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ABSTRACT OF THE DISSERTATION 
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The blood vessels in the central nervous system (CNS) have a series of unique properties, 

termed the blood-brain barrier (BBB), which stringently regulate the entry of molecules into the 
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brain, thus maintaining proper brain homeostasis. Despite the dynamic nature of the brain, the 

BBB has largely been studied in a static context. We sought to understand if the BBB exhibited 

plasticity and whether neural activity could regulate BBB properties. Using both chemogenetics 

and a volitional behavior paradigm, we identified a core set of brain endothelial genes whose 

expression is regulated by neural activity. In particular, neuronal activity regulates BBB efflux 

transporter expression and function, which is critical for excluding many small lipophilic 

molecules from the brain parenchyma. Furthermore, we found that neural activity regulates the 

expression of circadian clock genes within brain endothelial cells, which in turn mediate the 

activity-dependent control of BBB efflux transport. These results have important clinical 

implications for efficiency of CNS drug delivery in the day vs. night, the BBB’s role in clearance 

of CNS waste products including Aβ in health and Alzheimer’s Disease, and understanding how 

neural activity can control these and other diurnal processes. 
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CHAPTER ONE: 

Introduction to the Blood-Brain Barrier 
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The importance of the blood-brain barrier in health and disease 

 Blood vessels provide a physical framework for the transport of oxygen and essential 

nutrients throughout the body. Although the blood vessels that make up the circulatory system are 

highly interconnected, they are heterogeneous in both physical and functional properties, often 

based on the tissue they vascularize(1). The central nervous system (CNS) is a very unique 

structure that importantly integrates information from the external and internal environment to 

coordinate and influence all parts of the body. The blood vessels that vascularize the CNS have 

coevolved with this unique environment to exhibit a series of distinct properties compared to 

peripheral blood vessels. While blood vessels in most tissue are relatively permeable, CNS blood 

vessels stringently regulate the movement of ions, molecules and cells between the blood and the 

CNS. These unique properties which include tight junctions which limit paracellular diffusion, low 

rates of transcytosis and lack of fenestrae limiting transcellular diffusion, low expression of 

leukocyte adhesion molecules limiting immune surveillance from circulating peripheral immune 

cells, efflux transporters limiting passive diffusion of small lipophilic molecules and solute carrier 

transporters which important vital nutrients(2–6). Together they are referred to as the blood-brain 

barrier (BBB). 

 The BBB serves two major evolutionary purposes: 1) to tightly regulate the chemical and 

ionic microenvironment of the CNS for proper neuronal function and 2) to limit the entry of toxins, 

pathogens and the body’s peripheral immune system to protect the CNS which lacks regenerative 

capacity. Proper development and maintenance of the BBB is critical for brain homeostasis and 

neural protection. This need to insulate and protect the CNS is an evolutionarily conserved 

mechanism in both invertebrates and vertebrates(7). 
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 The BBB however, is susceptible to malfunction in which breakdown permits the entry of 

foreign molecules and cells that contribute to neural dysfunction and eventually neuronal death 

and degeneration. BBB breakdown is a critical component of several neurological diseases such 

as stroke, traumatic brain injury, epilepsy, multiple sclerosis, Alzheimer’s Disease (AD) and 

several other neurodegenerative diseases(5,8–10). Although the triggers of these diseases are 

vastly different, their effect on the BBB are quite similar suggesting that there is a common 

pathway for BBB dysfunction and the brain vasculature as a potentially drug target in these 

diseases. 

  The BBB also poses a major obstacle for drug delivery to the CNS in the aforementioned 

diseases as well as all neurological diseases(11). There have been several innovative strategies to 

bypass the BBB for drug delivery which each have advatages and disadvantages. The most direct 

method is by injecting the drug into the cerebrospinal fluid of the spinal cord or cerebral 

ventricles(12). However, this is quite invasive, requires experts who can deliver the drug and 

cannot be repeated frequently if the drug needs to be administrated often. Intranasal administration 

has also shown to be effective at getting all types of drugs into the CNS due to the unique 

connections that the olfactory receptor neurons and the trigeminal nerve innervate between the 

brain and the external environment(13). However, this can be damaging to the nasal epithelium 

over long-term repeated administration. Co-administration of efflux transporter inhibitors limit 

these transporters from restricting entry of many small molecule drugs, but in doing so also allow 

many endogenous molecules to enter the brain that otherwise wouldn’t and therefore these 

inhibitors can have major side effects(14). Also, biphasic antibodies with one arm binding to the 

transferrin receptor which is part of a transcytotic pathway in the brain vasculature and the other 

arm binding to its target antigen in the brain permits a “Trojan horse” delivery(15–17). Lastly, 
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focused ultrasound allows transient opening of the BBB in precise regions with minimal 

invasiveness and high temporal specificity(18,19). Understanding the basic molecular and cellular 

mechanisms of how the BBB functions and malfunctions in health and disease will allow 

expansion of current strategies and development of novel strategies to treat neurological diseases. 

Molecular properties of the blood-brain barrier 

 The properties of the BBB are predominantly possessed by the brain endothelial cells 

which form the vessel walls. However, the BBB is not a single entity, but a series of properties 

that together allow CNS endothelial cells to stringently regulate the movement of molecules and 

cells between the blood and neural tissue.  

 First, CNS endothelial cells are held together by tight junctions (TJs) which create a high 

electrical resistance paracellular diffusion barrier and polarize the cells into distinct luminal and 

abluminal compartments(20). The claudins are the major TJ protein family with Claudin-5 being 

the most abundant at the BBB and essential for BBB function(21,22). Occludin, junctional 

adhesion molecules (JAMs), zona occludens (ZOs) and lipolysis-stimulated lipoprotein receptor 

are other BBB-enriched TJ proteins that form complexes to tightly hold brain endothelial cells 

together(23–28). 

 CNS endothelial cells are also unique in the properties that they do not possess that are 

normally expressed in peripheral endothelial cells. They lack fenestra and exhibit low rates of 

transcytosis in comparison to peripheral endothelial cells, thus limiting transcellular movement of 

molecules(29). CNS endothelial cells also have low expression of leukocyte adhesion molecules 

(LAMs), which are robustly expressed on peripheral endothelial cells, thus limiting CNS immune 

surveillance from peripheral immune cells(30). Interestingly, upregulation of transcytosis and 
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LAMs are a common result of BBB breakdown in injury and disease, suggesting that brain 

endothelial cells have the genetic capacity to express them and that their expression is 

constitutively inhibited in health(31).   

 CNS endothelial cells are also unique in their enriched expression of a wide array of two 

categories of specialized transporters. The first of these are specialized solute carrier (Slc) 

transporters which have narrow substrate specificities and collectively import a wide range of 

essential nutrients for the brain(32). Although the CNS vasculature evolved numerous strategies 

to maintain a sealed environment, it also evolved a clever strategy by using these Slc transporters 

to precisely regulate the essential ions, nutrients and proteins that the high energy-expending CNS 

vitally requires. CNS endothelial cells express a large breadth of Slc transporters and are most 

notably enriched for GLUT1 (Slc2a1), MCT1 (Slc16a1) and LAT1 (Slc7a5) which import the vital 

nutrients glucose, lactate and large amino acids respectively(33–35). Slc transporters are generally 

found on both the luminal and abluminal surface of brain endothelial cells.  

 The second major category of transporters expressed by CNS endothelial cells are 

adenosine triphosphate (ATP)-binding cassette (ABC) efflux transporters which are primarily 

embedded in the luminal side of CNS endothelial cells and restrict the passage of many molecules 

into the neural tissue by utilizing ATP to actively efflux small lipophilic molecules that would 

otherwise passively diffuse across the endothelial cell membrane(14). ABC transporters have 

broad substrate specificities including many small molecule drugs and xenobiotics thus presenting 

a major obstacle for drug delivery to the CNS(11). Therefore, inhibitors of these efflux 

transporters, including Pgp/Abcb1 and BCRP/Abcg2, are highly sought after to aid in drug 

delivery to the CNS. Although the ABC efflux transporters have predominantly been studied in 

the context of preventing entry of exogenous molecules into the CNS, they also have a role in the 
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efflux of endogenous molecules, including steroids which are critical regulators of mood and 

behavior(7), and neural waste products such as amyloid beta (Aβ)(36) and dysfunction of efflux 

transport has been hypothesized as a mechanism of Aβ accumulation in Alzheimer’s disease 

(AD)(10). 

Cellular components of the neurovascular unit and regulation of the blood-brain barrier 

 Although BBB properties are predominantly possessed by brain endothelial cells, they are 

induced and maintained by cues from the CNS microenvironment to properly function(37). The 

neurovascular unit (NVU) refers to the myriad of cell types that exist at the interface between the 

blood and the brain. The NVU is composed by endothelial cells which form the walls of the blood 

vessels, mural cells which latch onto the endothelial cells, neurons which are the main component 

of the brains electrochemical network, astrocytes which are found in between neuronal synapses 

and blood vessels, and extracellular matrix proteins secreted by multiple cell types(38).  These 

components dynamically interact with each other to regulate blood flow and BBB properties to 

maintain brain homeostasis during development and adulthood. 

 Astrocytes, a glial cell type which have processes called endfeet that ensheathe blood 

vessels, have been shown to be critical regulators of barrier properties in brain endothelial cells. 

Transplantation studies and in vitro studies have shown that extrinsic cues from astrocytes are 

sufficient to induce barrier properties in endothelial cells(39–43). Several in vivo studies have also 

identified astrocyte-derived cues that are critical for BBB integrity(44–46). However, evidence for 

astrocytic regulation of the BBB likely reflects more of a maintenance role rather than one of 

development because BBB formation precedes astrocyte formation during development(47,48).  
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 Pericytes, which are a type of mural cell that tightly latch onto capillary endothelial cells 

in a discontinuous layer, have been shown to have more of an essential role in BBB formation 

during development(31,49). Pericyte formation and migration into the brain does precede BBB 

formation during development. Mice that lack functional pericytes in development do not form a 

functional BBB leading to premature lethality. Interestingly, pericytes seem to be critical for 

inhibiting expression of transcytosis and LAMs as their expression is upregulated in the absence 

of functional pericytes. Although pericytes are likely inhibiting transcytosis through induction of 

endothelial expression of Mfsd2a(50,51), no pericyte-derived signaling cues have definitively 

been identified as essential for BBB formation.  

 Neural progenitor cells (NPCs) have also been shown to be critical regulators of BBB 

properties. It was first shown that co-culturing NPCs with brain endothelial cells was sufficient to 

increase BBB properties in vitro(52). It was later shown in vivo that NPC-derived Wnt/beta-catenin 

signaling was essential for proper CNS angiogenesis, enrichment of several Slc transporters in 

CNS endothelial cells and maintenance of the BBB(53,54).  

 Although extrinsic cues from cells in the NVU has been extensively studied, the BBB has 

largely been studied in a static context. Once the BBB is formed and properly maintained, it 

assumed to be permanently fixed in health. However, the brain is a very dynamic organ with 

constant changes in neural activity. Therefore, it is possible that the BBB exhibits plasticity in 

response to neural activity to meet the dynamic demands of the neural circuitry without overt 

leakiness. 
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Neural Activity Regulates Molecular Properties of the Brain Vasculature 
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INTRODUCTION 

 The BBB has largely been studied as a static structure: a wall protecting the CNS from 

potential toxins. The brain, however, is highly dynamic with constant fluctuations in neural activity 

and energy demand. Therefore, it would be plausible that the vasculature could dynamically 

respond to meet the changing demands of the neural circuitry. The majority of neurovascular 

communication has been studied in the context of blood flow whereby increased neural activity 

leads to an increase in localized blood flow through the process of neurovascular coupling 

(NVC)(55,56). It is also established that neurovascular signaling is critical for postnatal 

angiogenesis in the brain(57,58). However, much less is known about whether the properties of 

the BBB are plastic and how these properties respond to changes in neuronal activity. Interestingly, 

a study utilizing single cell sequencing to analyze the gene expression in different cells of the 

visual cortex in different light paradigms identified that there were changes to vascular cells in 

addition to neurons and glia, suggesting that experience may indeed alter brain endothelial gene 

expression(59). Because the BBB is essential for regulating the CNS microenvironment, changes 

in transport, signaling, metabolism or other BBB properties without overt ‘leakiness’ of the BBB 

to non-specific molecules, could significantly alter the extracellular environment and thus neural 

circuit function and behavior. Therefore we sought to understand how plastic the BBB is, and 

whether neural activity can regulate specific barrier properties. Interestingly, increased neural 

activity has been shown to highly correlate with Aβ accumulation in both mouse models of AD 

and humans suggesting that it may be an upstream driver of AD(60–66). However, the role of the 

cerebral vasculature in this context has not been explored.  
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RESULTS 

DREADDs as a tool to manipulate glutamatergic activity in vivo 

In order to determine how glutamatergic neural activity regulates the cerebral vasculature, 

we first generated two chemogenetic mouse models to express Designer Receptors Exclusively 

Activated by Designer Drugs (DREADDs) in glutamatergic neurons including CamKIIα-

tTA;TRE-hM3Dq (“hM3Dq-Activating”) mice to activate glutamatergic neurons and CamKIIα-

tTA; TRE-hM4Di (“hM4Di-Silencing”) to silence glutamatergic neurons (Figure 2.1 A) in 

response to administration of clozapine-N-oxide (CNO)(67). In these models, the DREADDs were 

densely expressed in the cortex and hippocampus (Figure 2.1 B, 2S.1 A), so we carried out all 

experiments involving chemogenetics in these brain regions. To determine the temporal dynamics 

of neural activity modulation we used in vivo multi-electrode recordings to examine the neural 

activity in the cortex/hippocampus of these mice following injection of CNO. Intraperitoneal 

injection of 0.5 mg/kg CNO was sufficient to cause a robust increase in gamma local field potential 

(LFP) power in the hM3Dq-Activating mice, without eliciting seizures (Figure 2.1 C), and a 

significant increase in locomotor activity (Figure 2S.1 B). The increase in neural activity was 

initially observed at 15 minutes post-CNO injection, peaked at 1 hour post-injection and lasted 

until 3 hours post-injection. No increase in gamma local field potential or locomotor activity was 

observed in the littermate controls (Figure 2.1 E, 2S.1 B). Intraperitoneal injection of 1.0 mg/kg 

CNO in the hM4Di-Silencing mice robustly attenuated gamma LFP power and locomotor activity 

which was not observed in littermate controls (Figure 2.1 D, 2.1 F, 2S.1 C).  The neuronal silencing 
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was initially observed 15 minutes post-CNO, maximum silencing was observed around 1 hour and 

it lasted the full 3 hours of recording.   

DREADDs-mediated, neural activity-regulated brain endothelial transcriptome 

We next aimed to determine how neural activity regulates brain endothelial gene 

expression. Three hours following CNO injection into hM3Dq-Activating and paired littermate 

controls (0.5mg/kg CNO) or hM4Di-Silencing and paired littermate controls (1.0mg/kg CNO), we 

isolated brain endothelial cells via fluorescence-activated cell sorting (FACS, Figure 2.2 A, Figure 

2S.2 A, 2S.2 B) and then examined their gene expression by RNA sequencing. 

There were 625 genes significantly upregulated and 748 genes significantly downregulated 

by glutamatergic activation (Figure 2.2 B). Pathway analysis revealed that a large number of 

downregulated genes were involved in amino acid and lipid metabolic pathways suggesting that 

neural activity downregulates brain endothelial metabolism (Table 2S.1). There was a very robust 

enrichment of upregulated genes in pathways involving adherens junctions and cytoskeletal 

remodeling (Table 2S.2). These changes are likely due to increased NVC-mediated blood flow in 

these brain regions as shear stress-dependent regulation of the adherens junctions and consequently 

the cytoskeleton in the endothelium is a well-established phenomenon in the vasculature(68–70). 

There was also an enrichment for upregulated pathways involving protein synthesis and transport 

suggesting that there is a global demand for more proteins in the vasculature in response to 

increased neural activity (Table 2S.2). When we looked at known BBB-enriched genes (Figure 

2.3), TJ gene expression, including claudin5 (Cldn5), occludin (Ocln), zo-1 (Tjp1), zo-2 (Tjp2), 

Lipolysis stimulated receptor (LSR) and Tricellulin (Marveld2), they were largely unaffected by 

increased neural activity. BBB-enriched Slc transporters were also largely unaffected with the 

exception of a significant downregulation of Slc39a10, a putative zinc transporter. Surprisingly, 
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glut1 (Slc2a1), which is critical for transporting glucose into the brain, was unaffected by 

glutamatergic activation which is important for importing glucose into the brain. Perhaps for this 

time frame, the active neurons are able to utilize other mechanisms for energy. There were largely 

no changes to LAMs, including Icam1, Vcam1, Alcam, E-selectin (Sele) and P-selectin (Selp) with 

the exception of a robust and significant upregulation of Mcam. Although upregulation of LAMs 

can be an inflammatory response to injury and disease, this change could represent their role in 

cell structure in response to shear stress. Transcytotic genes such as Tfrc, Cav1 and Plvap were 

unaffected by glutamatergic activation. Most strikingly, there were 4 major ABC efflux 

transporters that were significantly downregulated by glutamatergic activation (Pgp/Abcb1a, 

Mrp4/Abcc4, Abca3, Abcd4) suggesting that efflux transport is regulated by neural activity.  

We further identified 718 genes significantly upregulated and 603 genes significantly 

downregulated by glutamatergic silencing (Figure 2.2 C). Notably, there was downregulation of 

pathways enriched in adherens junctions likely indicating a response to decreased local blood flow 

when neural activity is low (Table 2S.3). Interestingly, metabolism-related genes were also 

downregulated after glutamatergic silencing (Table 2S.3). Specifically, steroid metabolism was 

uniquely downregulated after glutamatergic silencing. However, genes involving lipid metabolism 

were also downregulated similar to after glutamatergic activation. Many of the downregulated 

lipid metabolism genes were different between the activating and silencing experiments suggesting 

that the overall lipid metabolic program is modulated by neural activity. When we looked at known 

BBB-enriched genes (Figure 2.3), surprisingly Cldn5 and Tjp1 were significantly downregulated 

and upregulated respectively. There were 4 BBB-enriched Slc transporters involved in glucose 

(glut1/Slc2a1; upregulated), amino acid (lat1/Slc7a5; upregulated) and lactate/monocarboxylate 

(mct1/Slc16a1, mct4/Slc16a4; both downregulated) transport that were significantly changed in 
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response to glutamatergic silencing. Bsg, which helps target monocarboxylate transporters (Slc16 

family) to the plasma membrane was also downregulated further suggesting that BBB aims to limit 

monocarboxylate transport in response to glutamatergic silencing. Interestingly, the transcytosis 

pathway regulators Mfsd2a and Cav1 were also downregulated after glutamatergic silencing. 

There were no changes in LAM expression. The BBB property that was the most robustly affected 

by silencing was efflux transport with 5 major efflux transporters being upregulated by 

glutamatergic silencing (Pgp/Abcb1a, BCRP/Abcg2, Mrp4/Abcc4, Abca3, Abcd4), many of the 

same efflux transporters that were downregulated by increasing glutamatergic activity. 

In total, there were 243 genes that were regulated in opposite directions by activating and 

silencing neural activity (105 genes directly correlated and 138 genes inversely correlated with the 

amount of neural activity), suggesting that the absolute mRNA expression level of these brain 

endothelial genes are regulated by the total amount of glutamatergic activity (Figure 2.2 D, Figure 

2.2 E). The 2 most enriched pathways that were directly correlated with neural activity were 

adherens junctions and focal adhesion providing further evidence that the brain endothelial cells 

are primed to respond to dynamic changes in blood flow and may undergo structural remodeling 

to compensate for the sustained alteration in shear stress (Table S2.6). VEGF signaling was 

inversely correlated with neural activity suggesting that angiogenic signaling is switched off in 

response to DREADDs-mediated changes in neural activity (Table 2S.5) in the adult brain. 

Although it has been previously shown that brain angiogenesis is increased in the adult brain after 

both locomotor exercise(71) and electroconvulsive seizures(72), perhaps differential effects on 

angiogenesis are dependent on the degree of neural activity perturbation. For example, sensory 

stimulation was proangiogenic in a critical postnatal period(58) whereas vigorous exercise, 

persistent auditory stimulation and seizures were antiangiogenic in the same postnatal period(57). 
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Moreover, although neural activity has been shown to locally increase permeability to IGF-1 into 

the CNS(73), we found that Igf1r expression was significantly downregulated after glutamatergic 

activation and significantly upregulated after glutamatergic silencing (Figure 2.3). However, it was 

found in that study that the receptor was phosphorylated in response to neural activity and the 

mechanism did not primarily involve the receptor, but rather cleavage of an IGF binding protein 

suggesting this phenomenon may be independent of Igf1r transcription. Of particular interest was 

the identification that ABC transporters (Pgp/Abcb1a, Mrp4/Abcc4, Abca3, Abcd4), a core 

property of the BBB, and a group of proline and acidic amino acid-rich basic leucine zipper (PAR 

bZip) family of circadian transcription factors (Dbp, Tef and Hlf) which were both inversely 

correlated with neural activity (Table 2S.5). 

Neural activity regulates ABC efflux transporter expression and function 

We found that ABC transporters were one of the top pathways upregulated after 

glutamatergic silencing and downregulated after glutamatergic activation suggesting that efflux 

transporter expression is regulated by neural activity (Table 2S.1, Figure 2.4 A). We next aimed 

to determine whether there were corresponding activity-dependent changes in BBB efflux 

function. We injected Rhodamine123 (Rh123), a fluorescent small lipophilic molecule that is a 

substrate for Pgp (Abcb1a)(74), 2 hours post-CNO injection into hM3Dq-Activating and hM4Di-

Silencing mice paired with littermate controls and measured its fluorescence in the brain and blood. 

Significantly more Rh123 entered the brains of the hM3Dq-Activating mice relative to hM4Di-

Silencing mice, corresponding to the decreased expression of Pgp/Abcb1a in the hM3Dq-

Activating mice and increased expression in the hM4Di-Silencing mice (Figure 2.4 B). We 

observed no difference in brain permeability to sodium fluorescein (NaFl), a small hydrophilic 

molecule that is not a substrate of Pgp, between hM3Dq-Activating mice and hM4Di-Silencing 
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mice (Figure 2.4 C). This indicates that these permeability changes are specific to efflux transport, 

and not non-specific leakiness of the BBB. Taken together these data demonstrate that neural 

activity decreases the expression and function of BBB efflux. 

DISCUSSION 

Here, we report that DREADD-mediated changes in glutamatergic activity robustly 

regulates brain endothelial cell gene expression. While most BBB properties were largely 

unaffected by neural activity, efflux transporter expression and function were homeostatically by 

neural activity. 

This work suggests that specific properties of the BBB exhibit plasticity in response to 

neural activity. There is increased blood flow to localized regions of high neural activity 

presumably to deliver oxygen and nutrients for the energy-demanding neurons. Functional changes 

to the BBB involving transport and metabolism can change the local chemical environment and 

thus potentially modulate local circuit function. Our work demonstrating the activity-dependent 

downregulation of efflux transport and other studies involving increased permeability to IGF-1 

and increased transcytosis suggest that the BBB becomes less stringent after high neural activity 

perhaps as a mechanism to deliver more nutrients into the energy-demanding areas of the brain 

parenchyma(73,75). It’s also possible that BBB efflux transport becomes less stringent during high 

neural activity as an evolutionary mechanism to preserve energy as both neuronal action potentials 

and active efflux transport require vast amounts of ATP.  

We identified hundreds of brain endothelial genes, including those involved in metabolism 

and focal adhesion, that were regulated by neural activity and it will be very interesting to 

determine how these activity-dependent genes may affect the local neural environment. In 

addition, it will be interesting to understand the signaling mechanism(s) by which neural activity 
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regulate(s) brain endothelial transcription. When glutamatergic neurons fire, they change the 

extracellular environment (e.g. ATP, glutamate, d-serine, potassium) around the neurovascular 

unit which can have vasoactive effects(76–80), and thus there may be a direct effect of neuronal 

metabolites on brain endothelial transcription. Astrocytes have been shown to be key mediators of 

NVC and it is possible that these glial cells may play a role in mediating these neural activity-

dependent changes in brain endothelial transcription, as they are physically located in close contact 

with both neurons and brain blood vessels, actively communicating with both synapses and blood 

vessels(81). In addition, blood flow is tightly coupled with neural activity in the brain and it is 

possible that neural activity may regulate brain endothelial transcription through luminal 

mechanosensation of differential shear stress via TRP channels, Piezo1, GPR68 or other 

endothelial mechanosensitive mechanisms(82–85). Interestingly, many focal adhesion genes that 

we found to be increased with neuronal activity have been shown to be regulated by the 

mechanosensory ion channel Piezo1 in the endothelium (Actn1, Actn4, Flna, Flnb, Pls3, Vcl, 

Tubb2a, Tubb2b, Tubb4b)(83). 

The experiments described likely identified “homeostatic” changes to brain endothelial 

cells in response to altering neural activity, as we examined the gene expression changes hours 

after manipulating neural activity. It would be interesting to identify “dynamic” changes to BBB 

properties that would occur on the order of seconds to minutes.  Such dynamic changes would 

likely not involve the alteration of the transcriptional profile of the endothelial cells, but perhaps 

post-translational regulation including the trafficking of key transporters such as Pgp to and from 

the surface(86–88). In addition, only a single time point was analyzed after neuronal manipulation 

in this study. Due to the dynamic nature of transcription, it would also be interesting to investigate 

how neural activity affects brain endothelial transcription at multiple time points. In addition, the 



 

17 
 

experiments described specifically analyzed glutamatergic activity since it is the major type of 

excitatory neurotransmission in the brain, but it would be interesting to see how other types of 

neural activity regulate the brain endothelial cells and determine whether there are circuit-specific 

and regional-specific activity-dependent changes in the brain endothelial cells.  It is also worth 

noting that although we analyzed brain endothelial transcriptomics and BBB function in the 

localized areas that we manipulated neural activity, based on previous findings, we expect that 

these changes should be specific to these localized areas rather than affecting the entire brain 

vascular network(59,73). 

Although there is substantial overlap in neural activity-dependent brain endothelial gene 

expression changes between our study and Hrvatin et al. 2019, we also newly identify many 

different genes not found in their study, especially many downregulated genes. However, we think 

this is primarily due to the fact that their study was done with single cell RNA sequencing (sc-

RNAseq) on whole brain tissue (all cell types) and ours was done with bulk RNA sequencing on 

FACS-purified brain endothelial cells. Not only does sc-RNAseq achieve substantially lower 

sequencing depth than bulk sequencing, but this shallowness is amplified if the cell type of interest 

is not purified, especially for endothelial cells which make up ~10% of cells in the brain. Hrvatin 

et al was interested in the activity-dependent transcriptional changes of all cell types so there was 

no cell purification performed. Indeed a recent study has shown that enrichment of vascular cells 

in combination with sc-RNAseq was sufficient to further probe vascular heterogeneity due to 

increased sequencing depth(89). While we expect that there were likely transcriptional changes in 

all cell types in our study, we were primarily interested in the endothelial response so we combined 

endothelial cell purification with deep bulk RNA sequencing to identify gene expression changes 

not observed in Hrvatin et al. While we did achieve deep sequencing with presumably primarily 
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microvascular brain endothelial cells, peroforming sc-RNAseq in this paradigm would also be 

beneficial is elucidating how different endothelial along the zonation of the brain vascular network 

respond to neural activity(89). 

BBB efflux transporters have a broad range of exogenous substrates and thus act as a major 

obstacle for delivery of small molecule drugs to the CNS(14). They also have endogenous 

substrates and act as a major extrusion route of waste products and metabolites from the brain into 

the bloodstream(10). We have previously found that Pgp is important for modulating 

concentrations of endogenous steroids in the brains of flies and mice and is important for 

behavior(7). Because our work here shows that the expression and function of Pgp is regulated by 

neural activity, it is possible that BBB efflux and neural activity exhibit dynamic crosstalk to 

maintain the brain concentrations of these important neuromodulators. This would implicate the 

BBB as a dynamic component of the neural circuitry. 
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Figure 2.1: DREADDs as a Tool to Manipulate Glutamatergic Activity in vivo. (A) Schematic representation 
of the genetic mouse models utilizing DREADDS to activate or silence glutamatergic activity in vivo. 
(B) Sagittal section of a brain derived from an Activating DREADDs mouse stained for HA (red) and cell nuclei 
with DAPI (blue). (C-D) Power density spectrograms depicting gamma local field potential (LFP) power from 
representative multielectrode array electrophysiological recording sessions from Activating DREADDs mice and 
controls (C) and Silencing DREADDs mice and control (D). CNO dosages are noted, and delivered when 
indicated by the green (C) or red (D) arrow on the X-axis. (E-F) Average gamma local field potential (LFP) power 
as a percentage of the pre-CNO injection baseline for Activating DREADDs mice and controls (E) and Silencing 
DREADDs mice and control (F). n=3 per group, *p<0.05 by Student’s t-test. 
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Figure 2.2: DREADDs-Mediated, Neural Activity-Regulated Brain Endothelial Transcriptome. (A) 
Representative FACS plot of the gating strategy used to sort brain endothelial cells. First, intact cells were gated 
using forward and side scatter (top 3 panels). Next, cells were gated against dead cells and (DAPI-positive) and 
pericytes and immune cells (FITC-positive). Finally, Alexa 647-positive endothelial cells were positively selected.  
(B) MA plot representing global gene expression changes in brain endothelial cells after glutamatergic activation 
vs. control. Red dots signify statistically significant changes by Wald Test. n=4 mice per group. (C) MA plot for 
glutamatergic silencing vs. control. n=4 mice per group. (D) Venn Diagram for statistically significant (p<0.05 
by Wald Test) gene expression changes after glutamatergic activation and silencing. “Neural activity-dependent 
genes” are the 243 (105 and 138) that were regulated in opposite directions after glutamatergic activation and 
silencing. (E) Clustering heat map of refined list of neural activity-dependent genes (at least 0.3 log2 fold change 
in both directions). Color scale represents arbitrary units of expression. Red represents lower expression and green 
represents higher expression. 
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Figure 2.3: Neural Activity-Regulated BBB Transcriptome. Heat map for binned p-values and activity-
regulated directionality of common BBB genes in Activating vs. Control (left) and Silencing vs. Control (right). 
Genes were divided into groups for different BBB properties: Tight junctions, Slc transporters, Abc transporters, 
other transporters, transcytosis, Leukocyte Adhesion Molecules (LAMs), or Other BBB-enriched. Color scale 
denotes if a given gene was upregulated (↑) (red) or downregulated (↓) (blue) and whether the change was 
statistically significant by Wald Test (intensity of color). Individual p-values are shown for significantly regulated 
genes. 
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Figure 2.4: Neural Activity Regulates ABC Transporter Expression and Function. (A) Log2 fold change of 
mRNA expression in Activating or Silencing groups relative to respective littermate controls of 5 major BBB-
specific ABC transporters after DREADDs-mediated manipulation of glutamatergic activity (~ZT23-ZT24). Data 
represent mean ± SEM (error bars). n=4 per group. *p<0.05, **p<0.05, ***p<0.001, n.s. (not significant) by Wald 
Test. (B) Normalized Rhodamine123 (Rh123) fluorescence of Activating vs. Silencing brains following CNO 
administration (~ZT3-ZT4). Mutants were paired with littermate control. The rhodamine fluorescence 
(brain:blood) of each mutant was normalized to the fluorescence of its littermate control (Excitation=505nm, 
Emission=560nm). Data represents mean ± SEM (error bars). Individual data points are shown. *p=0.0291 by 
Student’s t-test. (C) Normalized Sodium Fluorescein (NaFl) fluorescence of Activating vs. Silencing brains 
following CNO administration (~ZT3-ZT4). Mutants were paired with littermate control. The NaFl fluorescence 
(brain:blood) of each mutant was normalized to fluorescence of its littermate control (Excitation=480nm, 
Emission=538nm). Data represents mean ± SEM (error bars). Individual data points are shown. n.s. (not 
significant) by Student’s t-test. 
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Figure 2S.1: Further Validation of DREADDs. (A) Representative sagittal section of Silencing DREADDs 
mouse brain stained for HA (red) and cell nuclei with DAPI (blue). (B-C) Average velocity of Activating mice 
vs. paired littermate controls (B) and Silencing mice vs. paired littermate controls (C) over 3 hour recording 
sessions. n=3 per group, *p<0.05 by Student’s t-test. 
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Figure 2S.2: DREADDs-Mediated, Neural Activity-Regulated Brain Endothelial Transcriptome Cell 
Purity. (A-B) The counts per million (CPM) of cell-specific markers in the Activating (A) and Silencing (B) 
datasets. Raw values for each gene are also listed in the tables (left). 
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Table 2S.1: DAVID Pathway Analysis for 748 genes downregulated by glutamatergic activation.  
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Table 2S.2: DAVID Pathway Analysis for 625 genes upregulated by glutamatergic activation. 
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Table 2S.3: DAVID Pathway Analysis for 603 genes downregulated by glutamatergic silencing. 
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Table 2S.4: DAVID Pathway Analysis for 718 genes upregulated by glutamatergic silencing. 
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Table 2S.5: DAVID Pathway Analysis for 138 genes upregulated after glutamatergic silencing AND 
downregulated after glutamatergic activation. 
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Table 2S.6: DAVID Pathway Analysis for 105 genes upregulated after glutamatergic activation AND 
downregulated after glutamatergic silencing. 
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MATERIALS AND METHODS 

Mouse Strains 

All animal experiments were performed with national and UCSD IACUC guidelines. 

CamKIIa-tTA mice were crossed to TRE-hM3Dq mice to generate a tool to activate glutamatergic 

neurons and TRE-M4Di to generate a tool to silence glutamatergic neurons. All mice were kept on 

a standard 12:12 hour light:dark cycle. Only male mice were used for the transcriptomic 

experiments. Both male and females were used for all other experiments.  

Immunohistochemistry 

Mice were anesthetized by i.p. injection of a ketamine/xylazine cocktail and then fixed via 

transcardial perfusion of D-PBS for 3 minutes, 4% paraformaldehyde (PFA) for 7-10 minutes, and 

again with D-PBS for 2 minutes using a Dynamax peristaltic pump. Speed was matched to typical 

cardiac output of a mouse. The brains were then dissected and submersion-fixed in 4% PFA 

overnight at 4°C. Brains were then submerged in 30% sucrose overnight at 4°C. Brains were then 

frozen in cryosectioning blocks in a solution consisting of 1:2 30% sucrose: OCT. 40µm sagittal 

sections were obtained using a cryostat. 

Sections were stained floating in solution in the wells of a 12-well cell culture plate. They 

were blocked in a solution consisting of 5% goat serum and 0.1% Triton X-100 in PBS at room 

temperature for 45 minutes. They were then incubated in the blocking solution with the primary 

antibody, Rabbit-anti-HA 1/250 overnight at 4°C. They were then incubated in Goat-anti-Rabbit-

Alexa 594 secondary antibody at room temperature for 90 minutes and then mounted on slides 

with DAPI Fluoromount-G for image processing.  

Epifluorescence Imaging  

Epifluorescence images of HA-immunostained slides were taken with an Axio Imager D2 

(Carl Zeiss) with a 5x Fluor, 0.25 NA using a digital camera (Axiocam HRm, Carl Zeiss). 
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AxioVision software was used to acquire images. Individual images were stitched together to gain 

a complete image of a sagittal section of the brain using the photomerge feature of Adobe 

Photoshop.  

Multielectrode Array Electrophysiology 

Electrophysological procedures were performed as described previously(90). Briefly, four-

tetrode (bundles of four 17 micron platinum-iridium (90/10%) wires) microdrives were implanted 

stereotaxically (from bregma: -2.0 mm A/P, +1.8mm M/L, 0.00 mm D/V) into the cortex and 

hippocampus of adult DREADDs mice and littermate controls. Electrode tips were plated with 

platinum to reduce electrode impedances to between 150-250 kΩ at 1 kHz. The mice were given 

at least 1 week to recover with additional post-operative care administered as needed. For a given 

recording session, data was collected for 15 minutes while awake behaving mice were in their 

home cage to establish an internal control of the baseline level of neural activity. The mouse was 

then injected with the given dose of CNO (0.5 mg/kg or 1.0 mg/kg) intraperitoneally (i.p.). Data 

was collected for 3 more hours post-injection in the home cage. A preamplifier, tether, and a 32-

channel digital data acquisition system (Neuralynx, Inc.) was used. LFP was sampled at 32,000 

Hz and filtered between 1 and 1,000 Hz. Wavelet power was calculated by first downsampling by 

a factor of 25 and filtered between 30-150 Hz. The average gamma power was calculated every 

15 minutes beginning with the 15 minutes prior to the CNO injection (“preCNO”), and every 15 

minutes following for 3 hours. The percentage of baseline wavelet power was calculated by taking 

each 15 minute data point and diving by the preCNO gamma power. Locomotion was tracked via 

head-mounted LEDs and a camera facing down onto the mouse cage. Average velocity was 

calculated by taking the instantaneous velocity using the x and y coordinates and averaging over 

every 15 minutes. 
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After all recordings were completed, mice were perfused with PBS followed by 4% 

paraformaldehyde in PBS solution. Brains were post-fixed for an additional 24 hours in 4% 

paraformaldehyde and then cryoprotected using a 30% sucrose solution for an additional 2 days. 

Brains were frozen and sliced into 40 µm coronal sections on a sliding microtome. Sections were 

mounted on electrostatic slides and stained with cresyl violet to visualize recording locations for 

validation of electrode placement. 

FACS-purification of Brain Endothelial Cells 

For a given experiment, mice were collected in pairs consisting of one DREADDs mouse 

and one littermate control mouse. Each DREADDs mouse and its littermate control was injected 

i.p. with the electrophysiologically-verified dose of CNO (0.5mg/kg for Activating mice and 

1.0mg/kg for Silencing mice) at approximately ZT23-ZT24. Behavior was closely monitored for 

3 hours and the experiment was aborted if behavioral seizures were observed. 3 hours post-

injection the mice were live-decapitated using a mouse decapitator (LabScientific, XM-801). 

Brains were dissected out, the meninges were removed and the cortex and hippocampus were 

dissected out for further processing. The tissue was then diced using a #10 blade and enzymatically 

digested in Papain, 1 vial per on a 33° heat-block while being exposed to 95% oxygen, 5% carbon 

dioxide for 90 minutes. The tissue was then triturated and a second enzymatic digestion was 

performed in 1.0 mg/ml Collagenase Type 2 and 0.4 mg/ml Neutral Protease on a 33° heat-block 

while being exposed to 95% oxygen, 5% carbon dioxide for 30 minutes. Myelin was then removed 

as recommended with myelin removal beads using 30µm filters (MACS Miltenyi Biotec, 130-041-

407) and LS columns (MACS Miltenyi Biotec, 130-042-401) on a MidiMACS separator (MACS 

Miltenyi Biotec, 130-042-302). The remaining single cell suspension was blocked with Rat IgG 

1/100 for 20 minutes on ice. The samples were then stained with Rat-anti-CD31-Alexa 647, 1/100, 
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mouse-anti-CD45-FITC 1/150, rat-anti-CD13-FITC 1/100, rat-anti-CD11b-FITC 1/100, rabbit-

anti-NG2-Alexa 488 1/150, and DAPI for 20 minutes at 4°. CD31-positive cells were sorted into 

Trizol using an ARIA II instrument at the Flow Cytometry Core at the VA Hospital in La Jolla, 

CA.  

RNA-sequencing 

RNA was harvested from the FACS-purified brain endothelial cells using the Qiagen 

RNeasy Microkit. RNA samples were then further processed at the UCSD Genomics Core using 

standard core procedures. The RNA was tested for quality and concentration using a tape station 

bioanalyzer. Next, cDNA libraries were made using the TruSeq RNA Library Prep Kit v2. Samples 

were then sequenced on an Illumnia HiSeq4000, 150 based, paired ends.   

Sequence reads for all samples were mapped to Ensembl mm9 v67 mouse whole genome 

using Tophat v 2.0.11 and Bowtie 2 v 2.2.1 with parameters no-coverage-search -m 2 -a 5 -p 7. 

Alignment files were sorted using SAMtools v.0.1.19. Count tables were generated using HTSeq-

0.6.1. Differential expression of genes between control and treated samples, log 2-fold changes 

between control and treated samples, and statistical analysis including p values and FDR was 

performed using DESeq2 and Excel.  

Rhodamine123 Permeability Assay 

Rhodamine123 was dissolved in DMSO to make a stock solution of 10mg/ml. For each 

experiment, a working solution of 2 mg/ml was made by diluting the stock solution with saline. 

For a given DREADDs experiment, mice were collected in pairs and injected with CNO at 

approximately ZT3-ZT4 as described in the FACS-purification section (Activating mice were 

injected with 0.45mg/kg CNO instead of 0.5mg/kg as they were more susceptible to seizures when 

also injected with Rhodamine123). 2 hours post-CNO injection, the mice were then injected i.p. 
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with 25mg/kg Rhodamine123. 3.75 hours post-CNO injection and 15 minutes before the 

collection, the mice were then anesthetized by i.p. injection of ketamine/xylazine. Blood was 

collected via cardiac puncture and kept in an EDTA-coated tube rotating until the end of the tissue 

collection procedure. The mice were then perfused with D-PBS for 3 minutes using a Dynamax 

peristaltic pump. Brains were dissected, meninges removed and the cortex and hippocampus were 

then dissected out. The remaining tissue was flash frozen in liquid nitrogen and then stored at -

80°C until Rhodamine123 was extracted. The blood samples were then centrifuged. The 

supernatant (plasma) was collected and stored at -80°C until Rhodamine123 was extracted. 

Once Rhodamine123 was ready to be extracted from the collected tissue, the brains were 

weighed and added to tubes with cold PBS (mass/volume-adjusted). They were then homogenized 

using a bead beater homogenizer. The homogenized tissue was eluted by centrifugation. The 

Rhodamine123 extraction was performed on the homogenized brain tissue and plasma as described 

previously with slight modifications to adjust for input mass and volume(91). Briefly, n-butanol 

was added to the samples which were then vortexed. These steps were repeated once and the 

samples were incubated overnight at 4°C rotating. The samples were then vortexed, spun down 

and the supernatant was collected. The remaining pellet was then washed with an equivalent 

volume of n-butanol, the samples vortexed, spun down and the supernatant was collected. The 

samples were then added to a 96-well plate with 4 technical replicates per sample. A standard 

curve and blanks were also run to ensure that Rhodamine measurements were above the detectable 

limit. The plate was analyzed on a Tecan Infinite plate reader (Excitation=505nm, 

Emission=560nm). Brain:Blood ratios were calculated for each sample by taking the average of 

the technical replicates. To directly compare Activating to Silencing groups, each DREADDs 
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sample’s ratio was then normalized to its paired littermate control sample’s ratio to obtain the 

“Normalized Rhodamine Fluorescence”.  

Sodium Fluorescein Permeability Assay 

Sodium Fluorescein was dissolved in sterile PBS to make 10 mg/ml. For each experiment, 

a working solution of 2 mg/ml was made by diluting the stock solution with sterile PBS. Tissue 

collection was carried out identical to rhodamine permeability experiments (dosage was 25 

mg/kg).  

Brain tissue was homogenized identical the Rhodamine extraction. The brain homogenates 

were then centrifuged and the resulting supernatant was diluted 1:1 in 2% TCA. Plasma samples 

were diluted 1:400 in sterile PBS, followed by an additional 1:1 dilution in 2% TCA. Brain and 

plasma samples were incubated overnight rotating at 4°C. Both sets of samples were then 

centrifuged and the supernatants were diluted 1:1 in borate buffer, pH 11. The samples were then 

added to a 96-well plate with 4 technical replicates per sample. A standard curve and blanks were 

also run to ensure that sodium fluorescein measurements were above the detectable limit. The plate 

was analyzed on a Tecan Infinite plate reader (Excitation=480nm, Emission=538nm). Data was 

analyzed identical to the rhodamine experiment.  
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CHAPTER THREE: 

The Role of Endothelial Circadian Clock Genes in Mediating Neural Activity-Dependent 

Regulation of Blood-Brain Barrier Efflux and Brain Function 
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INTRODUCTION 

We identified that the proline and acidic amino acid-rich basic leucine zipper (PAR bZip) 

family of circadian transcription factors consisting of Dbp, Tef and Hlf are regulated by neural 

activity (Table 2S.5). Circadian rhythms are intrinsic oscillatory biological processes that are 

driven by a stereotyped transcriptional feedback loop and govern oscillation of a variety of 

physiological processes such as sleep, renal activity, cardiovascular function, gastrointestinal tract 

motility, immune response and metabolism(92). The core circadian transcriptional machinery 

consists of Bmal1 and Clock in the positive loop which drive transcription of many downstream 

genes such as the PAR bZip transcription factors, and per and cry which make up the negative 

loop and act as negative feedback regulators on Bmal1 and Clock(93–97).   

The circadian clock has mostly been studied in the context of the suprachiasmatic nucleus 

(SCN) of the hypothalamus, the central pacemaker which is entrained by light and synchronizes 

many of the body’s biological rhythms(98,99). However, the core clock transcriptional machinery 

exists in many non-neuronal cells both in the brain and peripheral tissues, including the 

vasculature. Our data demonstrates that endothelial circadian genes are tightly regulated by neural 

activity suggesting that these circadian genes may not only regulate processes controlled by cell 

intrinsic oscillatory gene networks, but by processes modulated by neuronal activity. Although 

there has been evidence implicating a significant role of the circadian clock in blood vessel tone 

of vertebrates and the glial-based BBB in flies, the role of an endothelial circadian clock in the 

BBB of mammalians has not been studied(100–105). Interestingly, global triple knockouts of the 

PAR bZip transcription factors exhibit aberrant hyperactive neural activity, defective xenobiotic 

efflux in the liver (downregulation of Pgp (Abcb1b in the liver), MRP4 (Abcc4) and BCRP 
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(Abcg2)), low circulating endogenous steroids and low blood pressure, but cell-specific roles for 

these phenotypes have not been explored(106–108). Therefore, it is plausible that endothelial PAR 

bZip transcription factors are mechanistically mediating the neural activity-dependent regulation 

of BBB efflux which may reciprocally affect brain function.  

  



 

42 
 

RESULTS 

Neural activity regulates endothelial PAR bZip transcription factors 

We had previously demonstrated that neural activity regulates BBB efflux transporter 

expression and function such that it is upregulated after glutamatergic silencing and downregulated 

after glutamatergic activation (Chapter 2). The expression of the PAR bZip transcription factors 

(Dbp, Tef, Hlf) were similarly regulated by neural activity to the ABC efflux transporters in that 

their expression was decreased after DREADDs activation and increased after DREADDs 

silencing (Figure 3.1 A), which led us to hypothesize that expression of these clock output genes 

and ABC efflux transporters may be linked. It is worth noting that both Arntl (Bmal1) of the 

positive loop and Cry1 of the negative loop were regulated in the opposite manner and were 

positively correlated with neural activity (Figure 3S.1). However, this modulation of the PAR bZip 

transcription factors could be explained by the expression of Nr1d2 (REV-ERBβ), another major 

circadian transcription factor in the core clock, whose expression was inversely correlated with 

neural activity (Figure 3S.1). Interestingly, it has recently been reported that flies exhibit a 

circadian oscillation of BBB efflux transport(105), suggesting that the activity dependent 

regulation of BBB efflux may be downstream of these endothelial circadian clock genes.  

PAR bZip transcription factors are required for diurnal rhythmic expression of BBB efflux  

We next set out to determine whether there was a diurnal rhythm of BBB efflux in mice, 

and whether this was controlled by the endothelial-specific circadian genes. Mice are active during 

their dark period (ZT12-ZT24) and rest during their light period (ZT0-ZT12), thus exhibiting 

higher excitatory neural activity during the dark period associated with wakefulness and lower 

excitatory neural activity during the light period associated with sleep(62,109). We observed that 

there was diurnal oscillation of Pgp/Abcb1a transcripts in brains of wildtype mice with a peak 
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occurring at ZT12 (ZT13 on the fit curve), the end of the resting light period and a trough occurring 

at ZT0, the end of the active dark period, corresponding with its expression after manipulation of 

neural activity (Figure 3.1 B). This rhythmic oscillation was largely abolished in the brains of the 

PAR bZip triple knockout (tKO) mice (Figure 3.1 B). Although there were daily low amplitude 

changes in the expression of Abcb1a in the brains of tKO mice, our statistical framework identified 

the pattern as non-rhythmic. This suggests that the PAR bZip transcription factors modulate 

diurnal expression of Pgp. Importantly, the PAR bZip triple knockout mice still exhibit relatively 

normal circadian behavior with respect to locomotor activity(106). 

Generation and characterization of endothelial-specific, tamoxifen-inducible Bmal1 

conditional knockout 

In order to determine if the circadian clock gene-dependent regulation of BBB efflux 

transport was specific to its function in endothelial cells, we generated tamoxifen-inducible, 

endothelial-specific Bmal1 knockout mice (VECadherin-CREERT2; Bmal1fl/fl) with cre-negative 

littermate controls (Bmal1fl/fl). Bmal1 is the master regulator of the positive loop in the circadian 

transcriptional machinery, and thus deletion of Bmal1 in endothelial cells will disrupt circadian 

oscillation of Dbp, Tef and Hlf (Figure 3S.2 A)(94–97). We FACS-purified both endothelial and 

non-endothelial cell populations from endothelial-specific Bmal1 conditional knockouts (EC-

Bmal1 cKOs) and littermate controls (Bmal1fl/fl), purified the genomic DNA, and demonstrated 

via PCR that we are indeed excising the Bmal1 gene exclusively in endothelial cells and only in 

the EC-Bmal1 cKOs with this genetic strategy (Figure 3S.2 B, Figure 3S.2 C). We also showed 

via immunofluorescence of brain sections from a VECadherin-CREERT2-driven tdTomato reporter 

mouse that the cre is exclusively active in endothelial cells (Figure 3S.2 D).  Moreover, we found 

that the EC-Bmal1 cKO mice and littermate controls both have normal diurnal behavior, 
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displaying a nocturnal eating and drinking schedule (Figure 3S.2 E, Figure 3S.2 F), suggesting that 

inhibition of the endothelial clock does not interfere with the overall rhythmic activity of the 

mouse. Therefore, we generated a reliable genetic tool to ablate endothelial circadian clock genes 

in adulthood.  

Endothelial circadian clock genes are required for diurnal rhythmic function of BBB efflux 

We next injected Rh123 into EC-Bmal1 cKO and littermate controls at four different time 

points throughout the day and collected their brains and blood for analysis of Rh123 brain 

permeability. We observed a rhythmic oscillation of Rh123 permeability that was inversely 

correlated with the rhythmic expression of Abcb1a in wildtype animals (Figure 3.2 A), 

demonstrating that there is indeed diurnal oscillation of BBB efflux. We observed that at the end 

of the active dark period (ZT0), there was low expression of Pgp and more Rh123 accumulation 

in the brain, whereas at the end of the rest light period (ZT12), there was high expression of Pgp 

and less Rh123 accumulation in the brain. Thus similar to our chemogenetics experiments, the 

expression and function of BBB efflux inversely correlates with mouse activity. This rhythmic 

oscillation of Pgp function was inhibited in EC-Bmal1 cKO mice suggesting that the rhythmic 

oscillation of BBB efflux transport was dependent on proper function of endothelial Bmal1 (Figure 

3.2 A). We did not observe diurnal oscillation of NaFl permeability in either genotype (Figure 3.2 

B), suggesting that the diurnal oscillation was specific to BBB efflux, and not paracellular 

permeability.  Taken together this data demonstrates that neural activity regulates the levels of 

endothelial circadian clock genes, which in turn regulate the levels of Pgp efflux transport. 

Neural activity regulates BBB efflux through endothelial circadian clock genes 

 In order to demonstrate the complete epistatic relationship of endothelial circadian clock 

genes in mediating neural activity-dependent regulation of BBB efflux, we sought to manipulate 
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activity in EC-Bmal1 cKOs and littermate controls. If endothelial circadian clock genes were 

indeed the mechanism, we would expect to observe the same neural activity-dependent regulation 

in the littermate controls we observed in DREADDs mice, but not in the EC-Bmal1 cKOs. In order 

to manipulate glutamatergic activity in these animals, we injected vehicle or the glutamatergic 

receptor agonist kainic acid at a subseizure dose into EC-Bmal1 cKOs and littermate controls, 

FACS-purified the brain endothelial cells from the four groups, and performed RT-qPCR for 

Abcb1a. Kainic acid was sufficient to cause a significant decrease in pgp expression in the 

littermate controls, similar to what we observed with DREADDs mediated glutamatergic 

activation, whereas it caused no significant change in pgp expression in the EC-Bmal1 cKOs 

(Figure 3.3). This suggests that endothelial circadian clock genes are required for neural activity-

dependent regulation of BBB efflux.  

The endothelial circadian clock regulates affect-related behavior 

 Our lab has previously shown that pgp is not only important for the transport of xenobiotics 

but also endobiotics, and that without functional pgp, there is dysregulation of endogenous steroids 

in the brain and consequently behavioral deficits(7). Since we demonstrated that diurnal pgp 

expression and function is altered in EC-Bmal1 cKOs, it is plausible that this could have an effect 

on neurochemical balance and thus affect brain function. In order to assess whether cognitive 

function was affected, we performed a battery of behavioral tests on EC-Bmal cKOs and littermate 

controls. 

 We first tested whether abolishing the clock in endothelial cells would affect learning and 

memory in the novel object recognition (NOR) test because Bmal1 global knockouts have been 

shown to have deficits in long and short term memory(110). The NOR test evaluates the mouse’s 

ability to distinguish a novel object from a familiar object. A mouse with normal learning and 
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memory skills spends more time exploring a novel object compared to a familiar object, whereas 

a mouse with impaired learning and memory could spend equal or less time exploring the novel 

object. We observed no statistically significant difference between EC-Bmal1 cKOs and littermate 

controls in the discrimination index (Figure 3S.3 A), the ability to discriminate the novel object 

from the old object, nor in the total amount of time spent exploring the objects (Figure 3S.3 B). 

This indicates that abolishing the clock in endothelial cells does not affect learning and memory 

behavior nor general locomotion. 

 We next wanted to test whether affect-related behavior was affected in the EC-Bmal cKOs 

since we previously observed that disrupted pgp causes anxiety(7). In order to test anxiety-related 

behavior we performed the open field test in which mice are placed in an open arena in which 

anxious mice will spend more time in the periphery of the field and less anxious mice will spend 

more time in the middle of the field. Surprisingly, we found that for both EC Bmal1 cKOs and 

littermate controls spent approximately equivalent amounts of time in the inner portion of the field 

suggesting that there is no difference in anxiety-related behavior (Figure 3S.3 C). However, we 

found that EC-Bmal1 cKOs had a significantly greater average immobility time compared to 

littermate controls in the tail suspension test, a proxy for depression which quantifies learned 

helplessness (Figure 3.4). This suggests that endothelial circadian clock genes are involved in 

regulating brain function in the context of affect-related behavior. 
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DISCUSSION 

 Here, we demonstrated that neural activity drives diurnal oscillation of BBB efflux 

expression and function and that this relationship is dependent on endothelial circadian clock 

genes. Further, we showed that this pathway is required for behavioral homeostasis and that 

dysregulation of it causes depressive behavior. 

 This diurnal oscillation of BBB efflux in mice which is consistent with work done the glial-

based BBB of fruit flies, suggesting that there is an evolutionarily conserved mechanism to control 

the amount of efflux throughout the day(105). The diurnal permeability to Rhodamine in the two 

organisms are inversely correlated which is consistent with the fact that flies are diurnal and mice 

are nocturnal when kept on a standard 12:12 hour light:dark cycle. Thus in both cases, the amount 

of efflux transport decreases with the activity of the organism. This phenomenon has important 

clinical implications for chronopharmacology, drug treatment that takes the body’s circadian 

rhythm into consideration as time of day variation may affect the efficiency of drug delivery to the 

CNS and thus efficacy within the brain.   Our work further shows that this diurnal oscillation isn’t 

entirely controlled by cell intrinsic gene oscillation, as neuronal activity can modulate the levels 

and function of efflux through regulation of the circadian genes.  This identifies that diurnal 

oscillatory functions can be modulated by neuronal activity and behavior. 

 This study also demonstrated the first known example of circadian-related oscillation of 

the BBB in mammals. Although the brain vasculature has previously been shown to exhibit some 

oscillatory gene expression(104), it is still unknown to what extent global gene expression 

oscillates in a circadian gene-dependent manner in brain endothelial cells. It would be interesting 

to perform gene profiling of brain endothelial cells at various diurnal time points in EC-Bmal cKOs 
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and littermate controls. This would elucidate which brain endothelial genes exhibit diurnal 

oscillation and which of those are dependent on expression of endothelial circadian genes.  

 Interestingly, depression and other mood disorders have considerable evidence linking 

them to dysregulated circadian rhythms. It has been proposed that disturbances may result from 

phase shifts in the central pacemaker and its function in regulating body temperature, cortisol and 

melatonin levels, and rapid-eye-movement sleep(111). Other than phase shifts in SCN output, 

cerebral vascular disease has also been implicated as possible cause of depression. The “vascular 

depression” hypothesis proposes cerebrovascular defects have adverse effects on brain circuitry 

and contribute to the development of late-life depression in elderly people(112).  Although the 

mechanism of this phenomenon is unclear, our work suggests that perhaps dysregulation of 

endothelial circadian clock genes may impair BBB efflux transport leading to neurochemical 

imbalance and depression. This may also be an upstream driver of Alzheimer’s pathogenesis 

(Chapter 5). 
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FIGURES 

  

A B 

Figure 3.1: Neural Activity-Regulated Endothelial PAR bZip Transcription Factors are required for 
Diurnal Rhythmic Expression of Pgp. (A) Log2 fold change of mRNA expression in Activating or Silencing 
groups relative to respective littermate controls of 3 PAR bZip transcription factors after DREADDs-mediated 
manipulation of glutamatergic activity. Data represent mean ± SEM (error bars). n=4 mice per group. **p<0.005, 
***p<0.001 by Wald Test. (B) Relative mRNA expression of Abcb1a normalized to GAPDH across a 24 hour 
day (12:12 hour dark:light) in Wildtype (left) and PAR bZip triple knockout mice (right). Expression levels 
represent 2-ΔΔct. Data represent mean ± SEM (error bars). n=4 mice per group. Rhythmicity was assessed by linear 
regression. Results are represented as lines if the statistical model indicates rhythmicity. Non-rhythmic fits are 
represented by dashed lines. 
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A B 

Figure 3.2: Endothelial Circadian Clock Genes are required for Diurnal Rhythmic Function of BBB Efflux. 
(A) Rhodamine123 (Rh123) fluorescence (brain:blood) in littermate controls (left) and endothelial-Bmal1 
knockout mice (right) across a day (Excitation=505nm, Emission=560nm). Data represent mean ± SEM (error 
bars). n=3-7 mice per group. (B) Sodium Fluorescein (NaFl) fluorescence (brain:blood) in littermate controls (left) 
and endothelial-Bmal1 knockout mice (right) across a day (Excitation=480nm, Emission=538nm). Data represent 
mean ± SEM (error bars). n=3-6 mice per group. Rhythmicity was assessed by linear regression. Results are 
represented as lines if the statistical model indicates rhythmicity. Non-rhythmic fits are represented by dashed 
lines. 
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Figure 3.3: Neural Activity Regulates BBB Efflux through Endothelial Circadian Clock Genes. Relative 
mRNA expression of Abcb1a normalized to Rps20 after administration of vehicle or kainic acid in littermate 
controls (left) endothelial-Bmal1 knockout mice (right). Expression levels represent 2-ΔΔct. Data represent mean ± 
SEM (error bars). n=4 mice per group. Individual pairs are shown. **p<0.005 by Paired Student’s t-test. 
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Figure 3.4: EC-Bmal1 cKOs display Depressive-like Behavior. The tail suspension test. Data displays total 
amount of time immobile in in littermate controls (left) endothelial-Bmal1 knockout mice (right). Data represent 
mean ± SEM (error bars). n=13 for Bmal1f/f, n=14 for Bmal1f/f;VECad-CreERT2. Individual replicates are shown. 
p=0.0140 by Student’s t-test. 
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Figure 3S.1: DREADDs-Mediated, Neural Activity-Regulated Endothelial Circadian Clock Genes. Log2 
fold change of mRNA expression in Activating or Silencing groups relative to respective littermate controls of 
canonical circadian clock genes in brain endothelial cells after DREADDs-mediated manipulation of 
glutamatergic activity. Data represent mean ± SEM (error bars). n=4 mice per group. *p<0.05, **p<0.005, n.s. 
(not significant) by Wald Test.  
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Figure 3S.2: Generation and Characterization of EC-Bmal cKO Mice. (A) Schematic of genetic strategy to 
modulate circadian gene oscillation exclusively in endothelial cells in response to tamoxifen. Bmal1 floxed mice 
were mated to VECadherin-CreERT2 mice and injected with tamoxifen at 5 week of age. Ablation of Bmal1, the 
master regulator of the positive loop will ablate typical expression of PAR bZip transcription factors. (B) 
Schematic of conditional disruption of Bmal1 and expected PCR product sizes. Yellow triangles represent loxP 
sites. L1, R4, and L2 represent primers. Adopted from Figure 5A of Storch et al 2007. (C) Schematic of strategy 
to purify CD31+ (endothelial) cells CD31- (non-endothelial) cells to determine if Bmal1 was disrupted from the 
cells’ genomes of endothelial-specific Bmal1 knockout mice and littermate controls. (D) Representative image of 
section stained with CD31 (green) and endogenous tdTomato fluorescence (red) in VECadherin-CreERT2; Rosa-
lsl-tdTomato mice and wildtype controls in the cortex. (E) Water intake at the end of the dark and light periods 
across 4 days in endothelial-specific Bmal1 knockout mice and littermate controls. n=8-9 per group. (F) Chow 
intake at the end of the dark and light periods across 4 days in endothelial-specific Bmal1 knockout mice and 
littermate controls. n=8-9 per group. 
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A B 

C 

Figure 3S.3: EC-Bmal cKO Mice do not display Learning and Memory Deficits nor Anxiety-like Behavior. 
(A-B) The novel object recognition test. Mice were habituated to the testing box for 5 minutes (Trial 1), then 
habituated to two identical objects for 5 minutes, x3 trials (Trials 2-4). One object was replaced by a novel object 
(Trial 5). Mice were scored on how much time they spent exploring each object. (A) Discrimination index was 
calculated as time spent exploring novel object subtracted by time spent exploring familiar object, divided by total 
exploration time in trial 5. (B) Total time spent exploring any object in trials 2 and 5. Data is plotted as mean 
±SEM. n=14 for each condition. (C) The open field test. Mice were placed in the testing arena and scored for 
amount of time spent inside an inner drawn square, as opposed to around the perimeter of the testing arena. Data 
is plotted as mean ±SEM. n=9 for both conditions. 
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MATERIALS AND METHODS 

Mouse Strains 

All animal experiments were performed with national and UCSD IACUC guidelines. 

Bmal1 floxed mice were crossed to VECadherin-CreERT2 mice to generate a tamoxifen-inducible, 

endothelial-specific, Bmal1 knockout mice. Rosa-lsl-tdTomato mice were crossed to  VECadherin-

CreERT2 mice to generate a tamoxifen-inducible, endothelial-specific, red reporter mouse. Both sets 

of mice were administered 3 daily intraperitoneal injection of tamoxifen (100μl of 20 mg/ml) at 5 

weeks of age and all experiments involving these mice were performed at least 5 weeks post 

tamoxifen injection. PAR bZip triple knockout mice and corresponding wildtype controls were 

previously described(106). All mice were kept on a standard 12:12 hour light:dark cycle. Both 

male and females were used for all experiments.  

Immunohistochemistry 

Mice were anesthetized by i.p. injection of a ketamine/xylazine cocktail and then fixed via 

transcardial perfusion of D-PBS for 3 minutes, 4% paraformaldehyde (PFA) for 7-10 minutes, and 

again with D-PBS for 2 minutes using a Dynamax peristaltic pump. Speed was matched to typical 

cardiac output of a mouse. The brains were then dissected and submersion-fixed in 4% PFA 

overnight at 4°C. Brains were then submerged in 30% sucrose overnight at 4°C. Brains were then 

frozen in cryosectioning blocks in a solution consisting of 1:2 30% sucrose: OCT. 23µm sagittal 

sections were obtained using a cryostat and put on slides. They were blocked in a solution 

consisting of 5% goat serum and 0.1% Triton X-100 in PBS at room temperature for 45 minutes. 

They were then incubated in the blocking solution with the primary antibody, Rat-anti-HA 1/250 

overnight at 4°C. They were then incubated in Goat-anti-Rabbit-Alexa 488 secondary antibody at 

room temperature for 90 minutes and then mounted on slides with DAPI Fluoromount-G for image 

processing.  
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Epifluorescence Imaging  

Epifluorescence images were taken with an Axio Imager D2 (Carl Zeiss) with a 5x Fluor, 

0.25 NA using a digital camera (Axiocam HRm, Carl Zeiss). AxioVision software was used to 

acquire 10x images.  

FACS-purification of Brain Endothelial Cells 

For a given experiment, mice were collected a batch of four mice of the same sex and litter 

consisting of a pair of EC-Bmal cKOs and a pair of littermate controls. 5 mg of kainic acid was 

dissolved in 2 ml of saline to obtain a working concentration of 2.5 mg/ml and saline was used as 

vehicle. One cKO and one littermate control was injected with 15 mg/kg of kainic acid and the 

other two mice were injected with an equivalent dose of vehicle at approximately ZT23-ZT24. 

Behavior was closely monitored for 3 hours and the experiment was aborted if behavioral seizures 

were observed. 3 hours post-injection the mice were live-decapitated using a mouse decapitator 

(LabScientific, XM-801). Brains were dissected out, the meninges were removed and the cortex 

and hippocampus were dissected out for further processing. The tissue was then diced using a #10 

blade and enzymatically digested in Papain, 1 vial per on a 33° heat-block while being exposed to 

95% oxygen, 5% carbon dioxide for 90 minutes. The tissue was then triturated and a second 

enzymatic digestion was performed in 1.0 mg/ml Collagenase Type 2 and 0.4 mg/ml Neutral 

Protease on a 33° heat-block while being exposed to 95% oxygen, 5% carbon dioxide for 30 

minutes. Myelin was then removed as recommended with myelin removal beads using 30µm filters 

(MACS Miltenyi Biotec, 130-041-407) and LS columns (MACS Miltenyi Biotec, 130-042-401) 

on a MidiMACS separator (MACS Miltenyi Biotec, 130-042-302). The remaining single cell 

suspension was blocked with Rat IgG 1/100 for 20 minutes on ice. The samples were then stained 

with Rat-anti-CD31-Alexa 647, 1/100, mouse-anti-CD45-FITC 1/150, rat-anti-CD13-FITC 1/100, 
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rat-anti-CD11b-FITC 1/100, rabbit-anti-NG2-Alexa 488 1/150, and DAPI for 20 minutes at 4°. 

CD31-positive cells were sorted into Trizol using an ARIA II instrument at the Flow Cytometry 

Core at the VA Hospital in La Jolla, CA.  

Rhodamine123 Permeability Assay 

Rhodamine123 was dissolved in DMSO to make a stock solution of 10mg/ml. For each 

experiment, a working solution of 2 mg/ml was made by diluting the stock solution with saline. 

For a given diurnal experiment, the mice were injected i.p. with Rhodamine123 1.5 hours before 

the indicated time. 15 minutes before the collection, the mice were then anesthetized by i.p. 

injection of ketamine/xylazine. Blood was collected via cardiac puncture and kept in an EDTA-

coated tube rotating until the end of the tissue collection procedure. The mice were then perfused 

with D-PBS for 3 minutes using a Dynamax peristaltic pump. Brains were dissected, meninges 

removed and the cortex and hippocampus were then dissected out. The remaining tissue was flash 

frozen in liquid nitrogen and then stored at -80°C until Rhodamine123 was extracted. The blood 

samples were then centrifuged. The supernatant (plasma) was collected and stored at -80°C until 

Rhodamine123 was extracted. 

Once Rhodamine123 was ready to be extracted from the collected tissue, the brains were 

weighed and added to tubes with cold PBS (mass/volume-adjusted). They were then homogenized 

using a bead beater homogenizer. The homogenized tissue was eluted by centrifugation. The 

Rhodamine123 extraction was performed on the homogenized brain tissue and plasma as described 

previously with slight modifications to adjust for input mass and volume (91). Briefly, n-butanol 

was added to the samples which were then vortexed. These steps were repeated once and the 

samples were incubated overnight at 4°C rotating. The samples were then vortexed, spun down 

and the supernatant was collected. The remaining pellet was then washed with an equivalent 
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volume of n-butanol, the samples vortexed, spun down and the supernatant was collected. The 

samples were then added to a 96-well plate with 4 technical replicates per sample. A standard 

curve and blanks were also run to ensure that Rhodamine measurements were above the detectable 

limit. The plate was analyzed on a Tecan Infinite plate reader (Excitation=505nm, 

Emission=560nm). Brain:Blood ratios were calculated for each sample by taking the average of 

the technical replicates.  

Sodium Fluorescein Permeability Assay 

Sodium Fluorescein was dissolved in sterile PBS to make 10 mg/ml. For each experiment, 

a working solution of 2 mg/ml was made by diluting the stock solution with sterile PBS. Tissue 

collection was carried out identical to rhodamine permeability experiments (dosage was 25 

mg/kg).  

Brain tissue was homogenized identical the Rhodamine extraction. The brain homogenates 

were then centrifuged and the resulting supernatant was diluted 1:1 in 2% TCA. Plasma samples 

were diluted 1:400 in sterile PBS, followed by an additional 1:1 dilution in 2% TCA. Brain and 

plasma samples were incubated overnight rotating at 4°C. Both sets of samples were then 

centrifuged and the supernatants were diluted 1:1 in borate buffer, pH 11. The samples were then 

added to a 96-well plate with 4 technical replicates per sample. A standard curve and blanks were 

also run to ensure that sodium fluorescein measurements were above the detectable limit. The plate 

was analyzed on a Tecan Infinite plate reader (Excitation=480nm, Emission=538nm). Data was 

analyzed identical to the rhodamine experiment.  

RT-qPCR 

Brain homogenate RNA from PAR bZip triple knockout mice and respective littermate 

controls was purified as described previously(106). Approximately 100 mg of frozen brain was 
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grinded in extraction buffer (3.9 M Guanidium thiocyanate, 0.03 M Sodium citrate, 0.2 M Sodium 

acetate, 1% (v/v) 2-Mercaptoethanol) using a Polytron PT 2500 E homogenizer. An equal volume 

of phenol (saturated in H2O) and 0.5 volume of chloroform/isoamylalcohol (49:1 (v/v)) were 

added to the homogenate. The mixture was vigorously vortexed subsequently. Phase separation 

was accomplished by a centrifugation step at 4°C 12,000 g for 20 min. RNA of the aqueous phase 

was precipitated at −20°C during at least 20 min using an equal volume of isopropanol. The 

precipitate was pelleted by centrifugation at 12,000 g for 15 min at 4°C. Subsequently, the pellet 

was resuspended in 4M LiCl and subsequently re-pelleted during a centrifugation step of 12,000 g 

for 15 min at 4°C. The pellet was washed with 75% ethanol with a subsequent centrifugation at 

12,000 g for 15 min at 4°C. The washed pellet was then dried at room temperature and dissolved 

in RNAse/DNAse free water. RNA from FACS-purified brain endothelial cells was purified from 

trizol using the QIAGEN RNeasy Micro Kit. RNA was reverse transcribed to cDNA using iScript 

Reverse Transcription Supermix. qPCR was performed using SYBR Green Master Mix with 

Primetime qPCR primers from Integrated DNA Technologies. Relative gene expression of Abcb1a 

was calculated using the ΔΔCt method normalizing to GAPDH for the PAR bZip tKO samples and 

Rps20 for the FACS-purified brain endothelial cells. 

Validation of Endothelial-Specific Bmal1 Knockout 

Endothelial cells and non-endothelial cell populations were FACS-purified from the brains 

of VECadherin-CreERT2; Bmal1fl/fl mice and littermate controls (Bmal1fl/fl). The cell populations 

were lysed with Proteinase K in DirectPCR Lysis Reagent, then incubated rotating overnight at 

55°C. Lysates were incubated at 85°C for 45 minutes to inhibit the Proteinase K. Multiplex PCR 

was performed using primers L1, L2 and R4 as described previously(113). 

Rhythmic Behavior 
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Mice were single-housed with ad libitum access to food and water in a standard 12:12 hour 

light-dark cycle. Food intake was measured as weight of food in grams to the nearest 0.1 gram. 

Daily spillage of food has been shown to not be more than 0.1g and therefore considered 

negligible(114). Water intake was measured as the displacement of water in a cylindrical tube 

fixed with a drinking spout. Measurements were taken at ZT0 and ZT12 every day over a period 

of 4 days.  

Rhythmicity Analysis 

Rhythmic analysis between different conditions was performed as described previously 

with minor modifications(115). Briefly, we applied multiple linear regressions on the data and 

subsequently performed a model selection using the Bayesian information criterion (BIC). The 

function was defined as y(t) = μ + γ×t + αcos((2π/24 h)t) + βsin((2π/24 h)t) + noise, where y is the 

log transformed signal, μ is the mean, t is Zeitgeber time, γ is a coefficient to account for non-

periodic time-dependent changes and α and β are the coefficients of the cosine and sine functions. 

To compare rhythmicity between the wild-type and KO mouse models, we generated five different 

models with differing α and β accounting for rhythmic and non-rhythmic patterns in each 

condition. Each of the models were fitted to the data using linear regression and model complexity 

was subsequently controlled by a BIC based model selection(116). Schwarz weight (wj) was used 

to assess the confidence of all fitted models. The model with the highest BIC weight (BICW) was 

only considered to reflect the measurements if a threshold of 0.4 was reached.  

Novel object recognition (NOR) test 

Mice were acclimated to the testing room with for 30 minutes prior to experiment. All 

NOR tests were performed with minimal ambient lighting to minimize anxiety-inducing stressors. 

The mice were allowed one 5 minute habituation period inside the testing box, define as Trial 1. 
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They were allowed three consecutive 5 minute habituation periods inside the box with two 

identical objects, defined as Trials 2-4. After Trial 4, one object was switched for a novel object 

of different shape, color, and material. Investigative behavior towards an object was defined as 

head oriented toward the object within 1.0 cm, sniffing of the object, or deliberate contact with 

the object (deliberate contact with the object but head orientated away was not scored as 

investigative). Videos were scored manually by an experimenter blind to genotype. 

Discrimination index (DI) was calculated as time spent exploring novel object subtracted by 

time spent exploring the old object, divided by the total exploration time.  

Open field test 

Mice were acclimated to the testing room with for 30 minutes prior to experiment. The 

testing box contained an inner concentric square drawn on the floor that delineated inside versus 

outside. Mice were placed in the testing box for a single 5 minute period. Time inside was defined 

as more than half of the body inside the inner square. Half of the body inside the inner square 

was only considered “inside” if the head was orientated toward the center of the square. Videos 

were scored manually by an experimenter blind to genotype. 

Tail suspension test 

Mice were acclimated to the testing room with for 30 minutes prior to experiment. Mice 

were fitted with a short tube covering the tail to prevent tail-climbing, and then were suspended 

by the tail with tape such that they cannot touch the ground or nearby surfaces. The mice were 

suspended for a single 6 minute period in which immobility (as opposed to escape-orientated 

behavior) was characterized by complete lack of movement, other than movement necessary to 

breathe. Videos were scored manually by an experimenter blind to genotype.  



 

64 
 

ACKNOWLEDGEMENTS 

 This work was in part supported by the UCSD Graduate Training Program in Cellular and 

Molecular Pharmacology through an institutional training grant from the National Institute of 

General Medical Sciences, T32 GM007752 and NIH/NINDS R01 NS091281 Diversity 

Supplement (R.S.P.) This work was also funded by NIH/NINDS R01 NS091281, Rita Allen 

Foundation, Klingenstein-Simons Foundation, and CureAlz Foundation (R.D.). The authors would 

like to acknowledge the UCSD Genomics Core and the VA Flow Cytometry Core in La Jolla, CA. 

The authors have no conflicts of interest to declare. 

 This chapter is part of a manuscript under revision for publication of the material as it may 

appear in Neuron, 2019, Pulido RS, Munji RN, Chan TC, Quirk CR, Weiner GA, Weger BD, 

Elmsaouri S, Malfavon M, Gachon F, Leutgeb S, Daneman R. The dissertation author is the 

primary investigator and first author of this material. 

  



 

65 
 

 

 

 

 

 

 

 

CHAPTER FOUR: 

Behaviorally Motivated Changes in Neural Activity Regulate Molecular Properties of the Brain 
Vasculature 
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INTRODUCTION 

 We identified hundreds of brain endothelial genes that were significantly regulated by 

DREADDs-mediated changes in glutamatergic activity, suggesting that the brain vasculature 

exhibits molecular plasticity in response to neural activity (Chapter 2). However, although these 

chemogenetic approaches are reliable and precise, DREADDs is an artificial method to manipulate 

neural activity and may not have robust physiological relevance.  Therefore, we sought to ask 

whether behaviorally motivated changes in neural activity would also illicit similar changes in 

brain endothelial gene expression. We hypothesized that there would be a large degree of 

coherence between the two datasets, demonstrating that our neural activity-dependent changes in 

brain endothelial cells are physiologically relevant and that the brain vasculature and neurons may 

be under constant communication to maintain brain homeostasis under typical physiological 

conditions. 

  



 

67 
 

RESULTS 

A paradigm that manipulates neural activity through volitional behavior 

 In order to manipulate neural activity through volitional behavior, we utilized a behavioral 

paradigm in which whisker somatosensation induces robust firing of the neurons in the barrel 

cortex(117). Mice with whiskers intact were habituated to and permitted to explore a large, 

environmentally-enriched cage (+Whisker) while mice with their whiskers shaved off were 

habituated to and allowed to explore a large empty cage (-Whisker) with both conditions in the 

dark for 3 hours. To verify that the +Whisker paradigm could increase neural activity in the barrel 

cortex compared to the –Whisker paradigm, we immunostained for the early immediate gene, 

cFos, and found that the +Whisker group had significantly more cFos+ cells in the barrel cortex in 

comparison to the –Whisker group (Figure 4.1 A, Figure 4.1 B). This indicates that this behavioral 

paradigm is sufficient to induce a robust increase in neuronal activity in the barrel cortex. 

The brain endothelial transcriptome in response to behaviorally motivated changes in neural 

activity 

 Next, we performed RNA sequencing on FACS-purified brain endothelial cells from the 

barrel cortex of the two groups (+Whisker and –Whisker) and found that 727 genes were 

significantly upregulated and 508 genes were significantly downregulated (Figure 4.1 C, Figure 

4S.1). Pathways uniquely regulated by whisker stimulation include downregulation of genes 

involved in the lysosome and glycolysis and upregulation of genes involved in the Src Homology-

3 Domain and the Rap1 Signaling Pathway (Table 4S.1, Table 4S.2). 

Comparison of brain endothelial response to behaviorally motivated changes vs. DREADDs-

mediated changes in neural activity 
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We next compared the significant changes observed through chemogenetics with those 

observed through the whisker stimulation paradigm. When we looked at the brain endothelial gene 

expression changes after DREADDs-mediated glutamatergic activation in our whisker stimulation 

dataset, we found a high degree of correlation (r=0.718141), suggesting that the neural activity-

regulated gene expression changes in brain endothelial cells that we identified by DREADDs-

mediated glutamatergic activation are physiologically relevant and represent a robust 

transcriptomic signature in the brain endothelial cells in response to activity (Figure 4.2 A). There 

was a large overlap of enriched pathways between the two experiments. Specifically, pathways 

involving adherens junctions and the cytoskeleton were also upregulated after whisker-mediated 

increase in neural activity (Table 4S.2). In addition, pathways involving metabolism were also 

downregulated after whisker-mediated increase in neural activity (Table 4S.1). Whisker 

stimulation also decreased expression of the same 5 ABC efflux transporters and the PAR bZip 

circadian clock-regulated transcription factors, and had an overall similar effect on endothelial 

clock genes suggesting that physiologically relevant changes in neural activity regulate BBB efflux 

and the endothelial circadian clock (Figure 4.2 C, Figure 4S.2). 

Interestingly, when we looked at the brain endothelial gene expression changes after 

DREADDs-mediated glutamatergic silencing in our whisker stimulation dataset, they were not 

inversely correlated (r=0.049543) suggesting that silencing of neural activity is potentially an 

active form of signaling to the brain vasculature, rather than a lack of signaling from neural activity 

(Figure 4.2 B, Figure 4.2 D). 

Although our DREADDs glutamatergic activation and whisker stimulation datasets were 

overall highly correlated, their effects on the BBB were slightly different perhaps due to the 

difference in robustness of neuronal firing in the two paradigms as well as the difference in the 



 

69 
 

brain region analyzed (Figure 4S.3). In the behavioral paradigm there was significant upregulation 

of two TJ genes (Marveld2 and F11r). Because TJs are involved in preventing paracellular 

diffusion of ions and molecules, perhaps there is upregulation of TJs as a structural response to 

higher shear stress similar to what occurs for adherens junctions. There was upregulation of the 

two LAMs, Sele and Vcam1 after whisker stimulation, which similar to DREADDs-mediated 

glutamatergic activation, could be a shear stress-dependent response rather than an inflammatory 

response. Interestingly Slc1a1, a glutamate transporter, was significantly upregulated after whisker 

stimulation which may be a mechanism for modulating glutamate levels in response to the 

increased glutamatergic neuronal activity in the barrel cortex. Slc2a1, which transports glucose 

into the brain, was also significantly upregulated after whisker stimulation which may be a 

mechanism for providing more energy for the brain since neural activity is a highly energy-

demanding process. Slc16a1, Slc16a4, Slc38a3 and Slco2b1 were also significantly changed after 

whisker stimulation. Lrp1 which is sits on the abluminal side of brain endothelial cells and is 

involved in extruding waste products such as Aβ from the brain parenchyma, was significantly 

downregulated after whisker stimulation. 

We also examined the expression of 155 Slc transporters (expressed above a threshold of 

10 average CPM across all samples) and 65 were significantly changed in at least one of the 3 

experiments (Figure 4S.4). 6 genes were significantly regulated in the same direction after 

DREADDs-mediated glutamatergic activation and whisker-mediated increase in neural activity 

(Slc12a2, Slc12a9, Slc20a1, Slc25a24, Slc5a3, Slc9a3r2). The substrates and cellular localization 

of many of these transporters are unknown but these transporters may have important roles in 

regulating the endothelial intracellular and brain parenchymal extracellular chemical and ionic 
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environments. These data suggest that brain endothelial cells may plastically change expression of 

these transporters as a mechanism to meet neuronal circuit-specific energy and nutrient demands.  

 Taken together, these data suggest that physiological changes in neural activity and 

DREADDs-mediated changes in neural activity regulate the brain vasculature in a similar manner.  
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DISCUSSION 

Here, we demonstrate that changes in neural activity through volitional behavior is 

sufficient to cause robust transcriptional changes in the brain vasculature of the barrel corrtex. We 

further showed that these changes in the brain endothelium are highly similar to those in response 

to our chemogenetic paradigm. This suggests that our activity-dependent changes in the brain 

vasculature are sensitive to standard physiological changes in neural activity. And specifically, 

this suggests that neural activity, which is on average higher during wakefulness and lower during 

sleep, acts as a homeostat to regulate diurnal oscillation of endothelial circadian genes which in 

turn modulate BBB efflux transport.  

 Unlike the full cortex and hippocampus we collected our DREADDs paradigm, the barrel 

cortex that we collected in our behavioral paradigm is a much smaller brain region and the overall 

change in neural activity was much more physiologically relevant. However, we still observed a 

large amount of gene expression changes in the brain endothelial cells suggesting that neural 

activity can regulate the brain vasculature on a local level, rather than needing to affect a large 

portion of the entire vascular network. However, similar to the CamkIIα-driven DREADDs, 

whisker stimulation primarily activates glutamatergic pyramidal neurons. Therefore, it is unclear 

whether this phenomenon occurs only in the context of glutamatergic neurotransmission, or 

whether the metabolic demand of neuronal firing regardless of neurotransmitter is sufficient to 

induce these changes in the vasculature. In addition, the barrel cortex is part of the larger cortical 

region that was activated in our DREADDs paradigm, so it is also unclear whether this 

phenomenon occurs in other brain regions, and whether there are neuronal circuit-specific changes. 

More studies manipulating other brain regions, neurons releasing other neurotransmitters, and 
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more precise neuronal circuits are needed to address these questions and expand on our 

understanding of neuronal communication to the brain vasculature.   
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Figure 4.1: Behaviorally motivated, Neural Activity-Regulated Brain Endothelial Transcriptome. (A) 
Representative sections of barrel cortex in whisker-shaven, environmentally-null mice (top) vs. whisker-intact, 
environmentally-enriched mice (bottom) stained for cFos (red). (B) Quantification of cFos+ cells per μm2 in barrel 
cortex of “-Whisker” vs. “+Whisker” mice. Data represent mean ± SEM (error bars). n=3 per group. ***p<0.001 
by Student’s t-test. (C) MA plot for +Whisker vs. –Whisker. n=3 mice per group. 
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Figure 4.2: Comparison of brain endothelial response to behaviorally motivated changes vs. DREADDs-
mediated changes in neural activity. (A) Heat maps of genes significantly regulated by DREADDs-mediated 
glutamatergic activation in the Activating mice and paired littermate controls (top) and +Whisker mice and –
Whisker mice (bottom). Color scale represents arbitrary units of expression. Blue represents lower expression and 
red represents higher expression. Pearson Correlation Coefficient shown. (B) Heat maps of genes significantly 
regulated by DREADDs-mediated glutamatergic silencing in the Silencing mice and paired littermate controls 
(top) and +Whisker mice and –Whisker mice (bottom). Color scale represents arbitrary units of expression. Blue 
represents lower expression and red represents higher expression. Pearson Correlation Coefficient shown. (C) XY 
scatter plot of genes significantly regulated by DREADDs-mediated glutamatergic activation in the Activating 
mice and +Whisker mice based on log2 fold change. The majority of genes cluster in the top right (upregulated in 
both) or bottom left (downregulated in both) quadrants. ABC transporter and bZip transcription factor genes are 
shown as colored dots. (D) XY scatter plot of genes significantly regulated by DREADDs-mediated glutamatergic 
silencing in the Silencing mice and +Whisker mice based on log2 fold change. 
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Figure 4S.1: Behaviorally Motivated, Neural Activity-Regulated Brain Endothelial Transcriptome Cell 
Purity. The counts per million (CPM) of cell-specific markers in the Barrel dataset. Raw values for each gene are 
also listed in the tables (left). 
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Figure 4S.2: Behaviorally Motivated, Neural Activity-Regulated Endothelial Circadian Clock Genes. Log2 
fold change of mRNA expression in +Whisker mice relative to –Whisker mice of canonical circadian clock genes 
in brain endothelial cells. Data represent mean ± SEM (error bars). n=3 mice per group. **p<0.005, ***p<0.001, 
n.s. (not significant) by Wald Test.  
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Figure 4S.3: Behaviorally Motivated, Neural Activity-Regulated BBB Transcriptome. Heat map for binned 
p-values and activity-regulated directionality of common BBB genes in Barrel experiment. Genes were divided 
into groups for different BBB properties: Tight junctions, Slc transporters, Abc transporters, other transporters, 
transcytosis, Leukocyte Adhesion Molecules (LAMs), or Other BBB-enriched. Color scale denotes if a given gene 
was upregulated (↑) (red) or downregulated (↓) (blue) and whether the change was statistically significant by Wald 
Test (intensity of color).  
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Figure 4S.4. Neural Activity-Regulated Slc Transporter Transcriptome 
Heat map for binned p-values and activity-regulated directionality of Slc transporters (>10 average CPM) in 
Activating vs. Control (left), Silencing vs. Control (middle) and +Whisker vs. –Whisker (right). Color scale 
denotes if a given gene was upregulated (↑) (red) or downregulated (↓) (blue) and whether the change was 
statistically significant by Wald Test (intensity of color).  
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Table 4S.1: DAVID Pathway Analysis for 508 genes downregulated by whisker stimulation.  
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Table 4S.2: DAVID Pathway Analysis for 727 genes upregulated by whisker stimulation.  
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MATERIALS AND METHODS 

Mouse Strains 

All animal experiments were performed with national and UCSD IACUC guidelines. 

Animals were C57/BL6 wildtype. All mice were kept on a standard 12:12 hour light:dark cycle. 

Only male mice were used for the transcriptomic experiment. 

Immunohistochemistry 

Mice were anesthetized by i.p. injection of a ketamine/xylazine cocktail and then fixed via 

transcardial perfusion of D-PBS for 3 minutes, 4% paraformaldehyde (PFA) for 7-10 minutes, and 

again with D-PBS for 2 minutes using a Dynamax peristaltic pump. Speed was matched to typical 

cardiac output of a mouse. The brains were then dissected and submersion-fixed in 4% PFA 

overnight at 4°C. Brains were then submerged in 30% sucrose overnight at 4°C. Brains were then 

frozen in cryosectioning blocks in a solution consisting of 1:2 30% sucrose: OCT. 12µm sagittal 

sections were obtained using a cryostat and cross referenced with a brain atlas to ensure sections 

included the barrel cortex. Sections were put on slides and blocked with % donkey serum + 0.1% 

Triton X-100 in PBS at room temperature for 45 minutes. They were then incubated in the blocking 

solution with the primary antibody, Goat-anti-cFos 1/250 overnight at 4°C. They were then 

incubated in Goat-anti-Rabbit-Alexa 594 secondary antibody at room temperature for 90 minutes 

and then mounted on slides with DAPI Fluoromount-G for image processing.  

Epifluorescence Imaging  

Epifluorescence images of HA-immunostained slides were taken with an Axio Imager D2 

(Carl Zeiss) with a 5x Fluor, 0.25 NA using a digital camera (Axiocam HRm, Carl Zeiss). 

AxioVision software was used to acquire 10x images. 

cFos Image Analysis 
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Once the barrel cortex was identified, cFos-positive cells were quantified using ImageJ. 

The following functions were used in sequential order: “Threshold Adjustment,” “Convert to 

Mask,” “Fill Holes,” “Watershed,” “Analyze particles”. Then “# cFos+ cells per μm2” was 

calculated by (Total # cFos-positive)/ (Area). Three images (technical replicates) were averaged 

for each mouse (biological replicates). 

Barrel Cortex Activity Behavior Experiment 

The design of this experiment was based off previously described work with minor 

modifications(117). Briefly, for each experiment, 10 C57/BL6 mice were separated into 2 groups, 

5 mice in the “+Whisker” group and 5 mice in the “-Whisker” group. All mice underwent 

“Habituation Period 1” for 7 days in which they were weighed, monitored and handled once daily. 

The mice then underwent “Habituation Period 2” for 5 days in which each group explored an 

empty standard rat cage for 30 minutes in the dark daily. Then, on the last day of Habituation 

Period 2 (Day 11), all mice were transiently anesthetized (2-3 minutes) with 1-3% isoflurane and 

the whiskers were clipped from the -Whisker mice using an electric hair trimmer. On the Test Day 

(Day 12), mice were added to their respective habituated rat cages in the dark at approximately 

ZT23 for a duration of 3 hours. The +Whisker mice had an enriched environment with novel 

objects which they were encouraged to explore with their whiskers due to the absence of light. 

Objects were switched and rearranged every 30 minutes to maintain novelty and exploration. -

Whisker mice were kept in their empty habituated rat cage. Mice were then live-decapitated using 

a mouse decapitator.  

The barrel cortex was then dissected out using a mouse brain matrix. A single coronal cut 

was made where the olfactory bulb meets the cortex. Two more posterior coronal cuts were made 

at 3mm intervals. The barrel cortex was then dissected from the 3mm coronal section by making 
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cuts overlaid on a scaled-down image of the mouse brain atlas coronal section containing the barrel 

cortex. The meninges were removed from the dissected barrel cortex and the remaining tissue was 

pooled together from the 5 mice from each group. The pooled tissue was then processed further 

for FACS-purification as described below.  

FACS-purification of Brain Endothelial Cells 

Once the barrel cortices from the groups were processed and pooled, the tissue was then 

diced using a #10 blade and enzymatically digested in Papain, 1 vial per on a 33° heat-block while 

being exposed to 95% oxygen, 5% carbon dioxide for 90 minutes. The tissue was then triturated 

and a second enzymatic digestion was performed in 1.0 mg/ml Collagenase Type 2 and 0.4 mg/ml 

Neutral Protease on a 33° heat-block while being exposed to 95% oxygen, 5% carbon dioxide for 

30 minutes. Myelin was then removed as recommended with myelin removal beads using 30µm 

filters (MACS Miltenyi Biotec, 130-041-407) and LS columns (MACS Miltenyi Biotec, 130-042-

401) on a MidiMACS separator (MACS Miltenyi Biotec, 130-042-302). The remaining single cell 

suspension was blocked with Rat IgG 1/100 for 20 minutes on ice. The samples were then stained 

with Rat-anti-CD31-Alexa 647, 1/100, mouse-anti-CD45-FITC 1/150, rat-anti-CD13-FITC 1/100, 

rat-anti-CD11b-FITC 1/100, rabbit-anti-NG2-Alexa 488 1/150, and DAPI for 20 minutes at 4°. 

CD31-positive cells were sorted into Trizol using an ARIA II instrument at the Flow Cytometry 

Core at the VA Hospital in La Jolla, CA.  

RNA-sequencing 

RNA was harvested from the FACS-purified brain endothelial cells using the Qiagen 

RNeasy Microkit. RNA samples were then further processed at the UCSD Genomics Core using 

standard core procedures. The RNA was tested for quality and concentration using a tape station 
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bioanalyzer. Next, cDNA libraries were made using the TruSeq RNA Library Prep Kit v2. Samples 

were then sequenced on an Illumnia HiSeq4000, 150 based, paired ends.   

Sequence reads for all samples were mapped to Ensembl mm9 v67 mouse whole genome 

using Tophat v 2.0.11 and Bowtie 2 v 2.2.1 with parameters no-coverage-search -m 2 -a 5 -p 7. 

Alignment files were sorted using SAMtools v.0.1.19. Count tables were generated using HTSeq-

0.6.1. Differential expression of genes between control and treated samples, log 2-fold changes 

between control and treated samples, and statistical analysis including p values and FDR was 

performed using DESeq2 and Excel.  
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CHAPTER FIVE: 

Discussion of Implications in Brain Waste Clearance and Alzheimer’s disease 
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Here, we report that neural activity regulates brain endothelial cell gene expression, and 

specifically that neural activity inhibits the expression of BBB ABC efflux transporters and PAR 

bZip circadian clock-regulated transcription factors. We further show that there is a diurnal 

oscillation to BBB efflux transporter expression and function, which is abolished by endothelial-

specific deletion of one of the main circadian clock regulators Bmal1. In particular, we found that 

there is overall less BBB efflux during the dark period when mice are more active and more BBB 

efflux during the light period when mice are at rest. We also demonstrate that acute regulation of 

BBB efflux by neural activity is abolished by endothelial-specific deletion of endothelial Bmal1. 

Lastly, we show that the detrimental consequence of disrupting this endothelial circadian-

dependent pathway is depressive behavior (Figure 5.1).  

These results demonstrate that the expression and function of efflux at the BBB is 

modulated by activity and is dependent on the expression of circadian clock genes within the 

endothelial cells. Although there may be endogenous oscillation of endogenous oscillation of 

endothelial circadian clock genes which mediate diurnal oscillatory BBB efflux, it appears that 

neural activity may be able to override this endogenous oscillation and converge on the endothelial 

bZip transcription factors to regulate efflux transport. 

 Our work also has substantial clinical implications in the context of waste clearance from 

the brain and Alzheimer’s disease (AD). Our finding that BBB efflux inversely correlates with 

neuronal activity is consistent with previous studies that there is increased clearance of waste 

products such as amyloid beta (Aβ) from the brain during sleep(118). Although the results from 

that study specifically implicated a role of the glymphatic system, there has been an abundance of 

literature expanding on our knowledge of the BBB’s role, and specifically Pgp’s, in waste 

clearance and Alzheimer’s disease(10). Alzheimer’s patients have been shown to have decreased 



 

90 
 

Pgp function in the brain(119,120). Aβ has been shown to be cleared from the brain to the blood 

abluminally via LRP1 and luminally via pgp(36,121). It is also well-established that there is a 

substantial relationship between aberrant hyperactive neural activity and buildup of Aβ plaques in 

both mouse models of AD and humans with AD, although a mechanistic role for pgp or the 

vasculature has not been explored in this context(60–66). We found that increased neural activity 

downregulates expression of both Abcb1a and LRP1. Thus, it is plausible that proper circadian 

balance of activity-dependent regulation of BBB efflux is important for clearing waste products 

such as Aβ from the brain during sleep when activity is lower and BBB efflux transport is higher, 

and that BBB efflux may work synergistically with other brain clearance pathways during sleep. 

Interestingly, sleep has been shown to regulate PAR bZip transcription factor expression in the 

brain through modulation of Bmal1 activity(95,96,122). In addition, circadian rhythm is often 

disrupted in patients with Alzheimer’s disease(123). Depression is also a common comorbidity in 

Alzheimer’s disease(124).  

Based on our findings, it appears that an increase in Pgp expression and function occurs 

during sleep in control subjects and may be critical for waste clearance during sleep. And this 

increase in Pgp expression/function did not occur in our circadian mutants. Moreover, neural 

activity appears to be able to override this oscillatory phenomenon. Therefore, it is plausible that 

substantial disruption of this pathway, whether it be through imbalance of net neural activity in 

sleep/wakefulness or dysfunction of endothelial circadian clock genes can lead to neurochemical 

imbalance and depression.  Taken together, these findings suggest that disruption of circadian-

dependent and neural activity-modulated BBB efflux may be an upstream driver of Alzheimer’s 

pathogenesis.  
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Model of neural activity-dependent expression of endothelial circadian clock-regulated PAR 
bZip transcription factors which regulate BBB efflux transport and maintain neurochemical balance. (A) 
Mice are more active during the night vs. day and thus exhibit more neural activity during the night. The 
expression of the PAR bZip transcription factors in brain endothelial cells is inversely regulated by the amount of 
glutamatergic activity in the brain and their expression regulates the expression and function of BBB efflux 
transporters. Therefore, there is more BBB efflux during the day/rest period vs. the night/active period in mice, 
which is important for waste clearance during sleep (day) and maintenance of neurochemical balance. However, 
if there is disruption of this pathway through sleep deprivation (B) or endothelial circadian gene dysfunction (C), 
there is improper waste clearance, neurochemical imbalance and depression. 
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APPENDIX A: 

Signaling Mechanisms of Neural Activity-Dependent Regulation of the Brain Vasculature 
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INTRODUCTION 

 We demonstrated that both chemogenetic and behaviorally-motivated changes in neural 

activity robustly regulate brain endothelial gene expression. However, the signaling mechanism(s) 

by which neuronal activity may be signaling to the vasculature in this context remains elusive. The 

cells in the NVU dynamically interact with each other to maintain brain homeostasis(38). Cellular 

signaling mechanisms of neurovascular communication has been extensively studied in the context 

of NVC and BBB function. Although NVC is much more dynamic than the neural activity-

dependent regulation of brain endothelial gene expression that we identified and signaling for 

development/maintenance of the BBB is more “all or nothing,” we can still gain insight from these 

studies to hypothesize how neural activity signals to brain endothelial cells to regulate gene 

expression. 

 First, it is possible that neural activity regulates brain endothelial gene expression by 

directly interacting with endothelial cells. When glutamatergic neurons fire, they change the 

extracellular environment (e.g. ATP, glutamate, d-serine, potassium) around the neurovascular 

unit which can have vasoactive effects(77–80,125). Thus, there may be a direct effect of neuronal 

metabolites on brain endothelial gene expression. 

 Second, astrocytes, the most abundant glial cell in the brain, are physically located between 

neurons and CNS blood vessels, sending out thousands of processes interacting with both synapses 

and blood vessels. Not only are they essential for neuronal communication(126) and BBB 

maintenance(46), but they have been shown to be potentially key mediators of NVC(81). Although 

somewhat disputed, one of the major forms of astrocytic signaling in the context of NVC is thought 

to be through calcium waves which seem to occur in response to neuronal firing, propagate to other 

astrocytes through gap junctions and potentially release vasoactive signaling molecules(127). 
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Therefore, it is possible that astrocytic calcium signaling may play role in mediating these neural 

activity-dependent changes in brain endothelial gene expression. 

 Third, mural cells consisting of pericytes on capillaries and smooth muscle cells on larger 

blood vessels, tightly wrap around the abluminal surface of endothelial cells. They regulate blood 

flow primarily through physical contraction in response to molecules secreted by neurons and 

astrocytes(128), but could also be acting as mediators in relaying neuronal activity to the brain 

endothelial cells through release of signaling molecules.  

 Lastly, blood flow is tightly coupled with neural activity in the brain and it is possible that 

neural activity may regulate brain endothelial transcription through luminal mechanosensation of 

differential shear stress via TRP channels, Piezo1, GPR68 or other endothelial mechanosensitive 

mechanisms(82–85). 

 In this work, we sought to understand the contribution of astrocytic signaling in mediating 

neural activity-dependent regulation of brain endothelial gene expression. We manipulated 

astrocytic calcium signaling in vivo and looked at global gene expression changes in brain 

endothelial cells. 
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RESULTS 

 We hypothesized that one mechanism by which neural activity may be regulating brain 

endothelial gene expression is through astrocytic calcium signaling. Therefore, we wanted to use 

a tool to manipulate astrocytic calcium signaling in vivo. We used hM3Dq-DREADDs to increase 

astrocytic calcium signaling via Gq-GPCR-mediated calcium influx(129). We injected mice 

expressing Rlsl-hM3Dq and Glast-CreERT2 and cre-negative littermate controls with tamoxifen 

at 3 weeks of age to induce expression of Gq-DREADDs exclusively in astrocytes in adulthood 

(Figure A.1 A). The DREADDs were abundantly expressed in astrocytes throughout the brain 

including the cortex and hippocampus, the regions in which we identified the neural activity-

dependent changes (Figure A.1 B). 

 In order to determine a mechanistic role for astrocytic calcium signaling in mediating 

neural activity-dependent regulation of brain endothelial gene expression, we injected these 

DREADDs mice and littermate controls with CNO, waited 3 hours after injection (same time 

course as our neuronal DREADDs experiments), FACS-purified the brain endothelial cells from 

the cortex and hippocampus, and performed RNA sequencing (Figure AS.1). There were 572 

genes significantly upregulated and 157 genes significantly downregulated by DREADDs-

mediated astrocytic calcium signaling. Zinc, DNA and RNA binding were the three top 

upregulated pathways (Table A.1). Focal adhesion was also a top upregulated pathway which may 

be a response to a potential increase in blood flow similar to what occurs after increased neuronal 

activity (Table A1). 

 Surprisingly, the ribosomal protein pathway was by far the most enriched downregulated 

pathway (Table A.2). Over 36 genes in brain endothelial cells encoding for ribosomal subunits 

were significantly downregulated in response to DREADDs-mediated astrocytic calcium 
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signaling. Interestingly, downregulation of ribosomal transcription has previously been observed 

as a regulatory aspect of cellular differentiation(130–132). However, it is unclear why brain 

endothelial cells would differentiate in response to astrocytic signaling. 

 DREADDs-mediated astrocytic calcium signaling had a mild effect on BBB genes with no 

obvious pattern (Figure A.2 A). Of note, Cldn5, the major tight junction protein, was significantly 

downregulated. In addition, LAT1 (Slc7a5) and DDC which are both important for regulating 

dopamine precursors in the brain were also downregulated suggesting that perhaps dynamic 

astrocytic regulation of the BBB may play a role in neurotransmitter homeostasis. 

 Surprisingly, when we looked at the brain endothelial gene expression changes after 

DREADDs-mediated glutamatergic activation or silencing in our astrocyte dataset, there was very 

minimal correlation (Figure A.2 B, Figure A.2 C). This suggests that astrocytic calcium signaling 

likely does not play a mechanistic role in mediating neural activity-dependent regulation of brain 

endothelial gene expression. 
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DISCUSSION 

We aimed to investigate potential signaling mechanisms by which neural activity regulates 

brain endothelial gene expression. To assess a mechanistic role of astrocytes, we used 

chemogenetics to manipulate calcium signaling in astrocytes in vivo and performed gene profiling 

on FACS-purified brain endothelial cells. We found that there was negligible coherence between 

the gene expression changes in our chemogenetic manipulation of glutamatergic neurons and our 

chemogenetic manipulation of astrocytes, suggesting that astrocytic calcium plays a minimal 

mechanistic role, if at all.  

However, we cannot definitively rule out a mechanistic role for astrocytes because it is 

possible that using DREADDs to manipulate astrocytes in vivo does not adequately recapitulate 

normal physiological activity. In fact, an ongoing issue in astrocyte biology is finding the ideal 

tools to manipulate astrocytes in vivo(133). Many tools aren’t precise enough or have been 

developed primarily for neuronal manipulation. A potential way to still answer this question 

without manipulating astrocytes directly, could be to manipulate neural activity in control mice 

and mice in which astrocytic calcium signaling is ablated, and gene profile brain endothelial cells. 

If astrocytic calcium signaling was responsible for a given neural activity-dependent brain 

endothelial gene expression change, we would expect that the gene expression would not change 

in the absence of astrocytic calcium signaling. However, there are caveats to obtaining complete 

ablation of calcium signaling in astrocytes that may confound this result(134). 

The most robust result of this study was that a large cassette of ribosomal genes in brain 

endothelial cells were downregulated in response to DREADDs-mediated astrocytic calcium 

signaling. Since downregulation of ribosomal genes has been linked to cellular 

differentiation(130–132), it is possible that astrocytic calcium signaling regulates brain endothelial 
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cell differentiation and angiogenesis. However, it is interesting that there were no downregulated 

angiogenesis-related genes, which are well characterized. It would be interesting to follow this up 

with functional experiments to validate that this is occurring on a functional level. One way to 

investigate this in vitro would be to co-culture astrocytes and brain endothelial cells, induce 

astrocytic calcium signaling and determine if it is sufficient to increase brain endothelial 

differentiation. However, it is possible that this downregulation of brain endothelial ribosomal 

transcription may be an artifact of an artificial tool of manipulating astrocytes that has no 

physiological basis.  

In this study, we only tested one potential signaling mechanism of neural activity-

dependent regulation of brain endothelial gene expression. There are many other potential 

signaling mechanisms by which neural activity could regulate brain endothelial gene expression. 

It is known that neuronal firing changes the extracellular composition around the NVU which can 

have vasoactive effects(77–80,125). One way to test this in vitro, would be to apply varying 

concentrations of known neuronal metabolites, such as potassium, glutamate, d-serine, and ATP 

to brain endothelial cell cultures to determine if they are sufficient to induce expected brain 

endothelial gene expression changes.  

Blood flow, which is downstream of other cellular signaling mechanisms in the NVU, is 

tightly coupled to neural activity in the brain(55). Therefore, it is plausible that neural activity may 

regulate brain endothelial gene expression through luminal mechanosensation of differential shear 

stress which the vasculature is readily equipped to sense with a variety of mechanosensitive 

mechanisms. One way to determine if mechanosensation of shear stress is sufficient to induce 

neural activity-dependent changes in brain endothelial gene expression in vitro, would be to apply 

different forces and types of shear stress on cultured brain endothelial cells and analyze gene 
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expression. If a certain shear stress paradigm was sufficient to induce an expected brain endothelial 

gene expression change, one could then determine if certain mechanosensory proteins (such as 

TRP channels, Piezo1, GPR68, etc.) are necessary for this process, by manipulating neural activity 

in genetic knockouts and controls and determining if the expected neural activity-dependent 

regulation is abolished in the knockouts.  

It is also possible that there are biochemical mechanisms with unknown molecules secreted 

by one or multiple cell types in the NVU in response to neuronal firing. In order to assess this, one 

could generate an in vitro reconstitution co-culture consisting of neurons, astrocytes, pericytes and 

brain endothelial cells to determine if expected brain endothelial gene expression changes occurred 

after neuronal activity modulation. If this was the case, biochemical and size fractionation could 

be applied onto the media to reveal key signaling molecules.  

It is important to note that all of these potential signaling mechanisms are not mutually 

exclusive, but may be intertwined and complement each other. Specific mechanisms may regulate 

specific cassettes of genes in brain endothelial cells. There may also be limitations to standard in 

vitro models and it may be necessary to use more physiologically relevant models, such as brain-

on-a-chip microfluidic cultures or brain organoids, which recapitulate both blood flow and cellular 

aspects of the NVU(135,136). 
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 FIGURES 

  A 

B 

Figure A.1: Astrocyte Gq-DREADDs. (A) Schematic representation of the genetic mouse models utilizing 
DREADDS to activate or silence glutamatergic activity in vivo. (B) Sagittal section of a brain derived from an 
Astrocyte Gq-DREADDs mouse stained for HA (red) and cell nuclei with DAPI (blue). Top inset is a 20x 
magnification of the cortex and bottom iset is a 10x magnification of the hippocampus.  
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Figure A.2: Astrocyte Gq-DREADDs RNA sequencing. (A) Log2 fold change of mRNA expression in 
Astrocyte Gq-DREADDs relative to respective littermate controls of BBB-specific genes after CNO 
administration. Data represent mean ± SEM (error bars). n=3 per group. *p<0.05, **p<0.005 by Wald Test. (B) 
Heat maps of genes significantly regulated by DREADDs-mediated glutamatergic activation in the Activating 
mice and paired littermate controls (top) and Astrocyte Gq-DREADDs mice paired littermate controls mice 
(bottom). Color scale represents arbitrary units of expression. Blue represents lower expression and red represents 
higher expression. (C) Heat maps of genes significantly regulated by DREADDs-mediated glutamatergic 
activation in the Activating mice and paired littermate controls (top) and Astrocyte Gq-DREADDs mice paired 
littermate controls mice (bottom). Color scale represents arbitrary units of expression. Blue represents lower 
expression and red represents higher expression. 
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Pathway Enrichment 
Score 

Zinc ion binding 9.25 

DNA binding 7.33 

RNA binding 6.11 

Pleckstrin homology domain 4.78 

Bromodomain 4.61 

Helicase activity 4.36 

ATP binding 4.12 

DNA repair 4.03 

Focal adhesion 3.69 

Rho GTPase activation protein 3.57 

Table A.1: DAVID Pathway Analysis for 572 genes upregulated by astrocytic calcium signaling.  
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Pathway Enrichment 
Score 

Ribosomal Protein 25.84 

rRNA-binding 5.27 

Ribosomal small subunit assembly 5.16 

Mitochondrial inner membrane 5.16 

Mitochondrial Matrix 2.95 

Mitochondrial respiratory chain complex 2.05 

Mitochondrial outer membrane 1.89 

Haptoglobin binding 1.79 

Ribosomal protein, zinc-binding domain 1.41 

Regulation of translation 1.21 

Table A.2: DAVID Pathway Analysis for 157 genes downregulated by astrocytic calcium signaling.  
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Figure AS.1: Astrocytic Calcium-Regulated Brain Endothelial Transcriptome Cell Purity. The counts per 
million (CPM) of cell-specific markers from all samples in the astrocyte dataset.  
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MATERIALS AND METHODS 

Mouse Strains 

All animal experiments were performed with national and UCSD IACUC guidelines. 

Glast-CreERT2 mice were crossed to Rlsl-hM3Dq mice to generate a tool to activate calcium 

signaling in astrocytes in response to tamoxifen administration. Mice were injected with 3 daily 

intraperitoneal injections of 100 μl 20 mg/ml tamoxifen at 3 weeks and collected at 3-4 months of 

age. All mice were kept on a standard 12:12 hour light:dark cycle. Only male mice were used.  

Immunohistochemistry 

Mice were anesthetized by i.p. injection of a ketamine/xylazine cocktail and then fixed via 

transcardial perfusion of D-PBS for 3 minutes, 4% paraformaldehyde (PFA) for 7-10 minutes, and 

again with D-PBS for 2 minutes using a Dynamax peristaltic pump. Speed was matched to typical 

cardiac output of a mouse. The brains were then dissected and submersion-fixed in 4% PFA 

overnight at 4°C. Brains were then submerged in 30% sucrose overnight at 4°C. Brains were then 

frozen in cryosectioning blocks in a solution consisting of 1:2 30% sucrose: OCT. 40µm sagittal 

sections were obtained using a cryostat. 

Sections were stained floating in solution in the wells of a 12-well cell culture plate. They 

were blocked in a solution consisting of 5% goat serum and 0.1% Triton X-100 in PBS at room 

temperature for 45 minutes. They were then incubated in the blocking solution with the primary 

antibody, Rabbit-anti-HA 1/250 overnight at 4°C. They were then incubated in Goat-anti-Rabbit-

Alexa 594 secondary antibody at room temperature for 90 minutes and then mounted on slides 

with DAPI Fluoromount-G for image processing.  

Epifluorescence Imaging  
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Epifluorescence images of HA-immunostained slides were taken with an Axio Imager D2 

(Carl Zeiss) with a 5x Fluor, 0.25 NA using a digital camera (Axiocam HRm, Carl Zeiss). 

AxioVision software was used to acquire images. Individual images were stitched together to gain 

a complete image of a sagittal section of the brain using the photomerge feature of Adobe 

Photoshop.  

FACS-purification of Brain Endothelial Cells 

For a given experiment, mice were collected in pairs consisting of one DREADDs mouse 

and one littermate control mouse. Each DREADDs mouse and its littermate control was injected 

i.p. with the electrophysiologically-verified dose of CNO(137) (1.0mg/kg) at approximately ZT23-

ZT24. 3 hours post-injection the mice were live-decapitated using a mouse decapitator 

(LabScientific, XM-801). Brains were dissected out, the meninges were removed and the cortex 

and hippocampus were dissected out for further processing. The tissue was then diced using a #10 

blade and enzymatically digested in Papain, 1 vial per on a 33° heat-block while being exposed to 

95% oxygen, 5% carbon dioxide for 90 minutes. The tissue was then triturated and a second 

enzymatic digestion was performed in 1.0 mg/ml Collagenase Type 2 and 0.4 mg/ml Neutral 

Protease on a 33° heat-block while being exposed to 95% oxygen, 5% carbon dioxide for 30 

minutes. Myelin was then removed as recommended with myelin removal beads using 30µm filters 

(MACS Miltenyi Biotec, 130-041-407) and LS columns (MACS Miltenyi Biotec, 130-042-401) 

on a MidiMACS separator (MACS Miltenyi Biotec, 130-042-302). The remaining single cell 

suspension was blocked with Rat IgG 1/100 for 20 minutes on ice. The samples were then stained 

with Rat-anti-CD31-Alexa 647, 1/100, mouse-anti-CD45-FITC 1/150, rat-anti-CD13-FITC 1/100, 

rat-anti-CD11b-FITC 1/100, rabbit-anti-NG2-Alexa 488 1/150, and DAPI for 20 minutes at 4°. 
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CD31-positive cells were sorted into Trizol using an ARIA II instrument at the Flow Cytometry 

Core at the VA Hospital in La Jolla, CA.  

RNA-sequencing 

RNA was harvested from the FACS-purified brain endothelial cells using the Qiagen 

RNeasy Microkit. RNA samples were then further processed at the UCSD Genomics Core using 

standard core procedures. The RNA was tested for quality and concentration using a tape station 

bioanalyzer. Next, cDNA libraries were made using the TruSeq RNA Library Prep Kit v2. Samples 

were then sequenced on an Illumnia HiSeq4000, 150 based, paired ends.   

Sequence reads for all samples were mapped to Ensembl mm9 v67 mouse whole genome 

using Tophat v 2.0.11 and Bowtie 2 v 2.2.1 with parameters no-coverage-search -m 2 -a 5 -p 7. 

Alignment files were sorted using SAMtools v.0.1.19. Count tables were generated using HTSeq-

0.6.1. Differential expression of genes between control and treated samples, log 2-fold changes 

between control and treated samples, and paired statistical analysis including p values and FDR 

was performed using DESeq2 and Excel.  
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APPENDIX B: 

The Role of the Mechanosensitive Ion Channel Piezo1 in Barrier Development 
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INTRODUCTION 

 Although blood flow and the BBB are two well-studied fields, little is known about whether 

blood flow can regulate the BBB. The majority of work done on blood flow in the brain vasculature 

has been done in the context of NVC(55). Many of the unique properties of the BBB are 

extrinsically regulated by the microenvironment of the CNS. However, it is unknown whether 

CNS endothelial cells possess unique mechanisms of integrating common signals that all 

endothelial cells are exposed to such as blood flow. Recent breakthroughs on how endothelial cells 

transduce mechanosensory information from blood flow can shed new light on this(138,139). 

 The Piezo receptor is a collection of pore-forming subunits that form a membrane-bound 

ion channel which opens in response to mechanosensation, allowing positively charged ions to 

flow into a cell and illicit downstream functional signaling. Most vertebrates have two channel 

isoforms, Piezo1 and Piezo2, which are necessary for mechanical responses in a diverse array of 

cell types across a wide range of tissues that undergo functional mechanosensation. The unique 

trimeric propeller-like structure of the Piezo channel enables its ability to be activated by a diverse 

array of mechanical stimuli(140). In general, Piezo1 tends to be localized to nonsensory tissue 

experiencing fluid pressure and flow such as blood vessels, whereas Piezo2 tends to be localized 

to sensory tissue experiencing touch sensation. 

 Piezo1 is highly expressed in endothelial cells throughout the body(139). Endothelial-

specific deletion of Piezo1 in development is embryonic lethal suggesting that it is essential for 

vascular development(83,141). It was shown that presence of Piezo1 is essential during 

development for sensing mechanical shear stress for endothelial cell alignment in the direction of 

blood flow. This mechanism is also preserved in lymphatic endothelial cells(142). Endothelial-
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specific deletion in adulthood causes high systemic blood pressure due to impaired endothelial 

nitric oxide synthase (eNOS) signaling(143). 

 Although Piezo1 has been shown to play crucial roles in endothelial cells in both 

development and adulthood, its function specifically in CNS endothelial cells has not been 

investigated thoroughly. CNS endothelial cells have much more specialized functions in 

maintaining brain homeostasis through the BBB and dynamic NVC. It is plausible that Piezo1-

mediated mechanosensation of blood flow may regulate these CNS endothelial-specific functions. 

The major limitation to understanding a CNS endothelial-specific role from these studies is that 

the investigators used Cre recombinase that is downstream of a pan-endothelial promoter to 

genetically ablate Piezo1. Therefore, the effects of genetically ablating Piezo1 in peripheral 

endothelial cells may convolute its effect on CNS endothelial cells. In this study we wanted to 

investigate whether Piezo1 is important for development and maintenance of CNS endothelial 

barrier properties. We utilized a genetic tool to ablate Piezo1 exclusively in CNS endothelial cells 

during postnatal development and adulthood and assessed blood-retinal barrier (BRB) function.  
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RESULTS 

 In order to investigate the role of Piezo1 specifically in CNS endothelial cells and whether 

it is required for development and maintenance of barrier properties, we utilized mice expressing 

Slco1c1-CreERT2, a CNS endothelial cell-specific, tamoxifen-sensitive cre recombinase. We then 

crossed it to Piezo1-floxed mice to genetically ablate Piezo1 in CNS endothelial cells in response 

to tamoxifen administration. The BBB forms embryonically(47,48) whereas the BRB forms 

postnatally(144). Therefore, in order to reliably ablate Piezo1 expression in CNS vascular 

development we injected tamoxifen into Piezo1 conditional knockouts (cKOs) and littermate 

controls at P2-P4 during retinal angiogenesis and barriergenesis and asked whether Piezo1 was 

required for functional BRB development. At P9, there was significantly more extravascular 

leakage of Sulfo-NHS-Biotin in the retinas of Piezo1 cKOs compared to littermate controls (Figure 

B.1 A, Figure B.1 C). This suggests that Piezo1 is required for barriergenesis in the developing 

retinal vasculature. However, there was difference in extravascular leakage between cKOs and 

littermate controls when tamoxifen was injected in adulthood after postnatal development (Figure 

A.1 B, Figure A.1 D. This suggests that Piezo1 is not required for BRB maintenance in adulthood.  
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DISCUSSION 

 Here, we genetically ablate the mechanosensitive cation channel Piezo1 exclusively in 

CNS endothelial cells during postnatal development and demonstrate that it is required for BRB 

development, but not BRB maintenance. This elucidates a potentially novel pathway in which 

mechanosensation of shear stress during development regulates barrier formation. 

 Extravascular biotin leakage suggests that there is BRB dysfunctional specifically related 

to transcellular or paracellular pathways. Therefore, it is plausible that Piezo1 is required for 

development of tight junctions or suppression of transcytosis. It would be interesting to investigate 

markers of these two barrier properties through immunofluorescence or electron microscopy to 

determine which aspect(s) of the BRB are regulated by Piezo1 in development.  

It also possible that a similar mechanism from peripheral endothelial deletion is responsible 

for the BRB leakage. It was shown that there was impaired shear stress-mediated focal adhesion 

and cell alignment in the absence of Piezo1(83,141). If endothelial focal adhesion is impaired, this 

could potentially affect adherens junctions which compose a minor barrier in all endothelial 

cells(68,69). If adherens junctions were disrupted, this would undoubtedly permit paracellular 

extravascular leakage.  

Although unlikely, is also possible that Piezo1 has an unknown non-mechanosensory role 

that is required for BRB development. We did not directly test shear-stress in our experiments. 

Therefore, in vitro studies that combine shear stress and barrier function would be required to 

confirm the role of blood flow. 

  In addition, it would interesting to investigate whether Piezo1 is also required for BBB 

development. Unfortunately, we cannot reliably administer tamoxifen embryonically so a non-

tamoxifen-inducible Slco1c1-Cre would be required to address this. 
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 More studies are needed to understand how blood flow regulates barrier properties in CNS 

vasculature. Understanding these molecular mechanisms may elucidate clinically relevant 

information for diseases that involve both blood flow and the BBB such as stroke and epilepsy. 
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FIGURES 

 

  

Figure B.1: CNS endothelial Piezo1 is required for BRB development, but not BRB maintenance. (A-B) 
Representative images of retinas after PFA-fixed perfusion of NHS-Biotin which was visualized with streptavidin-
Alexa594 staining. (A) To assess BRB function during postnatal development, Piezo1 cKO mice (left) and 
littermate controls (right) were injected with tamoxifen P2-P4 and the NHS-Biotin leakage assay was performed 
at P9. (B) To assess BRB function during adulthood, Piezo1 cKO mice (left) and littermate controls (right) were 
injected with tamoxifen at 6 weeks of age and the NHS-Biotin leakage assay was performed at 12 weeks of age. 
(C-D) Quantification of extravascular NHS-Biotin accumulation by fluorescence microscopy of the two 
experiments. Leakage was calculated as the amount of signal outside the Lectin-defined vasculature. ***p<0.001, 
n.s. (not significant) by Student’s t-test. 
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MATERIALS AND METHODS 

Mouse Strains 

All animal experiments were performed with national and UCSD IACUC guidelines. 

Slco1c1-CreERT2 mice were crossed to Piezo1fl/fl mice to generate a tamoxifen-inducible, CNS 

endothelial-specific Piezo1 conditional knockout mouse line. To ablate Piezo1 during pastnatal 

development, mice were injected with 3 daily intraperitoneal injections of 30 μl 2 mg/ml tamoxifen 

at P2-P4 and retinas were collected at P9. To ablate Piezo1 in adulthood, mice were injected with 

3 daily intraperitoneal injections of 100 μl 20 mg/ml tamoxifen at 6 weeks of age and retinas were 

collected at 12 weeks of age. All mice were kept on a standard 12:12 hour light:dark cycle.  

Retina collection for barrier analysis 

Mice were deeply anesthetized using aketamine/xylazine mixture and then sequentially 

transcardially perfused with 0.25 mg/mL EZ-Link Sulfo-NHS–Biotin in PBS followed by 4% PFA 

in PBS. The whole eyes were fixed in 4% PFA in 1× PBS at room temperature for 10 min, then 

transferred to 1× PBS on ice. The retinas were dissected out and post-fixed in 4% PFA for 45 min 

to 1 h then washed in PBS and stored in PBS plus azide at 4° in the dark. 

Immunofluorescence 

Whole-mount fixed retinas were washed in PBS then blocked for 30 min in 0.2% bovine 

serum albumin, 5% serum, and 0.3% TritonX-100, then incubated in primary antibody in blocking 

buffer overnight at 4° with gentle rocking. Retinas were then washed in 0.3% Triton X-100 three 

times, and incubated with secondary antibodies in 0.3% Triton X-100 for 2–4 h at room 

temperature, protected from light with gentle rocking. They were then washed in 0.3% Triton X-

100 twice, 1x PBS twice, and then mounted on slides with Fluoromount-G with DAPI. Fluorescein 

conjugated bandeiraea simplicifolia lectin was used to label blood vessels. Strepdavidin 

conjugated to Alexa-594 was used to label biotin.  
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