P120). For all time 

points, at least 3 astrocyte ribosomal samples from pooled visual cortices of 2 GFAP-cre x 

RPL22-HA animals were used (n=4 for P14, n=5 for P28, n=3 for all other time points). A pre-

pulldown whole homogenate (input) sample was purified along with each time point as well. 

In the first postnatal weeks, astrocytes locally divide in the cortex, with more than half of 

upper layer astrocytes a product of this post-migratory local division (He et al., 2005). To 

understand what populations of cells were pulled down over time, we used anti-HA staining to 

visualize the ribotag for each timepoint in the developmental series (Figure 4.2A). The number 

of HA-labeled cells increased over time, with sparse labeling at P7 in all but the lowest layers, 

which greatly increases at P14, with near full coverage of the visual cortex at P28 (quantified in 

Figure 4.1) and full coverage at P120 (Figure 2.1). Heterogenous morphology is seen at P7, with 

uniform morphology at P14, as previously reported in hippocampal astrocytes (Bushong et al., 

2004). Overall, astrocytes in cortical layers IV and V are the last to be labeled with Gfap-ribotag, 

with sparse holes in the characteristic astrocytic tiling pattern (previously reported to be 

established by P21) through P28. To identify whether astrocyte ribotag accurately represents 

astrocytic populations in the brain, we co-stained ribotag brain sections along with the astrocytic 
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marker S100β (Figure 2B). At P7 and P14, many S100β+ cells did not co-label with HA; it is 

unknown if these cells are astrocytes, as this antibody is known to mark progenitor cells (Donato 

et al., 2009) as well as oligodendrocyte lineage cells (Hachem et al., 2005). While there are many 

S100β cells that morphologically look like astrocytes, they comprise a small minority of HA-

/S100β+ cells. At young ages, astrocyte ribotag is expressed in some non-astrocytes: 

HA+/S100β- cells with pyramidal neuron morphology are seen in Layer 2/3 at P7 and P14 

(Figure 4.2B). HA+/S100β- cells are largely absent by P21, presumably undergoing apoptosis, 

which has been documented for cortical neurons in postnatal development until P30 (Blaschke et 

al., 1996; Thomaidou et al., 1997), preferentially in Layer 2/3 pyramidal neurons (Ferrer et al., 

1992).   

To look at astrocyte enrichment all ribotag RNAseq data were compared to whole VC 

homogenate using a list of cell-specific markers from published RNAseq and microarray data 

(Cahoy et al., 2008; Zhang et al., 2014), generated in Chapter 2 (Table S1 for list). As with prior 

astrocyte ribotag data, comparison of astrocyte-ribotag mRNA expression to input shows an 

approximately 6-fold enrichment for astrocyte genes in all brain regions, along with a depletion 

of neuronal, endothelial, and microglial genes and decreased levels of oligodendrocyte lineage 

genes (Figure 4.3A, Table S9). These data demonstrate consistent enrichment of astrocyte 

transcripts and broad depletion of non-astrocytic contamination throughout development, 

validating the legitimacy of between time points comparison, despite prior concerns of neuronal 

contamination in earlier time points (Figure 4.2B).  
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Figure 4.2. Characterization of the astrocyte-ribotag across developmental timepoints. Anti-HA 

staining of primary visual cortex of GFAP-Ribotag mice at 7, 14, 21, 28, and 120 postnatal days old (A); 

co-stained with S100b (B), primarily an astrocyte marker. Note: P21 co-stained image derives from a 

different source than that in A, with different imaging parameters (no apotome) than the rest of the images. 
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Figure 4.3. Gfap ribotag is enriched for astrocytes, and cluster across time  
A: Analysis of RNAseq data for cell-specific mRNA demonstrates enrichment 

for astrocytes over other cell types in the pulldown (astrocyte mRNA) compared 

to input (total mRNA) (Table S1 for gene list). B: unbiased hierarchical 

clustering of top expressed genes (where FPKM>16 and variance>0) from input 

and pulldown samples across developmental time series.   
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Unbiased hierarchical clustering further validates these data (Figure 4.3B). Whole visual 

cortex homogenates (input) at each time point cluster separately from the ribotag pulldowns, 

indicating that these samples are from a separate population. P7 astrocyte ribotag samples 

discretely cluster, echoing their position earlier in development, when astrocytes are still 

dividing. P21 and P28 astrocytes cluster together, which may indicate a particularly critical 

period specific pattern of expression. As predicted by developmental time, P14 samples cluster 

in an intermediate position between P7 and critical period astrocytes, though, unexpectedly, 

P120 samples cluster with P14. Overall, this clustering suggests that there are distinct 

developmental transcriptomes with astrocyte maturation, from when astrocytes are first 

established in their cortical layers at P7 to critical period. 

Transcriptomic signatures of astrocyte maturation 

To explore how astrocyte gene expression differs as they develop in the juvenile brain, 

each developing astrocyte ribotag time point was compared to the P120 sample (Figure 4.4, 

Table S11). P7 had the highest number of significant, astrocyte expressed genes altered 

compared to P120 (FPKM>1, pulldown/input>0.75, adjusted P<0.05), with over 2,000 changes. 

Critical period astrocytes (P21 and P28) had the fewest differences with P120, with more than an 

order of magnitude less (Figure 4.4A and B). P14 astrocytes were at an intermediate level of 

change, reflective of their position in time. Most genes repressed in critical period astrocytes 

compared to P120 were shared with earlier time points, while there were uniquely upregulated 

genes in critical period alone, changes which will be addressed in the later discussion of 

plasticity.  
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To ask what genes make up immature and mature astrocytic gene expression signatures, 

only genes that were significantly changed at all time points compared to P120 ,and enriched by 
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>2.5-fold in astrocytes over input were examined (Figure 4.4C and D). Among those increased at 

young ages are Fabp7 and Nes (nestin), which are well-characterized as highly expressed in 

progenitors and immature astrocytes (Anthony et al., 2005; Michalczyk and Ziman, 2005), fitting 

the developing nature of these samples. There is a switch in trypsin-like serine proteases, with 

Prss56 up, and Prss50 down, in immature astrocytes. The functional consequence of this switch 

remains opaque, but, as catalytic enzymes, there may be enormous functional consequences. 

Notably, complement cascade gene C4b expression marks mature astrocytes, which may have 

functional consequences due to complement’s role in synaptic elimination, debris clearance, and 

microglial communication (Schafer et al., 2012).  

Next, we asked how an astrocyte’s identity changes within late development by 

comparing astrocyte changes between adjacent weeks during maturity (i.e. P7 vs P14, P14 vs 

P21, P21 vs P28, P28 vs P120, Figure 4.4E, Table S12). Most changes occur between P7 and 

P14, when astrocytes move from an immature, still dividing, state in a cortex solely driven by 

spontaneous activity, towards a more mature state in an active sensory region at P14. Indeed, the 

total number of significant changes between P7 and P14 (4220) is nearly the same as that 

between P7 and P120 (4781). Nearly 70% of astrocyte-enriched genes change in that single week 

of development (Figure 4.4E). P7 to P14 seems to be a key time in defining astrocytic 

functionality, with a majority of astrocyte enriched genes increasing at P14, presumably brought 

about by astrocyte maturation and the switch from spontaneous to stimulus-driven cortical 

activity. For example, genes that define an astrocyte’s identity and functionality, e.g. essential 

astrocyte potassium channels, neurotransmitter processing, and astrocytic marker genes, are 

expressed at low levels in P7 astrocytes compared to P14 (Figure 4.5A).  There are less changes 

from P14 to P21, though >10% of astrocyte enriched genes still increase (Figure 4.4E) reflecting 
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further establishment of astrocyte identity, as well as the synaptic refinement of critical period 

(Figure 4.5). Reflective of the relative lack of developmental milestones from P21-28, there are 

virtually no increases in astrocyte-enriched gene expression between P21 and P28, though there 

is an uptick in number of genes decreasing. Few astrocyte genes change between P28 and P120, 

perhaps implying astrocytes reach maturity around critical period. 

Pathway analysis of genes exclusively changed between P7 vs P120 (i.e. the upper left 

quadrant of 4.4A and B) give credence to the fact that a P7 astrocyte does not express many 

functional astrocyte genes and are instead still developing (see Table S13 for Panther pathways 

analysis). Many replication-related pathways are upregulated exclusively at P7 as well as those 

related to transcription and RNA splicing, indicative of the continued replication of cortical 

astrocytes at P7. Cell death pathways are upregulated in genes that commonly change in P7 and 

P14 astrocytes compared to P120, implying that there may be some restrictions and refinement 

of this cell growth as well, and may reflect Layer 2/3 neuronal death previously mentioned. 

Astrocytes seem to establish the extracellular matrix at this time, with the category ‘ECM 

proteoglycan’ enriched at P7 and P14 (compared to P120). The cholesterol biosynthesis pathway 

is also upregulated at P7, and in common changes in P7 and P14, exemplified by an increase in 

rate-limiting enzyme Hmgcr (Figure 4.5C), suggestive of the developmental need for cholesterol, 

for which astrocytes are an essential source (Ferris et al., 2017). Uniquely decreased at P7 (and 

again in P7 and P14 common changes) are various metabolic pathways, as well as genes 

involved in glycolysis and the electron transport chain, implying different energetics in nascent 

astrocytes, which may have not yet begun their role as key energy sources in the brain.  
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Analysis of individual genes important to astrocytic function also yields developmentally 

relevant patterns (Figure 4.5). In addition to the transcriptional switch that increases expression 

of many major channels and astrocytic markers from P7 to P14, there are a couple of key 

receptors changing as well. mGlur5 is robustly expressed at P7, then drastically decreases, as 

previously described (Sun et al., 2013) and NMDA receptor subunits switch expression, from 

Grin2b high at P7, to Grin2c being expressed later in life. Synaptic genes also show key changes. 

Thbs1 and 2, as well as Gpc4 are higher earlier in life, concordant with the timing of 
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synaptogenesis as well as previous data (Allen et al., 2012; Christopherson et al., 2005), and 

phagocytotic genes Megf10 and Mertk aren’t expressed until P14. Il33, thought to be a marker of 

astrocyte maturity in addition to its role in synaptic pruning, gradually increases until P120, in 

agreement with previously published data (Vainchtein et al., 2018). In line with previously 

published data and cortical circuit development, Sparc and Hevin, which have opposite roles in 

excitatory synapse formation (Kucukdereli et al., 2011), start to be expressed at P14, but do not 

peak until critical period, perhaps indicative of a role in activity-dependent synaptic refinement 

during critical period. Most astrocytic genes identified as crucial for synaptogenesis and synaptic 

refinement are expressed throughout life, implying a continued role for astrocytes in synaptic 

modification. 

Astrocytic changes in visual cortex plasticity 

Throughout development, astrocyte transcription is dynamic, and while astrocytes look 

mostly mature during critical period, there are key changes in synaptic modifying genes, 

suggestive of a transcriptomic signature of astrocytic plasticity. This chapter tests the hypothesis 

that plastic astrocytes express particular genes that are permissive to synaptic changes, while 

mature astrocytes express a different subset of genes to repress these changes. Astrocyte 

transcriptomes from periods of higher and lower plasticity were profiled and compared, asking if 

there are common astrocytic gene changes in plasticity, which can then be manipulated in vivo 

(Figure 4.6). 
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Figure 4.6. Schematic for investigating astrocytes in visual cortex plasticity. A: Astrocyte ribotag mice 

are subjected to one of 4 plasticity or control paradigms (n=3/paradigm, with 3 controls/paradigm), then 

astrocytic mRNA is isolated and sequenced (B) following the Ribotag protocol, and lists of common 

plasticity permissive or restrictive genes are extracted from these comparisons. From there, plasticity 

restrictive candidates, or shRNA against plasticity promoting candidates, will be expressed in  an AAV with 

an astrocyte specific promoter (C), and injected into V1 binocular zone prior to the start of critical period. 

The in vivo effect of this expression will be measured (D) by looking at the expansion of the BZ in a 

monocular deprivation paradigm. 
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To this end, we sequenced astrocyte ribotag samples from 4 different plasticity paradigms 

and their non-plastic/plasticity restricted counterpart: 1) critical period (P21 and 28) and adult 

(P120), 2) monocular deprivation during critical period (P28) and non-manipulated P28, 3) dark 

reared and normal reared (P45), and 4) 10 days of dark exposure and normal housed adult P120 

(Table S10). Immunohistochemistry co-staining against the ribotag (anti-HA) and cell type 

markers previously demonstrated that at P28 (Figure 4.1) and P120 (Figure 2.1) Gfap ribotag is 

expressed in astrocytes in visual cortex, with minimal overlap with other cell-specific markers. 

As before, a modified ribotag protocol was used in conjunction with polyA-bead based cDNA 

library construction and RNA sequencing to isolate and sequence astrocyte mRNA (Figure 

4.6B). For each time point, n=3, with 2 visual cortices of Gfap-cre x flox-RPL22-HA male mice 

pooled to minimize variability. Comparing ribotag samples to whole VC homogenate across 

plasticity conditions (Figure 4.7A) yielded a ~5-fold enrichment for astrocytes, and a robust 

depletion of neurons, microglia, and endothelial cells, and less oligodendrocyte lineage cells 

across samples (Table S9). Hierarchical clustering shows that whole VC input samples separate 

distinctly from the ribotag pulldowns (Figure 4.7B), indicating that they are a distinct population. 

Few ribotag samples clustered with their replicates, and samples taken from the same mice (i.e. 

ipsi- and contra- lateral monocular deprivation samples) clustered in pairs; this remains true 

when input samples are removed from the clustering. This may indicate that all the samples are 

similar, as they are all visual cortex astrocytes from P21-P120, and the manipulations done do 

not induce many changes in astrocyte gene expression, or perhaps there is a lot of variability in 

the data, masking common changes.  
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Figure 4.7. Validation of astrocyte ribotag plasticity samples A: Unbiased hierarchical clustering 

of top expressed genes (where FPKM>16 and variance>0)  from input and pulldown samples across 

plasticity paradigms B: Analysis of RNAseq data for cell-specific mRNA demonstrates enrichment 

for astrocytes over other cell types in the pulldown (astrocyte mRNA) compared to input (total 

mRNA) (Table S1 for gene list). See Figure 4.3 for critical period and P120 data.  
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This plasticity data was then analyzed to ask if there are common changes between 

paradigms. First, individual comparisons between putatively plastic and plasticity-restricted 

samples were carried out; see Table 4.1 for summary of astrocyte –expressed and –enriched 

genes altered in plasticity promoting condition, and Table 4.2 for plasticity restricting genes 

(Table S14 for full gene list). The critical period vs mature adult comparison yielded the most 

differences, as this comparison encompasses developmental changes, and the 10 day adult dark 

housing the least. There was little to no overlap in astrocyte expressed, adjusted P<0.05 changes 

(not shown), which may be due to the variability in the samples (as evidenced by the lack of 

consistent clustering), or astrocytes do not change. 

 

To further interrogate common effects, two different analyses were considered. First, 

magnitude of change across paradigms was summed for all genes that were adjusted-P<0.05 

Table 4.1. Summary of plasticity promoting changes. Counts of significant (adj P<0.05) genes 

downregulated from all plasticity comparisons that are either astrocyte expressed (FPKM>1, ribotag/IN>0.75) 

or enriched (FPKM>1, ribotag/IN>2.5),  

Table 4.2. Summary of plasticity restricting changes. Counts of significant (adj P<0.05) genes 

downregulated in plasticity comparisons that are either astrocyte expressed (FPKM>1, ribotag/IN>0.75) or 

enriched (FPKM>1, ribotag/IN>2.5).  
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significant in a single paradigm. This yielded lists of genes commonly enriched in ‘plastic’ 

paradigms (Figure 4.8A) and non-plastic (i.e. decreased in plasticity, Figure 4.8B). As there is 

low sample size in these data combined with biological variability, and many thousands of 

comparisons, real changes may be overlooked using Bonferroni’s adjusted P (Table S14). Non-

adjusted P values were examined for all genes enriched in astrocytes (2.5-fold ribotag/input), 

looking for genes significant in multiple paradigms (Figure 4.8C for plastic genes, 4.8D for 

plasticity-restricted). Seven genes were mutually upregulated in three plasticity promoting 

paradigms, though no genes were significantly enriched in more than three paradigms. No genes 

were significantly increased in more than two plasticity-restricted paradigms (Figure 4.8D). 

Overall, astrocytes don’t change uniformly over multiple paradigms of visual cortex plasticity, 

with some paradigms more robust than others, and reliant on different mechanisms to affect 

change. There still seems to be real changes in astrocytes that could influence the adaptability of 

visual cortex that are worth following up. 
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Figure 4.8 Common changes between plasticity paradigms. Top 20 commonly increased (A) or decreased (B) 
astrocyte expressed genes significant (adj P<0.05, FPKM>1, ribotag/IN>0.075) in at least one plasticity 
paradigm. Top 20 lists made from adding fold change across paradigms, displayed as a heatmap of log2 fold 
change of each plasticity paradigm compared to its non-plastic counterpart. C, D: Venn diagrams of genes 
showing overlap of astrocyte enriched genes increased in plasticity paradigms (C) or decreased in plasticity 
(D), >2.5 enriched, FPKM>1, non-adj P<0.05.  
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Candidate analysis: plasticity promoting 

Looking across comparisons through both the additive (4.8A) and overlapping (4.8C) 

methodologies yielded some potentially interesting astrocytic genes that could promote visual 

cortex plasticity.  

Colq drops more than 2.5-fold from critical period to P120, as well as increasing after 10 

days dark housing, increasing with monocular deprivation, and trending upwards in dark rearing, 

making it a good candidate for an astrocyte factor involved in plasticity. Colq anchors 

acetylcholinesterase to the extracellular matrix, localizing it to the synapse. Acetylcholinesterase 

is the enzyme which degrades acetylcholine, and is largely determinant of ACh levels at the 

synaptic cleft. It’s largely been studied at the neuromuscular junction, where it has been shown 

to regulate AChR clustering and expression (Sigoillot et al., 2010). This is interesting as in the 

visual cortex, ACh regulates inhibitory-excitatory balance (Kang et al., 2014), which is crucial in 

regulating cortical plasticity. Impairment of acetylcholinergic signaling extinguishes visual 

cortex plasticity (Bear and Singer, 1986), while activation of visual cortical muscarinic receptors 

has been shown to be permissive to plasticity (Gu, 2003). Why then would a gene which is 

responsible for localizing and sequestering the enzyme which clears ACh from the synapse be 

increased in plasticity? Astrocytic Colq could regulate the dynamics of cholinergic synapses in 

such a way that they become more easily remodeled, and more susceptible to plasticity.    

Bcar1, an adaptor protein, is the top changed gene (Figure 4.8A), increasing in all 

plasticity paradigms and is robustly expressed in astrocytes (8-fold enriched over input with an 

FPKM >25).  Bcar1, most often studied in the context of cancer, plays an important role in cell 

growth, acting to integrate various disparate signals in the ECM, bringing together growth 
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factors, hormones, and ECM components to regulate process outgrowth and proliferation 

(Tornillo et al., 2014). Bcar1, in response to a variety of factors and stimuli (some of which have 

been implicated in plasticity), promotes movement along actin filaments (Honda et al., 1999). In 

this capacity, it may function to control the axonal movement required to remodel VC in OD 

plasticity, but may also control astrocytic motility, allowing for process outgrowth, contacting 

more synapses for fine-tuning or engulfment. 

Hist1h1c (H1c) is a H1-linker histone gene significantly (adjusted P<0.05) upregulated in 

critical period astrocytes, as well as in monocular deprivation compared to P28, non-adjusted P 

significant in contralateral vs ipsilateral cortex in MD, and shows the same trend in dark rear and 

dark exposed mice in addition to being robustly expressed (FPKM>30 across plasticity 

paradigms) and more than four-fold astrocyte enriched. H1c governs higher-order chromatin 

structure, linking nucleosomes and histones, with the overall effect of altering chromosome 

accessibility. H1 proteins ultimately both repress the transcription of a subset of genes while 

increasing others (Fan et al., 2005). While little is known about its specific effects in the brain, in 

cancer H1c was found to repress expression of multiple growth suppressive genes, in conjunction 

with histone 3 trimethylation (Kim et al., 2015), and its overexpression promotes gliosis and 

autophagy in vitro and in the retina (Wang et al., 2017). This positions H1c as a prime upstream 

plasticity-promoting candidate, regulating suites of genes in astrocytic promotion of plasticity. 

Both the promotion of autophagy and repression of growth restriction are necessary in 

monocular dominance plasticity: connections from the closed eye must be pruned, and new 

connections from the open eye grow to take their place. 

Candidate analysis: plasticity restricting 
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While there were no overlapping significant putative astrocyte plasticity factors (even at 

non-adjusted P<0.05, Figure 4.8D), there were still a couple of interesting genes significant in 

one paradigm, which showed decreased expression across other plasticity paradigms (Figure 

4.8B).  

Gem decreases in all paradigms, and is non-adjusted P<0.05 in the 2D MD paradigms 

(contralateral vs P28 and contralateral vs ipsilateral) as well as in 10 day dark housed adults. 

While not much is known about Gem in the brain, it has been shown in other systems to regulate 

Ca2+ channel surface expression (Beguin et al., 2001), which may have wide ranging effects. 

Gem has also been shown in vitro to regulate cytoskeletal dynamics, modifying neurite extension 

through modulation of Rho kinase activity (Ward et al., 2002).   

Cyr61 is the second highest decrease across paradigms, dropping in all 5 (adjusted 

P<0.05 in contra vs ipsilateral 2D MD and in dark rear). This gene is notable as it’s secreted to 

ECM, where it interacts with heparan sulfate proteoglycans, which have been implicated in 

astrocyte-mediated synapse modifications (see (Tselnicker et al., 2014) for review) and integrins, 

which physically alter synaptic structure and anchor synapses to both each other and the ECM 

(Park and Goda, 2016). Cyr61 can be induced by AchR stimulation (Albrecht et al., 2000), and 

in development it promotes dendritic arborization in an integrin-dependent manner (Malik et al., 

2013). In vitro, Cyr61 was found to induce ECM remodeling, recruiting integrins and matrix 

metalloproteinases (Chen et al., 2001). Cyr61 is a good candidate for astrocytic closing of critical 

period, as it’s responsive to neuronal activity, alters neuronal morphology, binds synaptic factors, 

and alters the ECM.  
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Confirmation of plasticity candidates 

To validate the expression patterns of these candidates, a selection of them were tested in 

wild type mice in critical period and dark rearing comparisons. RNA was visualized using 

RNAscope fluorescent multiplex in situ hybridization carried out in P120 and P25-P28 (critical 

period), and P45-50 dark-reared and aged-matched normally reared wild type mice. 

Immunohistochemistry was also attempted, but all antibodies tested proved unreliable in 

targeting the genes of interest. Due to commercial availability of probes, Hes1 and Cyr61 were 

Figure 4.9. In situ verification of plasticity candidates. RNAscope in situ hybridization of Cyr61 in critical 

period and adult visual cortex (A) with zoom in in B, with co-stain of astrocyte  maker GLAST also shown.  C: 

Quantification of fold-change in mRNA of Cyr61 and Hes1 detected by in situ hybridization between critical 

period and adult (left) and dark and normally reared (right) mice, compared to fold-change detected by RNAseq, 

as well as the same comparisons, normalized to co-staining (D), GLAST (Cyr61, hes1) * indicates P<0.05 
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chosen for validation, and were multiplexed with an astrocyte marker (GLAST). For each 

experiment 2-3 technical replicates (slices) were averaged per animal, with n=3 biological 

replicates (different animals).  

Replication of RNAseq data was mixed (Figure 4.9C, D). Only critical period Cyr61 

reached significance, decreased by half at P28 compared to 4 month old VC, mirroring RNAseq 

data (Figure 4.9A, B, C). Cyr61 additionally increased its co-localization with the astrocyte 

marker GLAST at P120 (Figure 4.9B). Hes1 was inconclusive. Neither Cyr61 or Hes1 replicated 

the RNAseq effect found in dark rearing, but that may be due to the small effect size seen for 

Cyr61 and Hes1 in dark rearing. To see if the lack of effect was due to variability in tissue 

sections, data were normalized to the astrocytic probe as an internal control. This is, however, 

not an ideal control as GLAST is higher in the RNAseq data by ~1.4 fold in CP compared to 

P120 (see Table S14 and Figure 4.9B), but remains the same between in dark rear and P45. With 

this normalization, Hes1 had the same trend as the RNAseq, as did Cyr61 (Figure 4.9D). 

Testing astrocytic plasticity effects in vivo  

In order to determine whether astrocytes have the postulated effect on visual cortex 

plasticity, mediated by the candidate factors detailed in the preceding section, our next step is to 

test the highlighted factors in vivo. The most straightforward way to alter gene expression in a 

living mouse is through viral expression of a particular gene of interest, or shRNA directed 

against a gene of interest. Adeno-associated viruses are small non-enveloped viruses that can 

package and deliver ~4.5kb of extra genetic material, infecting non-dividing cells with minimal 

pathogenesis (Daya and Berns, 2008). Successful in vivo viral transgene expression in astrocytes 

has been shown using the AAV2/5 serotype in conjunction with a minimal GfaABC1D promoter 

(Lee et al., 2008) in cortex (Chai et al., 2017; Srinivasan et al., 2015). To this end, we are 
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designing an AAV2/5 plasmid with the minimal GfaABC1D promoter to express a gene or 

shRNA of interest (a T7 RNA promoter is found after the GfaABC1D), as well as a small 

fluorescent reporter to visualize viral uptake and confirm post-hoc successful, on target, 

transduction (Figure 4.10).  In this plasmid, the gene of interest will be flanked by unique 

restriction sites to allow efficient usage of the plasmid, swapping out candidate genes to generate 

multiple AAVs, targeting each gene. AAVs will be generated from the plasmid.  

Potential astrocytic genes that positively regulate plasticity (i.e. Bcar1, Hist1h1c, and 

Colq), will be overexpressed in adult mice in hopes they can restore critical period-like plasticity. 

This will show that they are sufficient to induce plasticity. To demonstrate their necessity for 

plasticity, they may be knocked out prior to critical period to see if CP can be prematurely 

closed. Conversely, for candidates which restrict plasticity (Gem, Cyr61), a virus expressing the 

gene can be injected pre-critical period (~P14) to see if their overexpression results in closure of 

critical period prematurely. A straightforward paradigm of measuring visual cortex/OD plasticity 

will be used: after 4 days of monocular enucleation, the size of the binocular zone will be 

measured in primary visual cortex contralateral to the closed eye, and compared to that of 

ipsilateral V1, as in (Djurisic et al., 2013). If there is critical period-like plasticity, input from the 

open eye should expand the binocular zone in V1 ipsilateral to it (contralateral to closed eye), but 

not on the opposite side (Espinosa and Stryker, 2012). Without plasticity, there will be no 

expansion. Immediate early gene Arc will demarcate activity in the binocular zone, and has been 

used as a reliable marker for BZ activity and remodeling in OD plasticity (Syken et al., 2006). At 

this time, these experiments are outside the scope of the thesis.     
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Concluding remarks 

Taken together, the data presented in this chapter provide a snapshot of astrocytic 

transcriptional flexibility with regards to circuit-level changes. By looking at mRNA associated 

with ribosomes throughout visual cortex maturity and in plasticity, these astrocyte ribotag 

experiments yielded a profile of astrocytic dynamism. Far from static, cortical astrocytes do 

indeed respond on a genetic level in light of development and plasticity changes. Overall, there is 

large breadth of change: genes did not seem to change linearly over time, with expression in- or 

de- creasing in a straight line from undeveloped to mature astrocytes. Instead, different subsets of 

genes changed at different times, with some peaking at particular times, others going up (or 

down) and staying at that level, and some not expressed until late maturity. This breadth of 

response is also evident in astrocytic changes in plasticity: there is variety of changes across 

Figure 4.10. Plasmid design and annotation allowing for in vivo astrocyte expression of a gene/shRNA of 

interest and a fluorescent marker  
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plasticity paradigms, most of which do not overlap. Overall, these data demonstrate astrocytes to 

be dynamic in response to changes in their environment on the genetic level, both on the level of 

circuit establishment and modification.     

Astrocyte Maturation  

These data determined that there is a transcriptomic signature of astrocytic development 

and maturity. Gene expression from different astrocytes more or less clusters based upon 

maturity (Figure 4.3) These data are helpful in determining markers of astrocyte maturation, 

identifying genes commonly expressed in immature astrocytes, but not in adult, and vice versa. 

Three of the ten maturation-specific genes (Efemp1, Itih3, and Lgals1) are extracellular matrix 

factors, indicative of a role for mature astrocytes in establishing the adult ECM. We identified a 

maturation-dependent switch in astrocyte serine proteases from Prss56 to Prss50: this could 

demarcate a switch of degradation pathways or targets with important cell-wide effects. We 

further identified transcription factors Sp5 and Sp7 as highly expressed in immature astrocytes 

but not in maturity, and Tgif1 is a tumor growth factor β-induced transcription factor upregulated 

in maturity. These could be master regulators of astrocyte maturation, on the level of gene 

expression, with their expression potentially responsible for the maturity-based gene expression 

signature we see in astrocyte development. 

The magnitude of change between ages in development is quite divergent: as 

developmental time increased, the amount of change drops off sharply (Figure 4.4E), correlated 

with the development and stability of the circuit, culminating in maturity. In fact, there are nearly 

as many significantly different genes between P7 and P14 as there are between P7 and P120 

(Tables S11 and S12), indicating that the immature P7 astrocyte undergoes major changes during 

eye opening before P14, with the majority of astrocyte enriched genes being upregulated (Figure 
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4.4E). These changes could be activity-derived, but more likely they are more largely reflective 

of astrocytes developing out of immaturity, regardless of neural activity. Change doesn’t cease 

after P14: between eye opening and critical period >15% of astrocyte-enriched genes change. 

From P21 to P28 there is no major developmental change in VC, and similarly there are virtually 

no more increases here but more decreased genes, with even less astrocyte-enriched changes 

from P28 to P120, though more increases, as astrocytes gradually reach maturity. 

A transcriptomic signature of modulation of synaptic formation then pruning is also 

present in these data (Figure 4.5B), mirroring cortical development. At P7, synaptic elimination-

associated genes are decreased (e.g. Il33, Megf10, Mertk, Sparc), and they increase along with 

when synaptic pruning is thought to increase in the visual cortex (Espinosa and Stryker, 2012). 

Many synaptogenic genes (e.g. Thbs1 and 2, Tgfb2) peak earlier, and are less expressed after 

synaptogenesis peaks. Intriguingly, many synaptogenic and pruning associated genes remain 

expressed past the cortical peaks of synaptogenesis and pruning, implying continuation of these 

roles for adult astrocytes. Adult synaptogenesis and elimination by astrocytes largely remains 

unexplored, despite this robust expression. 

As with any dataset, there are caveats to these data. One is that it is unknown what 

proportion of total cortical astrocytes are represented in these samples at earlier ages, particularly 

at P7, where cells with astrocyte morphology remain unlabeled, and more neurons are labeled 

with ribotag (Figure 4.2). While RNAseq data shows strong astrocyte enrichment, and depletion 

of other cell types, this shift in population of ribotag labeled cells could bias analyses, as 

differences may be driven by shifts in sampling rather than overall developmental changes in 

astrocytes. As with other data discussed in this dissertation, the astrocyte ribotag samples seem to 

have some oligodendrocyte contamination in the sequencing data (no oligos were seen with anti-
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HA staining). We attempted to get around any possible contamination by only discussing 

robustly astrocyte expressed or enriched data, compared to age-matched whole VC input. 

Plasticity changes 

While there was some overlap in positive plasticity paradigms, there was not as much as 

anticipated, and no gene was significantly upregulated in astrocytes in more than three paradigms 

of plasticity, even when more lenient significance thresholds were used. Our hypothesis that 

there would be common hallmarks of an astrocytic plasticity transcriptome largely proved to be 

incorrect: in both plasticity permissive and restrictive sides there were no changes common to all 

paradigms. One possible explanation for this is lack of power. As the sample size (n=3) for this 

study was fairly limited, this may restrict the power of our analyses, given biological variability. 

We attempted to control for this by lowering the threshold for significance, but that still yielded 

scant results. Perhaps by investigating ribosome-associated mRNA changes, important non-RNA 

based changes or transient changes in gene expression may have been overlooked. Ultimately, 

these data suggest that astrocytes do not express a master regulator that mediates visual cortex 

plasticity across paradigms. Further, all of the paradigms used do not necessarily restore critical 

period plasticity fully, and there may be missing elements essential to the astrocytic response to 

plasticity. Astrocytes then could still be responsible for a component of VC plasticity, and there 

are several interesting plasticity permissive factors brought up by this study that may yet prove to 

be involved in critical period plasticity.   

The absence of astrocyte enriched genes upregulated in normally- vs dark- reared P45 

samples (Table S14) could indicate that there is no obvious plasticity closing factor that could be 

detected. This paradigm should delay development to the point that any critical period closing 

factor should be delayed as well. Supporting this is the fact that no genes are close to 
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significantly increased in more than two non-plastic paradigms, with less than 20 genes mutually 

changed across two paradigms (Figure 4.8, non-adjusted P<0.05). Of course, the closing of 

critical period is most likely more of gradual change rather than a sharp decrement in plasticity, 

and so gene changes may be slower and changes more subtle. In dark rearing, critical period-like 

plasticity is mediated by delay in inhibitory network maturation (Morales et al., 2002), and 10 

day dark housing in adults is also primarily inhibitory mediated (Huang et al., 2015; Stodieck et 

al., 2014). Perhaps whatever mediates astrocytic closing of critical period is governed by 

something other than inhibition, and thus modifying inhibition will have little effect. 

Nevertheless, this study was largely unable to find major changes in astrocytes which may close 

critical period or limit plasticity. It’s also entirely possible that astrocytes do not mediate the 

closing of critical period: there is evidence that juvenile astrocytes are permissive to plasticity 

(Muller and Best, 1989), but not the reverse.  

Taking a broad view of the plasticity data, astrocytes seem to have the most potential to 

effect change in visual cortex plasticity through modifying the extracellular matrix. The ECM is 

often thought of as being a structural barrier, preventing neuronal outgrowth and stabilizing 

synapses, and, indeed, its maturation has been proposed to be a key mediator in closing critical 

period plasticity (Gundelfinger et al., 2010). However, ECMs on the “one hand promote 

structural and functional plasticity and on the other hand stabilize neural microcircuits” 

(Frischknecht et al., 2014). During critical period, there seem to be juvenile-specific factors 

expressed which allow visual cortex plasticity, and they may be astrocytic in origin. Most of the 

promising plasticity-modifying candidates from these data are involved in ECM remodeling at 

various levels. Putative plasticity promoting factor Colq secures acetylcholinesterase to the 

ECM, and Bcar1 mediates ECM-to-cell and factor-to-ECM signaling to promote growth along 
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extracellular actin, while plasticity-restrictive gene Cyr61 modifies the connectivity of the ECM 

through HSPGs and integrins in an activity-dependent fashion. During critical period, astrocytes 

may allow for plasticity by modifying the ECM in specific ways to allow growth and 

remodeling. Without these astrocytic factors (i.e. outside of critical period), the extracellular 

matrix may no longer be permissive to regrowth and restrict plasticity.  

This chapter, in part, is currently being prepared for submission for publication of the 

material. Boisvert, MM, Erikson GA, Amaral L, Shokhirev MN, Allen NJ. Astrocyte 

development and modulation of visual cortex plasticity. The dissertation author was the primary 

investigator and author of this material. 
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Throughout this dissertation, astrocyte ribotag is used to gain insight on how astrocytes 

develop and age, responding to changes in neural circuitry, activity, and time. Key changes were 

verified through several means, ensuring that these data reflect real phenomena in the mouse 

CNS. From the aging data, we learned that astrocytes exhibit large differences in their response 

based upon region, but largely maintain their homeostatic support of brain function. They do 

change in reliable, albeit limited ways, exhibiting a mild reactive phenotype, upregulating 

complement components (which may clear debris) and may support the elimination of synapses. 

Across brain regions, astrocytes are quite different, and at least some of these differences are 

based upon circuit- and activity- level differences, and are not intrinsic, as astrocytes from the 

same progenitor domain, formed at the same time (i.e. visual and motor cortex astrocytes) still 

exhibit wide-ranging differences in gene expression. During development, astrocytes change 

along with the circuit, and do not just mature in a linear fashion, but adapt their gene expression 

to fit and modify the milieu of the changing visual cortex around them. Similarly, the astrocyte 

transcriptome differs during times of increased plasticity, although results indicate there is not a 

common astrocyte plasticity transcriptome. Taken together, these data demonstrate the 

transcriptional/translational flexibility of astrocytes, and hint at larger functional changes.   

One thing beyond the scope of this dissertation is the directionality of these changes, 

though there are hints in the data. Essentially, this question is: on the scale of the whole brain, 

are any of the changes looked at in this study (e.g. aging, maturity, plasticity) astrocyte driven, or 

are astrocytes merely following the rest of the brain’s lead? As with most dichotomies in 

neuroscience, the answer is probably both. Many aspects of astrocytic reactivation rely at least 

partially upon microglial signaling (Liddelow et al., 2017). A paper published shortly after mine 

indicated that knocking out a trifecta of factors implicated in microglia-astrocyte communication 
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(particularly in driving reactivity) led to a decline, but not abolishment, of aging related astrocyte 

changes, particularly those proposed to be relevant to reactivity (Clarke et al., 2018). This is in 

line with the proposed idea that reactive oxygen species are at the root cause of the observed 

reactivity: microglia accumulate RO with age, and activate in response to them (Glass et al., 

2010; Zhang et al., 2005), subsequently signaling to astrocytes to become reactive as well. In this 

case, astrocytes are proposed to be followers, but they are also most likely subsequently affecting 

change in the brain with untold downstream effects, which, in this case, may include 

complement activity that perhaps eliminates synapses. Further, there are still many changes in 

aging, including reactive-like changes, unaccounted for by knocking out this microglial-astrocyte 

communication. Similarly, changes brought about in maturation of cortical astrocytes, from 

development to critical period and then adult, are also a product of a back and forth between 

astrocytes and the brain. Temporal control of synapse modifying factors by astrocytes, as shown 

in our data (Figure 4.5) has been shown to mediate circuit refinement, which is demonstrated by 

functional data in the case of Il33 (Vainchtein et al., 2018) and Sparc (Kucukdereli et al., 2011), 

among others. This study hints at the reverse as well: key astrocytic changes are pegged to 

developmental milestones, with astrocytic gene expression and maturation state paralleling 

postnatal visual cortex development (Figure 4.4), with eye opening, as well as the opening and 

closing of critical period marking shifts in the astrocyte transcriptome. Overall, this dissertation 

provides insight into how astrocytes dynamically change in the context of the brain as a whole, 

with bidirectional cross talk effecting these changes. 

Taken together, the aging and developmental data identified a gene that’s expressed in a 

long-term age-dependent fashion, gradually increasing from young astrocytes to old: 

complement C4b. In development, it is expressed in a gradient pattern from critical period 
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onwards, significantly increasing more than two-fold in mature adult astrocytes in the VC 

(Figure 4.4), and further doubles in aging (Figure 2.6). Functionally C4b, which human 

astrocytes have previously been shown to express (Walker et al., 1998), may mediate astrocyte-

microglia crosstalk in debris clearance (Lian et al., 2016), and potentially synapse elimination. 

Its expression may be indicative of increased debris accumulation with age, with the brain 

producing, and astrocytes tagging, progressively more waste as the brain ages. This study has 

identified C4b as a marker of astrocytic maturation state. 

When put in context with each other, these results also highlight the dynamics of 

astrocytic synapse-modifying genes. Many of these factors were previously highlighted in the 

context of early development, with not much known about their expression outside of a narrow 

window. This study demonstrates that there are myriad nonlinear changes in these factors in the 

developing cortex, correlated with how the circuit develops, with genes involved in structural 

synaptic formation peaking early and negative synaptic regulators peaking in pruning and 

adulthood (Figure 4.5). Many of these factors remain expressed in adulthood (Figure 4.5), 

possibly with the same function, though this is an area which begs further investigation as there 

is largely not an established, or even examined, role for these genes in the adult. Further, some 

even change with aging (Figure 2.11), perhaps reflecting an environment in which astrocytes 

actively eliminate synapses with age. Finally, these data highlight the diversity in their 

expression between regions: most astrocytic synaptic modifiers have more than twofold 

expression differences between brain regions (Figure 3.5), and there are even within cortex 

differences (Figure 3.3). Overall, these data reveal complexities in astrocyte synaptic 

modification indicative of a more dynamic astrocyte than previously appreciated. 
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Of course, a caveat to all these data is based upon the methodology running through these 

studies: astrocyte ribotag. While we validated it as being expressed throughout astrocytes and 

seems to encompass essentially all astrocytes across regions and times (Figures 2.1, 2.2, 2.4, 3.1, 

4.1, 4.3, 4.8), with the possible exception of very immature samples (Figure 4.2), the fact 

remains that these are ribosome-derived mRNA samples. As such, they do not provide a survey 

of all astrocyte RNA, as they exclude any non-polyadenylated RNA or RNA not being made into 

protein at that point in time. Differences in noncoding RNA, as well as protein expression and 

modification, will not be observed, though these data do give a sense of what mRNA is actively 

being utilized by the cell, but not how much protein may exist. Further, this study only provides 

glimpses into gene-ribosome interactions in time, and will overlook genes that are highly 

expressed, but need a particular event or signal to initiate translation. Some forms of plasticity 

require translation but not transcription, such as the case of long term depression in the 

hippocampus (Manahan-Vaughan et al., 2000). Ribotag data would overlook such changes in 

gene expression that prime or predispose an astrocyte to effect a functional change, but still need 

another signal (e.g. particular neural activity) to prompt translation. Plasticity experiments 

attempted to get around this limitation by looking at astrocyte ribotag after inducing ocular 

dominance plasticity. Over 200 such astrocyte-expressed changes in mRNA-ribosome interaction 

were indeed induced by monocular deprivation, though as to how many of these changes were 

also changes in solely translation, or also transcription is unknown.  

Another limitation in these datasets is that they only provide a snapshot of a single time 

of day, capturing RNA solely in late morning, in the inactive phase of a mouse’s day. Time of 

day certainly affects astrocyte gene expression: ~4% of genes are differentially expressed in the 

brain, depending on time of day (Zhang et al., 2014). Astrocytes in particular might be 
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vulnerable to time of day changes and have been functionally shown to modify their behavior 

depending on time of day. Astrocytic d-serine expression and release, which modulates synaptic 

function, has been shown to be closely regulated by time of day (Papouin et al., 2017), as has 

calcium signaling in a sub-region of the hypothalamus, implicated in circadian rhythms (Ruben 

and Hogenesch, 2017). Further, astrocyte size and responsiveness to a variety of signals is also 

time of day dependent, and wakefulness has been implicated in changing the expression of many 

plasticity-relevant genes (O’Donnell et al., 2015). Ribotag is not only dependent on transcription 

but also translation, adding another level of fine-tuned regulation, these data might be 

particularly susceptible to time of day. Changes in all assayed conditions may be variable 

depending on time of day. While this was controlled for, by collecting all samples at a specific 

time, timing-specific changes will be overlooked. Work remains to be done studying astrocytic 

gene expression in a circadian time dependent manner; the dynamism of an astrocyte, in addition 

to these observed functional changes, predicts that there may be important differences in gene 

expression with time of day. 

Over the course of this dissertation, I attempted to profile the dynamism of astrocytes 

though assaying and verifying astrocytic gene expression through developmental time, region, 

aging and plasticity. The foremost conclusion of these data is that astrocytes are not static; 

however, the magnitude of their adaptation is highly variable, both on the level of what 

population/region is being surveyed, and what provokes a response. That is, astrocyte aging 

response varies by an entire order of magnitude, depending on the region surveyed, and the 

number of cortical astrocyte changes seen in a given plasticity paradigm similarly differ by an 

order of magnitude, depending on the paradigm. The take home message of this study is that 

dynamism of an astrocyte is prominent throughout changes in the brain, from region, to circuit 
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changes in development and plasticity, to aging. Moving forward, astrocytic changes must be 

considered in studying virtually any manipulation or change in brain, not just ignored as passive 

support. 
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Mice 

All mouse work was approved by the Salk Institute Institutional Animal Care and Use 

Committee. All mice were maintained in Salk Institute’s animal facility in specific pathogen free 

group housing with ad libitum access to food and water, on a 12 hour light/12 dark cycle. 

Transgenic mice Astrocyte-ribotag mice were generated by crossing Gfap-cre hemizygous 

females (B6.Cg-Tg (GFAP-cre)73.12Mvs/J, Jax #012886) to homozygous flox-Rpl22-HA males 

(B6N.129-Rpl22tm1.1Psam/J, Jax #011029). To visualize GFAP-cre expression (Figure 1.1 

only), cre+ females were crossed to homozygous male flox-tdTomato mice (B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, Jax #007914). 

C57Bl6/J wild-type (WT) mice (Jax #000664) were used to validate changes in astrocyte mRNA 

expression in aging and plasticity that were detected using RNAseq. For 2-year-old time points, 

C57bl6/J male 1.5-year-old mice were imported from the National Institutes of Aging and aged 

for an additional 6 months in the Salk Institute’s mouse colony. 4-month-old mice were either 

bred in-house or purchased from Jackson Laboratories at 10-12 weeks of age and aged to 4 

months in Salk animal facilities. For plasticity experiments, all mice were from our colony, from 

Jax-derived breeding pairs.   

Anesthesia. Mice were anesthetized with an intraperitoneal injection of 100 mg/kg Ketamine 

(Victor Medical Company)/20 mg/kg Xylazine (Anased) mix in sterile saline before tissue 

collection, as outlined below.  

Developmental ages taken: between 9:30am and 12:30pm 6 GFAP-cre x flox-RPL22-HA mice 

were taken at 7 postnatal days, 8 at P14, 6 at P21, 10 at P28, 6 at P45 and 6 at P120; 2 visual 

cortices were pooled for each time point.  
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Plasticity paradigms Mice for dark rearing were born in the dark, from a dark housed breeding 

pair. Dark rearing was for 45 days in ventilated telemetry cabinets, and all husbandry and cage 

changes done under red light.  10 days dark exposed mice were normally reared (12 hour 

light/dark cycle) until P110, when they were put in the 24h dark telemetry cabinets for 10 days. 

Both dark reared and 10 day dark exposed mice were anesthetized under red light, and perfused 

with a hood over their head to prevent light from reaching their eyes. To visually deprive mice in 

one eye, the right eye was sewn shut, and kept closed for 4 days, until being sacrificed. Mice 

were anesthetized with 3% isoflurane and eyes were sewn shut with 3 mattress sutures, using 

13mm UNIFY Silk surgical suture. Post-surgery, closed eyelids were treated with 2% lidocaine 

hydrochloride jelly (AstraZeneca) and with bacitracin zinc ointment (Fougera), and monitored 

for distress and infection daily. Any mouse with slight infection or doubtful suture integrity was 

not included in study. VC hemispheres were individually dissected, kept separate, and pooled 

with the like hemisphere from another MD ribotag mouse before pulldown 

Ribotag Pulldown Male mice heterozygous for flox-Rpl22-HA (Jax 011029) and hemizygous 

for GFAP-cre (Jax 012886) (astrocyte-ribotag) were used to isolated astrocyte mRNA based on a 

modified ribotag protocol (Sanz et al., 2009). Astrocyte-ribotag mice were aged for either 4 

months or 2 years, and visual cortex (VC), motor cortex (MC), somatosensory cortex (SC), 

hypothalamus (HTH) and cerebellum (CB) were micro-dissected; N=3 mice 4 months, 3 mice 2 

years.  

Dissection Mice were anesthetized between 10am-12pm and transcardially perfused with 10ml 

PBS then 10ml 1% PFA. The animals were inspected by a veterinarian, and no gross 

abnormalities or pathology detected. Brains were dissected in (2.5mM HEPES-KOH pH 7.4, 

35mM glucose, 4mM NaHCO3 in 1x Hank’s Balanced Salt Solution with 100µg/ml 
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cycloheximide added fresh (Heiman et al., 2014). Brains were cut from approximately bregma 

2.3 to 1.1 (MC), and at -3.4 (VC), with the cortex then carefully detached from the rest of the 

brain and any visible white matter removed. Lateral cuts were made 2mm from midline on either 

side for the MC, and at 1mm and 3mm from the midline for the VC section. To dissect SC, 

vertical cuts were made from bregma -0.3 to -1.5 (SC), and lateral cuts were made at 1.5 and 

4mm, with everything subcortical eliminated.  For the HTH dissection, a region from the bregma 

-0.3 to -1.5 slice (SC) was cut ~1.2mm from midline and ~1mm from bottom. The cerebellum 

was dissected off. All brain regions derive from the same biological replicates to minimize 

spurious interregional variability, as in (Chai et al., 2017; Morel et al., 2017).These regions were 

flash frozen in liquid nitrogen, and stored at -80°C until isolation of mRNA.  

Pulldown A modified Ribotag protocol was performed to isolate astrocyte enriched RNA. 

Briefly, a dounce homogenizer was used to homogenize brain samples in 2ml cycloheximide-

supplemented homogenization buffer (1% NP-40, 0.1M KCl, 0.05M Tris, pH 7.4, 0.012M 

MgCl2 in RNase free water, with 1:1000 1M DTT, 1mg/mL heparin, 0.1mg/mL cycloheximide, 

1:100 Protease inhibitors, and 1:200 RNAsin added fresh). Homogenates were centrifuged and 

the supernatant incubated on a rotator at 4°C for 4 hours with 5ul anti-HA antibody to bind the 

HA-tagged ribosomes (CST Rb anti-HA #3724, 1:200). Magnetic IgG beads (Thermo Scientific 

Pierce #88847) were conjugated to the antibody-ribosome complex via overnight incubation on a 

rotator at 4°C. Samples were washed with a high salt buffer (0.333M KCl, 1% NP40, 1:2000 1M 

DTT, 0.1mg/mL cycloheximide, 0.05M Tris pH 7.4, 0.012M MgCl2 in RNase-free water), and 

RNA released from ribosomes with 350uL RLT buffer (from Qiagen RNeasy kit) with 1% BME. 

RNA was purified using RNeasy Plus Micro kit (Qiagen 74034) according to manufacturer 

instructions and eluted into 16ul RNase-free water. Eluted RNA was stored at -80°C. For each 
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brain region/age, 50ul of homogenate (pre- anti-HA antibody addition) was set aside after 

centrifugation, kept at -20°C overnight, and purified via RNeasy Micro kit as an ‘input’ sample, 

and used to determine astrocyte enrichment. 

RNAseq library generation and sequencing RNA quantity and quality were measured with a 

Tape Station (Agilent) and Qubit Fluorimeter (ThermoFisher), see supplemental methods for 

RIN scores. 100-400ng of RNA was used to make libraries; to avoid batch effects, library preps 

and sequencing were done at the same time for all samples. mRNA was extracted with oligo-dT 

beads, capturing polyA tails, and cDNA libraries made with Illumina TruSeq Stranded mRNA 

Library Preparation Kit (RS-122-2101) by the Salk Institute Next Generation Sequencing (NGS) 

Core. Samples were sequenced on an Illumina HiSeq 2500 with single-end 50 base-pair reads, at 

25-60 million reads per sample. 

RNAseq mapping, analysis, and statistics Raw sequencing data was demultiplexed and 

converted into FASTQ files using CASAVA (v1.8.2), and quality tested with FASTQC v0.11.2. 

Analysis was done in R v3.1.1, with Bioconductor package v2.13. Alignment to the mm10 

genome was performed using the STAR aligner version 2.4.0k (Dobin et al., 2013). Mapping 

was carried out using default parameters (up to 10 mismatches per read, and up to 9 multi-

mapping locations per read), and a high ratio of uniquely mapped reads (>75%) was confirmed 

with exonic alignment inspected to ensure that reads were mapped predominantly to annotated 

exons. Raw gene expression was quantified across all genes (RNAseq) using the top-expressed 

isoform as proxy for gene expression, and differential gene expression was carried out using the 

EdgeR package version 3.6.8 with default normalization, using replicates to compute within-

group dispersion and, when cortical samples are pooled, batch correction to account for the 

differences in between mice (Robinson et al., 2010). The standard EdgeR normalization and 
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differential expression pipeline was used to ensure that mean-variance relationships were 

appropriately modeled prior to differential expression testing. Significance for differential 

expression was defined as adjusted P<0.05, calculated with EdgeR using Benjamini-Hochberg's 

procedure for multiple comparison adjustment.  

Generation of cell type specific gene lists Gene lists were developed from purified cell type 

RNAseq data from the developing brain (Zhang et al., 2014), selecting genes enriched >10-fold 

in a given cell type over all other cell types (except for OPCs, which are enriched >10 over all 

other cell types except newly formed oligodendrocytes), and expressed with FPKM>5 in our 

input samples. These gene lists were cross-referenced with microarray data from FACS-purified 

adolescent mouse astrocytes (Cahoy et al., 2008). To ensure astrocyte specificity we excluded 

any putative astrocyte marker gene from the Zhang et al list that showed <2.5-fold enrichment in 

astrocytes over whole forebrain in the Cahoy list, and excluded putative non-astrocyte cell type 

markers from the Zhang list that had an expression level >0.25-fold in astrocytes over whole 

forebrain in the Cahoy list. Genes absent from the Cahoy et al data were excluded. This gave 102 

astrocytic genes, 92 neuronal genes, 16 oligodendrocyte precursor cell genes, 26 myelinating 

oligodendrocyte genes, 33 microglial genes and 30 endothelial genes (Table S1). 

Characterization of astrocyte-ribotag To determine the astrocyte specificity of the astrocyte-

ribotag line we performed 2 analyses. 1) immunostaining against the ribotag epitope (HA) and 

cell-type specific markers (astrocytes, microglia, oligodendrocytes, neurons, oligodendrocyte 

precursor cells). 2) qRT-PCR for cell-type specific mRNA from the ribotag pulldown compared 

to input. 

Ribotag characterization: Immunohistochemistry 
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Tissue collection 28 day old (for development and plasticity) 4-month-old astrocyte-ribotag (for 

aging) mice were transcardially perfused with 10ml PBS then 10ml chilled 4% PFA, brains 

extracted, sagittally cut down the midline, and kept 2 hours to overnight in 4% PFA at 4°C, 

washed with PBS and placed in 30% sucrose at 4°C until brains sank (24-48 hours). Brains were 

then embedded in tissue freezing medium (General Data Healthcare TFM-5) and flash frozen in 

dry ice/95% ethanol, then stored at -80°C.  

Sectioning and staining Sagittal brain sections were cut on a cryostat (Hacker Industries 

OTF5000) onto Superfrost Plus slides (Thermo Scientific 4951PLUS4). Brains were sliced at 

25μm and dried at 4°C before staining. For immunofluorescent staining, a hydrophobic barrier 

was drawn around the sections with a paraffin pen, and blocking solution applied onto the slide 

(5% heat inactivated normal goat serum (NGS), 100 mM L-lysine, 0.2% triton in PBS) and 

incubated at room temperature for 1 hour. Slides were incubated overnight with primary 

antibody (see Methods Table 1) in 2.5% NGS, 100 mM L-lysine in PBS, then washed 3 x 5 

minutes in 0.2% Triton/PBS, then secondary antibody applied at 1:500 dilution (in 2.5% NGS, 

100 mM L-lysine, in PBS) and incubated, covered, for 2 hours at room temperature (see Methods 

Table 2). For experiments with antibodies raised in goat, bovine serum albumin (BSA) was used 

instead of NGS with 3% BSA in blocking, and 1% in antibody buffers. Slides were then washed 

3 x 5 minutes in 0.2% Triton/PBS, and mounted with Slowfade Gold mounting medium with 

DAPI (ThermoFisher S36939) with 1.5 glass coverslip (ThermoFisher #12544E), sealed with 

clear nail polish, and dried in the dark for 30 minutes to 1 hour.  

Antibodies Astrocyte/ependymal cells: Rb anti-S100b (Abcam ab52642, 1:500 dilution); OPCs: 

Rb anti-Ng2 (Millipore Ab532,0 1:200); Oligodendrocytes: for aging chapter, Ms anti-APC 

(Calbiochem Op80, 1:50), for development/plasticity Rb anti-MOG (Proteintech 12690-1-ap 
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1:200); Microglia: Rb anti-Iba1 (Wako 016-20001, 1:250); Ependymal: Gt anti-Vimentin 

(Millipore AB1620, 1:150); Neuron: Ms anti-NeuN (Millipore MAB377, 1:100), Ribotag 

marker: Rb anti-HA-tag (CST 3724, 1:500); Ribotag marker: Rt anti-HA-tag (Roche 

11867423001, 1:100); Rt secondary Ab w/Alexa 488: (Gt anti-Rat IgG, (Molecular Probes 

A11006, 1:500); Rt secondary Ab w/Alexa 594: (Gt anti-Rat IgG, (Molecular Probes A11007 

1:500); Gt secondary Ab w/Alexa 488: (Dk anti-Goat IgG (Molecular Probes A11055 1:500); 

Ms secondary Ab w/Alexa 488: (Gt anti-Mouse IgG (Molecular Probes A11029 1:500); Ms 

secondary Ab w/Alexa 594: (Gt anti-Mouse IgG (Molecular Probes A11032 1:500); Rb 

secondary Ab w/Alexa 488: (Gt anti-Rabbit IgG (Molecular Probes A11034 1:500); Rb 

secondary Ab w/Alexa 594: (Gt anti-Rabbit IgG (Molecular Probes A11037 1:500); Rb 

secondary Ab w/Alexa 594: Dk anti-Rabbit IgG (Molecular Probes A21207 1:500). 

Imaging 3 x 16-bit images per brain (from different brain sections – technical replicates), from 3 

brains (biological replicates), of 500x500μm of the visual cortex, motor cortex, hypothalamus, 

and cerebellum were acquired with an AxioImager.Z2 with Apotome.2 module and AxioCam 

HR3 camera (Zeiss). To image a whole ROI, multiple tiled images were taken with 10% overlap 

using the mosaic function, and stitched in Axiovision (Zeiss). A Plan-Apochromatic 20x 

objective (NA 0.8) was used with 0.37x0.37μm pixel scaling for cell-type specific stains. A Plan-

Apochromatic 10x objective (NA 0.45) was used for a whole brain overview of HA stain. 

Analysis FIJI (Schindelin et al., 2012) was used to determine the number of ribotag positive cells 

and their overlap with cell-specific staining. Thresholding was performed on the ribotag labeled 

image (stained with an anti-HA tag antibody) and the ‘Analyze Particles’ function was used with 

a minimum area of 20-40μm to automatically separate and quantify the total number of ribotag 

positive cells. The number of double-labeled ribotag and cell type antibody positive cells were 
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manually counted. This generated the proportion of ribotag positive cells that also label for the 

cell-specific marker.  

Ribotag characterization: qRT-PCR  

To confirm cell-type specificity, RNA from the hypothalamus and cerebellum of 2 year old 

astrocyte-ribotag pulldowns was compared to RNA isolated from the whole homogenate (input). 

cDNA was synthesized via rtPCR from 50-100ng of RNA using Superscript VILO master mix 

(Thermo Fisher Scientific 11755050) according to manufacturer instructions. 2μl of the obtained 

cDNA was used for qPCR reaction, performed with SYBR green PCR mastermix (ThermoFisher 

4309155) (run with a standard protocol on an Applied Biosystems 7300). All samples were run 

with 3 biological replicates, each consisting of 3 technical replicates. See Methods Table 3 for 

primer list; all primers from Integrated DNA Technologies. For analysis, samples were 

normalized to a housekeeping gene (Gapdh) run in the same qPCR plate with cDNA from the 

same dilution, and compared to input samples from the same experiment run in the same plate. 

Primers used: Aldhl1l1 (astrocyte, for: CATATTTGCTGACTGCGACCTC; rev: 

TTCACACCACGTTGGCAATAC); Gfap (astrocyte, for: TACCAGGAGGCACTTGCTCG; 

rev: CCACAGTCTTTACCACGATGTTCC); Syt1 (neuron, for: 

CTGCATCACAACACTACTAGC; rev: CCAACATTTCTACGAGACACAG); Psd95 (neuron,  

for: GTGGGCGGCGAGGATGGTGAA; rev: CCGCCGTTTGCTGGGAATGAA); Camk2 

(neuron, for: AATGGCAGATCGTCCACTTC; rev: ATGAGAGGTGCCCTCAACAC); Mobp 

(oligo, for: TCTTCCTCCTGTTCCCTCTCTTG; rev: 

GGATTTACATTAGGCAAAGCATTGG); Mbp (oligo, for: GGCAAGGTACCCTGGCTAAA; 

rev: GTTTTCATCTTGGGTCCGGC); Gapdh (housekeeping, for: 

TGCCACTCAGAAGACTGTGG; rev: GCATGTCAGATCCACAATGG) 



145 

GFAP immunohistochemistry 

Tissue collection 2-year-old and 4-month-old C57Bl6/J mice were transcardially perfused with 

PBS, brains extracted and cut down the midline, embedded in OCT (Scigen #4583), flash-frozen 

in a 95% ethanol/dry ice bath and kept at -80°C.  

Gfap staining 4 x 4-month-old and 4 x 2-year-old brains were sectioned on a cryostat at 20μm 

(as above), sections stored at -20C, and fixed in 4% PFA for 8 minutes at 4°C, followed by 3 

washes in PBS. From there, immunohistochemistry was performed as outlined above with Rb 

anti-GFAP primary antibody (Abcam ab7260, 1:500 dilution) and Alexa 594-conjugated 

secondary antibody (Gt anti-Rabbit IgG, Molecular Probes A11037, 1:500).  

Imaging 3 x 16-bit tiled images per brain (from different sections – technical replicates), from 4 

brains (biological replicates), of hypothalamus and visual cortex per animal were taken of 500μm 

x 500μm, consisting of 3 x 1.5μm sections in the z-dimension. A Zeiss LSM700 confocal with a 

Plan-Apochromatic 20x objective (NA 0.8) and AxioObserver camera was used to take images 

with 0.17x0.17x1.5μm pixel scaling. Identical imaging conditions (laser power, gain) were used 

for 4-month and 2-year-old samples. The whole brain overview images were acquired using set 

exposure with an AxioImager.Z2 with a Plan-Apochromatic 10x objective (NA 0.45) and 

AxioCam HR3 camera (Zeiss) at 0.645x0.645μm pixel scaling.  

GFAP analysis For confocal sections, a maximum intensity projection was made from all 3 z-

planes, and total fluorescence intensity was quantified using the ImageJ measure function, 

excluding meninges and pia. Analysis was also performed excluding GFAP around blood 

vessels, with no difference in outcome.  

In situ hybridization 
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In situ hybridization RNAscope 2.5 HD multiplex fluorescent Manual Assay kit (ACDbio 

#320850) was used with modifications to detect mRNA changes between 4-month and 2-year 

old mice. 4 mice (biological replicates) were analyzed per time point, with 3 brain 

sections/animal/probe (technical replicates) imaged on a confocal microscope, and amount of 

signal quantified in Imaris (Bitplane).  

Tissue collection and processing was carried out as described for GFAP staining, and brains 

were sagittally sectioned at 16-20μm. To perform the in situs, RNAscope 2.5 HD multiplex 

fluorescent Manual Assay kit (ACDbio #320850) was used with modifications - a 25-30 minute 

permeabilization step using Protease IV (ACDbio #322340) and a final 5 minute DAPI 

incubation step used to visualize nuclei (1:1000 dilution in PBS; Millipore #5.08741.0001). The 

primary probe of interest was detected with the Atto-550 detection reagent, with the secondary 

probe of interest detected using Atto-647 (except for the SPARC experiment, where SPARC was 

detected with Atto-550, and the secondary probe with Alexa-488). For plasticity in situs, the 

primary probe of interest was detected with the Atto-550 detection reagent, with the secondary 

probe of interest (astrocyte marker) detected using Atto-488. 

Imaging for aging 3 x 16-bit tiled images per region (each from a different brain slice – 

technical replicates) from 4 brains per age (biological replicates) of at least 500x500μm, with 3 x 

1.5μm sections in the z-dimension were obtained. A Zeiss LSM700 confocal with a Plan-

Apochromatic 20x objective (NA 0.8) was used to take images with 0.17x0.17x1.5μm pixel 

scaling. In addition to DAPI, primary probe and secondary probe channels, a blank (unstained) 

channel was imaged in the 488 wavelength (except for SPARC, whose blank channel was 

imaged at 647) in order to image auto fluorescent lipofuscin to aid in image analysis (see below). 
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For all experiments, imaging parameters were kept constant between 4-month and 2-year-old 

samples.  

Imaging for plasticity 2-3 x 16-bit images per brain (from different brain sections – technical 

replicates), from 3 brains (biological replicates), of >500x500μm of the visual cortex, were 

acquired with an AxioImager.Z2 with Apotome.2 module and AxioCam HR3 camera (Zeiss), 

using a Plan-Apochromatic 20x objective (NA 0.8, 0.37x0.37μm pixel scaling). To image a 

whole ROI, multiple tiled images were taken with 10% overlap using the mosaic function, and 

stitched in Axiovision (Zeiss). 

Analysis for aging Analysis of the fluorescent probe signal was hindered in the 2-year old brain 

due to the high presence of autofluorescent lipofuscin in the aged tissue, which was present in all 

channels. To eliminate this from the channels containing probe to enable analysis, images were 

analyzed in Imaris (Bitplane). A 3-dimensional mask from the blank channel (where only 

lipofuscin fluoresced - see Fig S3) was constructed using the ‘surfaces’ function using an 

absolute intensity threshold and size filters. This mask was then subtracted from the channels 

containing probe, to create an image that just contained signal from the probe. The surface 

function was then used on this masked channel to define the probe staining area. Total intensity 

of fluorescence of probe staining, and area of staining, were then quantified with the Imaris 

‘statistics’ function and normalized to tissue volume. Meninges and pia were excluded from 

analysis. The intensity measure is reported as the ratio of 2-year-old/4-month-old in the figures; 

the same trends in expression are seen when total area is used for analysis. In order to ensure that 

the effect seen is not a consequence of altered tissue quality with age, total probe intensity of a 

given sample was normalized to the total probe intensity of a second in situ probe within the 
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same tissue section, Aldh1l1 to mark astrocytes. Second-probe normalized values for a given 

primary probe exhibit the same trend as non-normalized data.  

Analysis for plasticity FIJI (FIJI is just ImageJ) was used to quantify in situs. ImageJ’s default 

thresholding was used, with a threshold of 500, to define real staining over background, with 

‘intensity density’ in the measure function used to measure staining intensity. The freehand 

selections tool used to define ROI; any tissue that looked damaged, as assessed with DAPI, was 

excluded. Staining was also quantified on a rough layer-specific basis, but no differences from 

whole VC analysis were observed. 

Probes Serpina3n (Cat #430199 target; NM_009252.2, 745-2005bp); Sparc (#466781-C2; target 

NM_009242.5, 337-1185bp); Gpc5 (#442831; target NM_175500.4, 389-1414bp); Hspa1b 

(#488351; target NM_010478.2, 2162-2790bp); C4 (#445161; NM_009780.2, 1644-2631bp); 

Aldh1l1 (#405891-C2; target NM_027406.1, 1256-2112bp); Aldh1l1 (#405891, target 

NM_027406.1, 1256-2112); DapB (negative ctrl; #320751, target EF191515, 414-862bp); 

Slc1a3 C2 probe (GLAST; 430781-C2; target NM_148938.3, 1122 - 2237); Hes1(#417701 

target NM_008235.2, 221-1301bp); Cyr61 (#429001; target NM_010516.2, 632-1664bp) 

Other statistics: Paired t-tests were done in Graphpad Prism, and used to compare IHC and in 

situ data, with samples paired within experimental days to control for experimental variability. 

Data presentation  

Gene clustering heatmaps: For Figures 2.4 and 3.1, FPKM with a pseudocount of 5 added were 

used (to decrease the effect of noise of low-expressed genes) and filtered to exclude genes that 

did not have at least one value >32. Figures 4.3 and 4.7 are based upon top expressed genes 

where FPKM>16 and variance>0. For all, remaining genes were log-transformed and clustered 
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using a hierarchical clustering approach: genes were row-scaled and normalized (z-normalized), 

1-correlation was used as a distance measure, and the modified Ward's clustering algorithm (part 

of the R hclust package) was used. Heatmaps were visualized using R version 3.3.2.  

For data filtering, only those genes with FPKM>1, with at least 3-fold enrichment in astrocyte 

ribotag as compared to whole ROI input are considered astrocyte enriched (Chapters 2 and 3); 

2.5-fold ribotag/input is considered enriched in Chapter 4. For pie charts only data with both 

>1.5 fold change and adjusted P<0.05 were considered changed. 

For inter-cortical astrocyte comparisons (Figure 3.2), heatmaps are derived from row z-scores [ 

(ROI FPKM-row mean FPKM)/row standard deviation]. All other heatmaps are based upon log2 

(fold change) FPKM values.  

Graphs were made with Prism 7 (Graphpad), including scatter plots and heatmaps. InteractiVenn 

was used to generate Venn diagrams (Heberle et al., 2015). Snapgene was used to generate 

plasmid map (Figure 4.10).  
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