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SUMMARY

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 brain, 

thus maintaining proper brain homeostasis. We sought to understand whether neuronal activity 

could regulate BBB properties. Using both chemogenetics and a volitional behavior paradigm, we 
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identified a core set of brain endothelial genes whose expression is regulated by neuronal 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 neuronal 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 CNS drug delivery, clearance of CNS waste 

products including Aβ, and understanding how neuronal activity can modulate diurnal processes.

eTOC Blurb

The authors demonstrate that brain endothelial gene expression and blood-brain barrier efflux 

exhibit plasticity in response to neuronal activity. This has implications for how the blood-brain 

barrier regulates the composition of endogenous and exogenous molecules in the central nervous 

system in relation to circadian time and neuronal activity. This also suggests that neuronal activity 

can extrinsically modulate otherwise cell-intrinsic oscillatory processes.

INTRODUCTION

The blood vessels that vascularize the CNS exhibit a series of distinct properties compared 

to peripheral blood vessels (Zlokovic, 2008; Profaci et al., 2020). Many of these properties 

are possessed by CNS endothelial cells (ECs) which form vessel walls, tightly regulating the 

chemical microenvironment of the CNS which is important to maintain brain homeostasis 

and for neural protection. Although BBB properties are predominantly possessed by CNS 

ECs, they are induced and maintained by cues from the CNS microenvironment, including 

signals from neural stem cells, pericytes and astrocytes (Stewart and Wiley, 1981; Janzer and 

Raff, 1987; Abbott, 2002; Weidenfeller, Svendsen and Shusta, 2007; Armulik et al., 2010; 

Daneman et al., 2010).

The BBB is not a single entity, but a series of properties that together allow CNS ECs to 

stringently regulate the movement of molecules and cells between the blood and the neural 

tissue. CNS ECs are held together by tight junctions (TJs) which create a high electrical 

resistance paracellular barrier and polarize the cells into distinct luminal and abluminal 

compartments (Furuse, 2010). CNS ECs lack fenestra and exhibit low rates of transcytosis in 

comparison to peripheral ECs, thus limiting transcellular movement of solutes (Hallmann et 
al., 1995). CNS ECs also have low expression of leukocyte adhesion molecules (LAMs), 

thus limiting CNS immune surveillance (Engelhardt, 2008). CNS ECs are also unique in 

their enriched expression of a wide array of transporters. These include a large breadth of 

specialized solute carrier (Slc) transporters which have narrow substrate specificities and 

collectively import a wide range of essential nutrients for the brain (Betz and Goldstein, 

1978), and adenosine triphosphate (ATP)-binding cassette (ABC) transporters which are 

primarily embedded in the luminal side of CNS ECs and utilize ATP to actively efflux many 

small lipophilic molecules that would otherwise passively diffuse across the EC membrane 

(Cordon-Cardo et al., 1989). ABC transporters have broad substrate specificities including 

many xenobiotics such as small molecule drugs, thus presenting a major obstacle for CNS 

drug delivery (Pardridge, 2007). Although the ABC efflux transporters have predominantly 

been studied in the context of preventing entry of exogenous molecules into the CNS, they 
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also have a role in the efflux of endogenous molecules, including steroids (Hindle et al., 
2017) and neural waste products such as amyloid beta (Aβ) (Lam et al., 2001; Cirrito et al., 
2005; Bruckmann et al., 2016). Dysfunction of BBB efflux transport has been hypothesized 

as a mechanism of Aβ accumulation in Alzheimer’s disease (AD) (Sweeney et al., 2018).

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 

neuronal activity and energy demand. Therefore, it is plausible that the vasculature could 

dynamically respond to meet the changing demands of the neuronal circuitry. Neurovascular 

communication has largely been studied in the context of blood flow where increased 

neuronal activity leads to an increase in localized blood flow (Roy and Sherrington, 1890; 

Nersesyan et al., 2004). It is also established that neurovascular signaling is critical for 

postnatal angiogenesis in the brain (Lacoste et al., 2014; Whiteus, Freitas and Grutzendler, 

2014). 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 of the visual cortex in different light paradigms identified that there 

were changes to vascular cell gene expression in addition to neurons and glia, suggesting 

that experience-dependent changes in neuronal activity may indeed alter brain EC function 

(Hrvatin et al., 2018). 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 modulate neuronal circuit function and behavior (Kaplan, 

Chow and Gu, 2020; Profaci et al., 2020). We sought to understand whether neuronal 

activity can regulate specific barrier properties.

We utilized chemogenetics and a volitional behavior paradigm followed by EC purification 

and RNA sequencing in order to gain insight into how neuronal activity can modulate brain 

EC gene expression. These studies identified a core dataset of activity-dependent brain EC 

genes including key BBB efflux transporters and EC circadian genes. We further found that 

brain EC expression and function of the major efflux transporter, P-glycoprotein (Pgp), are 

inversely correlated with neuronal activity across the day and that this diurnal rhythm is 

attenuated by genetic ablation of EC circadian genes. We further found that EC-specific 

adult knockout of Arntl (Bmal1) suppressed the activity-dependent changes in Pgp efflux, 

demonstrating that BBB efflux is regulated by neuronal activity through EC circadian clock 

genes, and that neuronal activity and behavior can modulate diurnal processes.

RESULTS

DREADDs as a Tool to Manipulate Glutamatergic Activity in vivo

To determine how glutamatergic neuronal activity regulates the brain ECs, we generated two 

chemogenetic mouse models to express Designer Receptors Exclusively Activated by 

Designer Drugs (DREADDs) in glutamatergic neurons: CamKIIα-tTA;TRE-hM3Dq 
(hM3Dq-Activating) mice to activate glutamatergic neurons and CamKIIα-tTA; TRE-
hM4Di (hM4Di-Silencing) to silence glutamatergic neurons (Figure 1A) in response to 

clozapine-N-oxide (CNO) (Alexander et al., 2009). The DREADDs were densely expressed 

in the cortex and hippocampus (Figure 1B, S1A). To determine the temporal dynamics of 
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chemogenetic neuronal activity modulation we used in vivo multi-electrode recordings to 

examine neuronal activity in the cortex/hippocampus following injection of CNO. IP 

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

potential (LFP) power and locomotor activity (Figure S1B) in the hM3Dq-Activating mice, 

without eliciting seizures (Figure 1C) or excitotoxic cell death (Figure S1D, E, F, G). The 

increase in neuronal 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 1E, 

S1B). IP injection of 1.0 mg/kg CNO in the hM4Di-Silencing mice robustly attenuated 

gamma LFP power (Figure 1D, F) and largely did not affect locomotor activity (Figure 

S1C). Neuronal silencing 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, Neuronal Activity-Regulated Brain EC Transcriptome

We next determined how neuronal activity regulates brain EC gene expression. 3 hours 

following CNO injection into hM3Dq-Activating mice and littermate controls (0.5mg/kg 

CNO) or hM4Di-Silencing mice and littermate controls (1.0mg/kg CNO), we isolated brain 

ECs via fluorescence-activated cell sorting (FACS, Figure 2A, Figure S2A,B) and examined 

their gene expression by RNA sequencing (RNA sequencing data can be found in 

Supplemental Files).

625 genes were significantly upregulated and 748 genes were significantly downregulated 

by glutamatergic activation (Figure 2B, Table S1, S2, Supplemental File 2). Pathway 

analysis revealed downregulation of amino acid and lipid metabolic pathways (Table S1). 

There was a robust upregulation of genes in pathways involving adherens junctions and 

cytoskeletal remodeling (Table S2). Neuronal activity has recently been shown to cause 

rapid structural and cytoplasmic changes to arteriolar ECs leading to neurovascular coupling 

(NVC) (Chow et al., 2020). However, the increases mRNA levels of these structural genes 

are likely a consequence of increased NVC-mediated blood flow in these brain regions as 

shear stress-dependent transcriptional regulation of the adherens junctions and consequently 

the cytoskeleton in ECs is a well-established phenomenon in the vasculature (Galbraith, 

Skalak and Chien, 1998; Miao et al., 2005; Polacheck et al., 2017). We then examined 

previously described BBB-enriched genes (Figure 3, Supplemental File 4). TJ gene 

expression (Cldn5, Ocln, Tjp1, Tjp2, Lsr, Marveld2) was largely unaffected by increased 

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

exception of a significant downregulation of Slc39a10, a putative zinc transporter. There 

were largely no changes to LAMs (Icam1, Vcam1, Alcam, Sele, Selp) with the exception of 

a significant upregulation of Mcam. Regulators of transcytosis (Mfsd2a, Cav1 and Plvap) 
were also largely unaffected by glutamatergic activation. Most strikingly, 4 major ABC 

efflux transporters were significantly downregulated by glutamatergic activation (Pgp/

Abcb1a, Mrp4/Abcc4, Abca3, Abcd4).

718 genes were significantly upregulated and 603 genes were significantly downregulated 

by glutamatergic silencing (Figure 2C, Table S3, S4, Supplemental File 2). There was 

downregulation of adherens junction pathways likely indicating a response to decreased 
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local blood flow when neuronal activity is low (Table S3). Interestingly, metabolism-related 

genes were also downregulated after glutamatergic silencing which included pathways 

involved in lipid and steroid metabolism (Table S3). When we looked at known BBB-

enriched genes (Figure 3, Supplemental File 4), surprisingly Cldn5 and Tjp1 were 

significantly downregulated and upregulated respectively. There were 4 BBB-enriched Slc 

transporters involved in glucose (Slc2a1; upregulated), amino acid (Slc7a5; upregulated) and 

monocarboxylate transport (Slc16a1, Slc16a4; both downregulated) that were significantly 

changed in response to glutamatergic silencing. Interestingly, transcytosis regulators Mfsd2a 
and Cav1 were also downregulated after glutamatergic silencing. There were no changes in 

LAM expression. Most strikingly, 5 major efflux transporters were upregulated by 

glutamatergic silencing (Pgp/Abcb1a, BCRP/Abcg2, Mrp4/Abcc4, Abca3, Abcd4).

243 genes were regulated in opposing directions by activating and silencing neuronal 

activity (105 directly correlated and 138 inversely correlated with the amount of neuronal 

activity), indicating that the absolute mRNA expression level of these brain EC genes are 

regulated by the total amount of glutamatergic activity (Figure 2D, E, Supplemental File 3). 

The most enriched pathways that were directly correlated with neuronal activity were 

adherens junctions and focal adhesion (Table S6), providing further evidence that brain ECs 

respond to changes in blood flow by undergoing shear stress-induced structural changes. 

Although neuronal activity has been shown to locally increase permeability of IGF-1 into the 

CNS (Nishijima et al., 2010), we found that Igf1r expression was inversely correlated with 

glutamatergic activity (Figure 3). However, this study found that neuronal activity-dependent 

receptor phosphorylation and cleavage of an IGF binding protein lead to the increased 

permeability suggesting this phenomenon may be independent of Igf1r transcription. Of 

particular interest, we found that ABC efflux transporters (Pgp/Abcb1a, Mrp4/Abcc4, 

Abca3, Abcd4), and PAR bZip circadian transcription factors (Dbp, Tef and Hlf) were both 

inversely correlated with neuronal activity (Table S5).

Neuronal Activity Regulates ABC Transporter Expression and Function

ABC transporters were one of the top pathways inversely correlated with neuronal activity 

(Table S5, Figure 4A). We observed a similar trend with Pgp protein expression in response 

to glutamatergic activity modulation (Figure S3A). Interestingly, moesin (Msn) and protein 

kinase C beta-1 (Prkcb) regulate Pgp function (Hoshi et al., 2019) and the mRNA of both 

were robustly regulated by DREADDs-mediated changes in glutamatergic activity 

(Supplemental File 2).

To determine if there were corresponding activity-dependent changes in BBB efflux 

function, we injected Rhodamine123 (Rh123), a fluorescent lipophilic substrate of Pgp 

(Figure S3B) (Wang et al., 2001; Sohet and Daneman, 2013), 2 hours post-CNO injection 

into hM3Dq-Activating and hM4Di-Silencing mice and their paired littermate controls and 

measured Rh123 fluorescence in the brain and blood. Significantly more Rh123 entered the 

brains of the hM3Dq-Activating mice relative to hM4Di-Silencing mice (Figure 4B). Thus 

Pgp function, as with mRNA, is inversely correlated with glutamatergic activity. Although 

there was a slight trending activity-dependent increase, there was no significant difference in 

Rh123 permeability between the two groups in the cerebellum where no DREADDs are 
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expressed. This suggests that this effect is localized to regions directly undergoing robust 

changes in neuronal activity (Figure S3C), but may be observed to a lesser degree in 

functionally connected regions. There was no difference in Rh123 uptake in immune-related 

organs. Surprisingly there was significantly more Rh123 uptake in circulating immune cells 

in the Activating mice relative to Silencing mice (Figure S3C). However, this peripheral 

Rh123 effect could not be responsible for the observed CNS Rh123 effect as there was no 

altered peripheral immune cell infiltration into the brain parenchyma in any of the conditions 

(Figure S3D). We also analyzed the permeability of daunorubicin (DNR), a fluorescent 

small molecule chemotherapeutic that is also a Pgp substrate (Egorin et al., 1974; Wang et 
al., 2001). As with Rh123, there was also significantly more permeability to DNR upon 

glutamatergic activation than glutamatergic silencing (Figure 4C), suggesting that this 

activity-dependent regulation of Pgp function is relevant for CNS drug delivery. We 

observed no differences in brain permeability to sodium fluorescein (NaFl) or Evans Blue, 

two molecules that are not substrates of Pgp, between Activating mice and Silencing mice 

(Figure 4D, S3E). This indicates that the permeability changes to Rh123 and DNR are 

specific to efflux transport, and not non-specific leakiness of the BBB.

Neuronal activity-regulated PAR bZip Transcription Factors Modulate Pgp Expression and 
Function

We identified that EC expression of the PAR bZip family of circadian transcription factors 

Dbp, Tef and Hlf are inversely correlated with neuronal activity (Table S5, Figure 5A). 

Circadian rhythms are intrinsic oscillatory biological processes that are driven by a 

transcriptional feedback loop and govern the oscillation of a variety of physiological 

processes such as sleep, cardiovascular function, gastrointestinal motility and metabolism 

(Richards and Gumz, 2013). The core circadian transcriptional machinery consists of Bmal1 
(Arntl) and Clock in the positive loop which drive transcription of genes such as the PAR 

bZip transcription factors, and Per1/2 and Cry1/2 which act as negative feedback regulators 

on Bmal1 and Clock (Ripperger and Schibler, 2001, 2006; Mongrain et al., 2011; Curie et 
al., 2013). The circadian clock has mostly been studied in the context of the suprachiasmatic 

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

the body’s biological rhythms (Welsh et al., 1995; Brancaccio et al., 2019). However, the 

core clock transcriptional machinery exists in many non-neuronal cells both in the brain and 

peripheral tissues. Although there has been evidence implicating a significant role of the 

circadian clock in blood vessel tone, the blood-retinal barrier of vertebrates and the glial-

based BBB in flies, the role of an EC-specific circadian clock in the BBB of mammals has 

not been extensively studied (Curtis et al., 2007; Sandoo et al., 2010; Anea et al., 2013; 

Richards, Diaz and Gumz, 2014; Savolainen et al., 2016; Durgan, Crossland and Bryan, 

2017; Zhang et al., 2018; Hudson et al., 2019). Interestingly, global triple knockouts of the 

PAR bZip transcription factors have disrupted xenobiotic efflux in the liver, low circulating 

endogenous steroids and low blood pressure (Gachon et al., 2006; Wang et al., 2010). The 

PAR bZip transcription factors have recently been further implicated in epilepsy and shown 

to be modulated by hyperactive neuronal activity, but cell-specific roles have also not yet 

been explored in this context (Gachon et al., 2004; Rambousek et al., 2020).
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CamKIIα-driven HA-DREADDs are expressed in a subset of neurons in the SCN, as 

reported previously (Figure S4C, D) (Yokota et al., 2001; Kon et al., 2014). However, 

DREADDs-mediated activation and silencing did not significantly alter cFos expression in 

the SCN (albeit a trending increase after activating) (Figure S4E, F, G). Furthermore, as 

described below, we found similar changes to BBB gene expression in the barrel cortex in 

response to whisker stimulation, a volitional behavior paradigm not mediated by the SCN 

(Figure 6), as with DREADDs-mediated activation. This whisker stimulation also led to a 

decrease in the expression of both efflux transporters and EC circadian genes (Figure 6E). 

These data suggest that these neuronal activity-dependent EC circadian gene expression 

changes were not strictly a result of a systemic effect on the core SCN circadian clock.

Similar to the ABC transporters, the expression of Dbp, Tef, and Hlf were inversely 

correlated with glutamatergic neuronal activity (Table S5, Figure 5A). Both Arntl (Bmal1) 

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

that of the PAR bZip transcription factors, and were positively correlated with neuronal 

activity (Figure S4A). However, modulation of the PAR bZip transcription factors by 

neuronal activity could be explained by the expression of Nr1d2 (Rev-erbβ), another 

circadian transcription factor that represses both Bmal1 and Cry1 (Preitner et al., 2002), 

whose expression was also inversely correlated with neuronal activity (Figure S4A). Cry1 is 

known to directly repress the expression of Dbp (Ye et al., 2014) and likely plays a role in 

the regulation of PAR bZip transcription factors by neuronal activity.

It has recently been reported that flies and rodents exhibit diurnal oscillation of BBB efflux 

transport (Savolainen et al., 2016; Zhang et al., 2018), suggesting that the activity-dependent 

regulation of BBB efflux may be downstream of EC circadian clock genes. We next 

determined whether there was a diurnal rhythm of BBB efflux in mice, and whether this was 

controlled by EC circadian genes. Mice are active during their dark period (ZT12-ZT24) and 

rest during their light period (ZT0-ZT12), thus exhibiting higher excitatory neuronal activity 

during the dark period associated with wakefulness and lower excitatory neuronal activity 

during the light period associated with sleep (Vyazovskiy et al., 2008; Bero et al., 2011). We 

observed that there was diurnal oscillation of Abcb1a mRNA expression in brains of 

wildtype mice with a peak occurring at ZT12 (ZT13.3 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 neuronal activity (Figure 5B). This 

rhythmic oscillation exhibited an attenuated amplitude and a substantial phase delay (peak at 

ZT17.1) in the brains of PAR bZip triple knockout (tKO) mice (Figure 5B).

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

transport was specific to its function in ECs, we generated tamoxifen-inducible, EC-specific 

Bmal1 knockout mice (VECadherin-CREERT2; Bmal1fl/fl) (Figure S5A, B, C). Bmal1 is the 

master regulator of the positive loop in the circadian transcriptional machinery, and thus 

deletion of Bmal1 in ECs will disrupt circadian oscillation of Dbp, Tef and Hlf (Figure 5C, 

S5D) (Ripperger et al., 2000; Ripperger and Schibler, 2006; Mongrain et al., 2011; Curie et 
al., 2013). EC-specific Bmal1 conditional knockout (EC-Bmal1 cKO) mice and littermate 

controls (Bmal1fl/fl) both have normal diurnal behavior, displaying a nocturnal eating and 

drinking schedule (Figure S5E, F), suggesting that inhibition of the EC clock does not 
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interfere with the overall rhythmic activity of the mouse. We also observed that there was 

diurnal oscillation of Abcb1a transcripts in brains of littermate control mice with a peak 

occurring at the end of the resting light period (ZT14.6 on the fit curve) and a trough 

occurring at the end of the active dark period (~ZT0) (Figure S5G). Although this rhythmic 

oscillation was not completely abolished in the brains of the EC-Bmal1 cKO mice, there was 

more variability and lower mean expression suggesting that EC circadian genes are partially 

responsible for rhythmic oscillation of Abcb1a mRNA expression and that non-EC circadian 

mechanisms are also involved.

We observed a rhythmic oscillation of Rh123 permeability in littermate control animals that 

was inversely correlated with the rhythmic expression of Abcb1a (Figure 5D), demonstrating 

that there is indeed diurnal oscillation of BBB efflux function that inversely correlates with 

mouse diurnal activity and net neuronal activity throughout the day. 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 Bmal1 
within ECs (Figure 5D). Therefore, EC Bmal1 appears to regulate Pgp/Abcb1a at two levels: 

at the transcriptional level as EC deletion led to mild alteration in Abcb1a mRNA levels, and 

at the functional level as EC deletion abolished the rhythmic BBB efflux of Rh123. We did 

not observe robust diurnal oscillation of NaFl permeability in either genotype (Figure 5E), 

suggesting that the diurnal oscillation was specific to BBB efflux, and not passive 

permeability.

We next determined whether the EC circadian clock genes mediate the neuronal activity-

dependent regulation of BBB efflux. We injected vehicle or the glutamatergic receptor 

agonist kainic acid at a sub-epileptic dose into EC-Bmal1 cKOs and littermate controls, 

FACS-purified brain ECs from the four groups, and measured Abcb1a mRNA expression. 

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

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

(Figure 5F). However, kainic acid caused no significant change in Abcb1a expression in the 

EC-Bmal1 cKOs (Figure 5F, G). This demonstrates that EC circadian clock genes are 

required for neuronal activity-dependent regulation of BBB efflux gene expression.

Behavioral Regulation of the Brain EC Transcriptome

We sought to ask whether behaviorally motivated changes in neuronal activity would also 

elicit similar changes in brain EC gene expression as the chemogenetics. We utilized a 

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

in the barrel cortex (Valles et al., 2011). Mice with whiskers intact were habituated to and 

permitted to explore a large, environmentally-enriched cage (+Whisker) whereas mice with 

their whiskers shaved off were habituated to and allowed to explore a large empty cage 

(−Whisker). The +Whisker group had significantly more cFos+ cells in the barrel cortex in 

comparison to the −Whisker group (Figure 6A, B), indicating that this behavioral paradigm 

is sufficient to modulate neuronal activity in the barrel cortex.

We performed RNA sequencing on FACS-purified brain ECs from the barrel cortices of the 

two groups (+Whisker and −Whisker) and found that 727 genes were significantly 

upregulated and 508 genes were significantly downregulated in the +Whisker ECs compared 
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to −Whisker ECs (Figure 6C, Figure S2C, Supplemental File 2). We compared the 

significant changes observed through chemogenetics with those observed through the 

whisker stimulation paradigm. The brain EC gene expression changes after whisker-

mediated increase in neuronal activity were highly correlated with the gene expression 

changes after DREADDs-mediated glutamatergic activation (r=0.718141), suggesting that 

the neuronal activity-regulated gene expression changes in brain ECs that we identified by 

DREADDs-mediated glutamatergic activation are physiologically relevant and represent a 

robust activity-dependent transcriptomic signature in the brain ECs (Figure 6D, E, S6). 

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 neuronal activity (Table S8). In addition, pathways involving 

metabolism were also downregulated after whisker-mediated increase in neuronal activity 

(Table S7). 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 S7, S8). Interestingly, the gene 

expression changes after whisker stimulation were not inversely correlated with the gene 

expression changes after DREADDs-mediated glutamatergic silencing (r=0.049543) 

suggesting that silencing of neuronal activity is likely an active form of signaling to the brain 

vasculature, rather than a lack of signaling from neuronal activity (Figure 6F, G, S6).

Interestingly, of 155 Slc transporters expressed above a threshold of 10 average CPM across 

all samples, 65 were significantly changed in at least one of the 3 experiments (Figure S7). 

Six genes were significantly regulated in the same direction after DREADDs-mediated 

glutamatergic activation and whisker-mediated increase in neuronal activity (Slc12a2, 

Slc12a9, Slc20a1, Slc25a24, Slc5a3, Slc9a3r2). These data suggest that brain ECs may 

plastically change expression of these transporters as a mechanism to meet neuronal circuit-

specific energy and nutrient demands.

Most interestingly, we found that whisker stimulation downregulated expression of the same 

5 ABC efflux transporters and the PAR bZip circadian clock-regulated transcription factors 

(Figure 6E) and had an overall similar effect on brain EC core circadian genes (Figure S4B). 

Thus both DREADDs-mediated manipulation of neuronal activity and the whisker 

stimulation volitional behavior paradigm had the same effect, in that the expression of the 

efflux transporter and PAR bZip transcription factors were inversely correlated with 

neuronal activity. Taken together, physiologically relevant changes in neuronal activity can 

regulate BBB efflux and EC circadian clock genes.

DISCUSSION

We report that neuronal activity regulates brain EC gene expression, and specifically that 

neuronal 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 reduced by global 

triple knockout of the PAR bZip transcription factors or EC-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 

Pulido et al. Page 9

Neuron. Author manuscript; available in PMC 2021 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



light period when mice are at rest (Figure 7). Our results also suggest neuronal activity is 

able to highjack elements of the EC clock molecular machinery to modulate BBB efflux 

transport.

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

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

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

thus circuit function. In addition, it will be interesting to understand the signaling 

mechanism(s) by which neuronal activity regulate(s) brain EC transcription. These 

mechanisms could be driven through different possibilities. First, metabolic byproducts from 

neuronal activity including glutamate, ATP, d-serine and potassium, could directly signal to 

brain ECs (Anwar et al., 1999; LeMaistre et al., 2012; Hogan-cann and Anderson, 2016; 

Longden et al., 2017; Mohamed et al., 2019). Second, astrocytes send out polarized 

processes that ensheathe both synapses and vessels, and thus may mediate activity-

dependent changes in brain ECs (Petzold and Murthy, 2011). It is also possible that neurons 

and/or astrocytes signal to pericytes which in turn regulate brain EC gene expression 

(Fernández-Klett and Priller, 2015). Third, changes in EC shear stress that result from 

activity-dependent changes in blood flow may regulate brain EC transcription through 

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

other EC mechanosensitive mechanisms (Li et al., 2014; Ranade et al., 2014; Baeyens and 

Schwartz, 2016; Xu et al., 2018). Interestingly, many focal adhesion genes that we found to 

be increased by neuronal activity are regulated by the mechanosensory ion channel Piezo1 in 

ECs including Actn1, Actn4, Flna, Flnb, Pls3, Vcl, Tubb2a, Tubb2b, and Tubb4b (Li et al., 
2014).

In this study, the brain ECs were analyzed at a single time point after neuronal manipulation, 

but due to the dynamic nature of transcription and neuronal activity, it would also be 

interesting to investigate how neuronal activity affects brain EC transcription at multiple 

time points. The experiments described in this study likely identify “homeostatic” changes 

to brain ECs in response to altering neuronal activity, as we examined the gene expression 

changes hours after manipulating neuronal activity. It would be interesting to identify 

“dynamic” changes to BBB properties that would occur on the order of milliseconds to 

seconds. Such dynamic changes would likely not involve the alteration of the transcriptional 

profile of the ECs, but perhaps post-translational regulation including the trafficking of key 

transporters such as Pgp to and from the surface (McCaffrey et al., 2012; Noack et al., 2014; 

Tome et al., 2016).

The 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 neuronal activity regulate brain EC gene expression and determine whether 

there are circuit-specific and regional-specific activity-dependent changes in the brain ECs. 

It is also worth noting that although we primarily analyzed brain EC transcriptomics and 

BBB function in the localized areas that we manipulated neuronal activity, based on 

previous findings and some of our own results, we expect that these changes are specific to 

these localized areas, and perhaps connected regions, rather than affecting the entire brain 

vascular network (Figure S3B) (Nishijima et al., 2010; Hrvatin et al., 2018).
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Although there is substantial overlap in neuronal activity-dependent brain EC gene 

expression changes between our study and Hrvatin et al. 2018, we also newly identify many 

different genes not found in their study, especially many downregulated genes. We think the 

disparities in data could likely be due to: i) differences in the duration of neuronal activation, 

ii) our ability to both increase and decrease neuronal activity, iii) differences in sequencing 

depth between single cell RNA sequences and bulk RNA sequencing, especially when 

enriching for vascular cells. While we did achieve deep sequencing with presumably 

primarily microvascular brain ECs, performing scRNAseq in this paradigm would also be 

beneficial in elucidating how different ECs along the zonation of the brain vascular network 

respond to neuronal activity (Vanlandewijck et al., 2018).

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 neuronal activity perhaps as a mechanism to deliver 

more nutrients into the energy-demanding areas of the brain parenchyma (Nishijima et al., 
2010; Sadeghian et al., 2018). It’s also possible that BBB efflux transport becomes less 

stringent during high neuronal activity as an evolutionary mechanism to preserve energy as 

both neuronal action potentials and active efflux transport require vast amounts of ATP, or 

two synchronize BBB efflux waste removal with the glymphatic system (Xie et al., 2013).

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 (Cordon-Cardo et al., 1989). These 

transporters also efflux endogenous substrates and act as a major extrusion route of waste 

products and metabolites from the brain into the bloodstream (Sweeney et al., 2018). 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 (Hindle et al., 2017). 

Because our work here shows that the expression and function of Pgp is regulated by 

neuronal activity, it is possible that BBB efflux and neuronal activity exhibit dynamic 

crosstalk to maintain the brain concentrations of these important neuromodulators. This 

would implicate the BBB as a dynamic component of the neuronal circuitry.

We also found that BBB efflux transport exhibits diurnal oscillation in mice which is 

consistent with the glial-based BBB of fruit flies and previous rodent experiments, 

suggesting that there is an evolutionarily conserved mechanism to control the amount of 

efflux throughout the day (Savolainen et al., 2016; Zhang et al., 2018). The diurnal 

permeability to Pgp substrates 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 

neuronal activity and behavior can modulate diurnal oscillatory functions by regulating the 

molecular clock machinery.
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This study also has substantial clinical implications in the context of waste clearance from 

the brain and AD. The 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 (Xie et al., 2013). Although the results from 

that study specifically implicated a role of the glymphatic system, BBB transport, and 

specifically Pgp efflux, is also important in waste clearance and AD (Sweeney et al., 2018). 

AD patients have been shown to have decreased Pgp function in the brain (Van Assema et 
al., 2012; Deo et al., 2014), and Aβ has been shown to be cleared from the brain to the blood 

through abluminal LRP1 and luminal Pgp (Shibata et al., 2000; Cirrito et al., 2005; 

Pflanzner et al., 2011, 2012; Zhao et al., 2015; Bruckmann et al., 2016). It is also well-

established that there is a substantial relationship between aberrant hyperactive neuronal 

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 

(Dickerson et al., 2005; Palop et al., 2007; Busche et al., 2008; Bero et al., 2011; Elman et 
al., 2014; Yuan and Grutzendler, 2016; Palmqvist et al., 2017). In addition, circadian rhythm 

is often disrupted in patients with Alzheimer’s disease (Musiek, Xiong and Holtzman, 

2015). We found that increased neuronal activity downregulates expression of both Abcb1a 
and Lrp1 (Supplemental File 1), and 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. 

However, it has recently been demonstrated that vasomotion correlates with increased 

clearance of Aβ via paravascular pathways, highlighting the complexity of the interactions 

between glymphatic, lymphatic, vascular and phagocytotic pathways of clearance (van 

Veluw et al., 2020). Taken together, these findings suggest that disruption of circadian-

dependent and neuronal activity-modulated BBB efflux may be a component of AD 

pathogenesis.

STAR METHODS

Resource Availability

Lead Contact—Further information and requests for resources and reagents should be 

directed to the Lead Contact, Richard Daneman (rdaneman@ucsd.edu).

Materials Availability—This study did not generate new unique reagents. The bZip triple 

knockout mice are no longer being live bred anywhere to our knowledge. Brain mRNA from 

the triple knockouts were collected and stored previously independent of this study.

Data and Code Availability—All RNAseq data are provided as Supplemental Files and 

the raw data can be accessed on Gene Expression Omnibus (GEO) (Accession: 

GSE156689).

Experimental Models and Subject Details

All animal experiments were performed with national and UCSD IACUC guidelines.
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Mouse Strains—CamKIIa-tTA mice (Mayford et al., 1996) were crossed to TRE-hM3Dq 
mice (Alexander et al., 2009) to generate a tool to activate glutamatergic neurons and TRE-
M4Di mice (Alexander et al., 2009) to generate a tool to silence glutamatergic neurons. 

Littermates not expressing the DREADDs were used as controls. Bmal1 floxed mice (Storch 

et al., 2007) were crossed to VECadherin-CreERT2 mice (Sörensen, Adams and Gossler, 

2009) to generate a tamoxifen-inducible, endothelial-specific, Bmal1 knockout mice. Rosa-
lsl-tdTomato mice (Madisen et al., 2010) were crossed to VECadherin-CreERT2 mice to 

generate a tamoxifen-inducible, endothelial-specific, fluorescent red reporter mouse. 

Rpl22HA (RiboTag) (Sanz et al., 2009), VECadherin-CreERT2 and Bmal1 floxed mice were 

crossed to each other to generate tamoxifen-inducible, endothelial-RiboTagged, endothelial-

specific, Bmal1 knockout mice. All three 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. 

All experiments involving other strains were performed in adult mice 3–4 months of age. 

PAR bZip triple knockout mice and corresponding wildtype controls were previously 

described (Gachon et al., 2004). Other wildtype animals were C57/BL6. All mice were kept 

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

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

Method Details

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. 10–40μm 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.

For cFos immunostaining, 8 −12 μm coronal sections were obtained with a cryostat and 

cross referenced with a brain atlas to ensure sections included the barrel cortex or SCN. 

Sections were put on slides and stained directly on the slides with the same procedure 

described above using Goat-anti-cFos and 5% donkey serum + 0.1% Triton X-100 as the 

blocking and staining solution. The same methodology was used for all other staining.

Epifluorescence Imaging—Epifluorescence images of HA-immunostained slides were 

taken with an Axio Imager D2 (Carl Zeiss) with a 5x, 10x or 20x objective using a digital 

camera (Axiocam HRm, Carl Zeiss). AxioVision software was used to acquire images. 
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Individual images were stitched together to gain a complete image of a sagittal section of the 

brain using the photomerge feature of Adobe Photoshop.

cFos Image Analysis—Once the barrel cortex or SCN was identified, a freehand ROI 

was drawn to exclusively capture the region and cFos-positive cells were quantified using 

ImageJ. A burned in scale bar was used to calibrate area. The following functions were used 

in sequential order: “Threshold Adjustment,” “Convert to Mask,” “Fill Holes,” “Watershed,” 

“Analyze particles”. Then “# cFos+ cells per mm2” was calculated by (Total # cFos-

positive)/(Area). Three images (technical replicates) were averaged for each mouse 

(biological replicates). Similar methodology was used for Caspase-3-positive cell 

quantification except that positive cells were manually counted. Mice were picked randomly 

for each group and analyzed blind to genotype/group.

Middle Cerebral Artery Occlusion—To mimic stroke, we used tissue from a permanent 

focal cerebral ischemia model in mice as described previously (Munji et al., 2019). Briefly, 

the ischemia was induced by coagulating the distal portion of the left middle cerebral artery 

(MCA). Mice were anesthetized with 2.5% isoflurane. The left common carotid artery was 

isolated and temporarily ligated. A 2mm bar hole was made using a dental drill between the 

left orbit and ear. The distal portion of the left MCA was exposed and coagulated using a 

small vessel cauterizer (Fine Science Tools). The MCA was then transected. The ligation of 

the common carotid artery was released after 30 minutes of occlusion. Temperature was 

monitored rectally and maintained at approximately 37°C with a heating pad.

Multielectrode Array Electrophysiology—Electrophysiological procedures were 

performed as described previously (Koenig et al., 2011). 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 were collected for 15 minutes while awake 

behaving mice were in their home cage to establish an internal control of the baseline level 

of neuronal activity. The mouse was then injected with the given dose of CNO (0.5 mg/kg or 

1.0 mg/kg) i.p. Data were 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. For kainic acid experiments, 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 were injected with 15 

mg/kg of kainic acid and another pair of identical genotypes were injected with an 

equivalent volume of vehicle at approximately ZT23–24. 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, 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. Mice were picked randomly for each group and analyzed blind to 

genotype/group.

Barrel Cortex Activity Behavior Experiment—The design of this experiment was 

based off previously described work with minor modifications (Valles et al., 2011). 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 
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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 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 above.

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 Illumina HiSeq4000, 

100 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.

A gene was considered “downregulated” if the average CPMs of the control samples were 

≥10 and the Wald Test p-value was <0.05. A gene was considered “upregulated” if the 

average CPMs of the experimental samples were ≥10 and the Wald Test p-value was <0.05.

Rhodamine123 Permeability Assay—Rhodamine123 (Rh123) 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 

Rh123). 2 hours post-CNO injection, the mice were then injected i.p. with 25mg/kg Rh123. 

For a given diurnal experiment, the mice were injected i.p. with Rh123 1.5 hours before the 

indicated time. 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. For the positive control Pgp inhibitor experiment, mice were injected 

with 10 mg/kg of Tariquidar, injected 1 hour later with Rh123, then collected 2 hours post-

Rh123 injection with ketamine/xylazine anesthesia 15 minutes before collection. The mice 
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were then perfused with D-PBS for 3 minutes using a Dynamax peristaltic pump. Brains 

were dissected, meninges removed and the cortex and hippocampus combined and 

cerebellums were then dissected out. Livers, spleens and lymph nodes were also dissected 

out. The tissue was flash frozen in liquid nitrogen and then stored at −80°C until Rh123 was 

extracted. The blood samples were then centrifuged. The supernatant (plasma) was collected 

and stored at −80°C until Rhodamine123 was extracted. For “Immune Cells,” the blood 

pellet underwent red blood cell lysis with ACK Lysing Buffer, washed with cold PBS and 

resuspended in cold PBS. The resulting solution was store at −80 until Rh123 was extracted.

Once Rh123 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 

Rh123 extraction was performed on the homogenized brain tissue and plasma as described 

previously with slight modifications to adjust for input mass and volume (Banes et al., 
1986). 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 

Rh123 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 sample’s ratio was then 

normalized to its paired littermate control sample’s ratio to obtain the “Normalized Rh123 

Fluorescence”. For this experiment and all subsequent permeability experiments, mice were 

picked randomly for each group and analyzed blind to genotype/group.

Daunorubicin Permeability Assay—Daunorubicin (DNR) 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 

and their corresponding cortices/hippocampi and blood were collected identically to the 

Rh123 experiment. However, whole blood was collected rather than plasma.

Brain tissue was homogenized identical the Rh123 extraction. The DNR extraction was 

performed on the homogenized brain tissue and whole blood as described previously with 

slight modifications (Bachur et al., 1970; Egorin et al., 1974). Briefly, 0.3 N HCl in 50% 

Ethanol 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 solvent, the samples vortexed, spun down and the supernatant was 

collected. Brain samples were evaporated in a fume hood under nitrogen gas. n-butanol was 

added to the evaporated tubes, vortexed, spun down and the supernatants collected. The 

brain and blood supernatants 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 DNR measurements 

were above the detectable limit. The plate was analyzed on a Tecan Infinite plate reader 
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(Excitation=470nm, Emission=585nm). 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 sample’s ratio was then normalized to its paired littermate control 

sample’s ratio to obtain the “Normalized DNR Fluorescence”.

Sodium Fluorescein Permeability Assay—Sodium Fluorescein (NaFl) 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. Mice and their corresponding cortices/

hippocampi and plasma were collected identically to Rhodamine123 permeability 

experiments (dosage was 25 mg/kg).

Brain tissue was homogenized identical the Rh123 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% 

Trichloroacetic Acid (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 NaFl 

measurements were above the detectable limit. The plate was analyzed on a Tecan Infinite 

plate reader (Excitation=480nm, Emission=538nm). Data were analyzed identical to the 

rhodamine experiment.

Evan’s Blue Permeability Assay—Evan’s Blue was dissolved in sterile PBS to make 

2% Evan’s Blue. For each experiment, each mouse was injected with 8.3x body mass of the 

2% Evan’s Blue. Tissue collection was carried out identical to NaFl permeability 

experiments.

Brain tissue was homogenized identical the NaFl 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 Evan’s Blue measurements were above the 

detectable limit. The plate was analyzed on a Tecan Infinite plate reader (Excitation=620nm, 

Emission=680nm).

Pgp Targeted Mass Spectrometry Assay—4 Activating mice were injected with 0.45 

mg/kg CNO and 4 Silencing mice were injected with 1.0 mg/kg CNO. They were then 

perfused and cortices/hippocampi were collected identically to the permeability experiments 

with the addition of protease inhibitors to the dissection solution. Frozen samples were then 

shipped to IQ Proteomics in Cambridge, MA for targeted mass spectrometry. 3 heavy 

synthetic Pgp peptide fragments (GAQLSGGQK, IATEAIENFR and STVVQLLER) were 

synthesized and acquired from New England Peptide. These peptides were chosen based on 

abundance of Pgp peptides from previous mouse whole brain shotgun proteomic 

experiments and availability from New England Peptide. Then a targeted liquid 
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chromatography-mass spectrometry assay was performed on the Activating and Silencing 

tissue. The 3 heavy synthetic Pgp peptides were spiked into whole cell lysate tryptic digests 

and the relative light/heavy ratio via targeted parallel reaction monitoring was used to 

measure the endogenous expression of Pgp. Mice were picked randomly for each group and 

analyzed blind to genotype/group.

RiboTag Brain Endothelial Cell Purification—RiboTagged EC-Bmal1 cKO mice 

(VECadherin-CreERT2; Rpl22HA/+; Bmal1fl/fl) and RiboTagged littermate controls 

(VECadherin-CreERT2; Rpl22HA/+; Bmal1+/+) were live-decapitated at ZT0 and ZT12. 

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

dissected out and flash frozen with liquid nitrogen and stored at −80 until further processing. 

Actively translating mRNA from brain endothelial cells were purified using RiboTag 

immunoprecipitation as described previously (Sanz et al., 2009). Briefly, thawed brain 

regions were homogenized using a dounce homogenizer. The brain homogenate was then 

spun down, Rabbit-HA antibody was added to the supernatant and it was gently rotated at 4° 

for 4 hours. Protein G magnetic beads were washed on a magnetic column and then added to 

the antibody-homogenate mix and gently rotated at 4° overnight. Bead-antibody-

homogenate mix was washed 3 times on a magnetic column, lysed with RLT Lysis Buffer + 

1% 2-mercaptaethanol and spun down to remove any remaining beads. Mice were picked 

randomly for each group and analyzed blind to genotype/group.

RT-qPCR—Brain homogenate RNA from PAR bZip triple knockout mice and respective 

littermate controls was purified as described previously (Gachon et al., 2004). 

Approximately 100 mg of frozen brain was 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 was purified from brain homogenates, Ribotag-purified brain endothelial cells and 

FACS-purified brain endothelial cells from EC-Bmal1 cKOs and littermate controls using 

the Qiagen RNeasy Microkit. 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, Dbp, Tef and Hlf was calculated using the ΔΔCt method normalizing to GAPDH 
for diurnal experiments and Rps20 for the kainic acid neuronal activity experiment.

Validation of Endothelial-Specific Bmal1 Knockout—Endothelial cells and non-

endothelial cell populations were FACS-purified from the brains of VECadherin-CreERT2; 
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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 (Storch et al., 2007).

Food and Water Intake Rhythmic Behavior—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 exceed 0.1g and therefore considered negligible (Bachmanov et al., 2001). 

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. Mice were picked randomly for each group and analyzed blind to genotype/group.

Rhythmicity Analysis—Rhythmic analysis between different conditions was performed 

as described previously with minor modifications (Weger et al., 2018). 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 + 

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 and α and β are the coefficients of the cosine and sine functions. 

As we observed a non-rhythmic increase of signal in the permeability assays, we added a 

coefficient γ to the function that accounts for non-periodic time-dependent changes when 

we analyzed these experiments [y(t) = μ + γ⋅t + αcos((2π/24 h)t) + βsin((2π/24 h)t) + 

noise]. 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 (Kass 

and Raftery, 1995). 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.

Quantification and Statistical Analysis

The statistical details of experiments can be found in figure legends. Rhythmicity Analysis 

was performed using R version 3.5.0. The clustering heat map was generated using R 

version 3.4.3. Binned heat maps were generated using Graphpad Prism 7. All other heat 

maps were generated using Morpheus. XY scatter plots were generated using Excel and 

Student’s t tests were performed using Excel. Wald’s Test was performed using DESeq2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Neuronal activity robustly regulates gene expression in brain endothelial cells

• Neuronal activity regulates BBB efflux transport and endothelial circadian 

genes

• Efflux transport rhythmically correlates with neuronal activity across the day

• Neuronal activity regulates BBB efflux via modulation of endothelial 

circadian genes
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Figure 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) Photomerge of a representative sagittal section of a brain derived from an Activating 

DREADDs mouse stained for rabbit anti-HA (red) and cell nuclei with DAPI (blue). Color-

matched boxes were added to the edges to make a rectangular image. Scale bar is 2 mm.

(C-D) Power density spectrograms depicting gamma local field potential (LFP) power from 

representative multielectrode array electrophysiological recording sessions from Activating 
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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). Data represent mean ± SEM (error bars). n=3 per group, *p<0.05 by 

unpaired Student’s t-test.
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Figure 2. DREADDs-Mediated, Neuronal Activity-Regulated Brain EC Transcriptome
(A) Representative FACS plot of the gating strategy used to sort brain ECs. 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 ECs were positively selected.

(B) MA plot representing global gene expression changes in brain ECs after glutamatergic 

activation vs. control. Red dots signify statistically significant changes by Wald Test. n=4 

mice per group.
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(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. “Neuronal 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 a refined list (at least 0.25 log2 fold change in both directions 

with Abcd4 added for comparison) of statistically significant (by Wald Test) oppositely 

regulated neuronal activity-dependent genes. Color scale represents arbitrary units of 

expression. Red represents lower expression and green represents higher expression.
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Figure 3. Neuronal 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 4. Neuronal 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. Data represent mean ± SEM (error bars). 

n=4 per group. *p<0.05, **p<0.005, ***p<0.001, n.s. (not significant) by Wald Test.

(B) Normalized Rhodamine123 (Rh123) fluorescence of Activating vs. Silencing cortices/

hippocampi following CNO administration. Mutants were paired with littermate controls. 

The rhodamine fluorescence (brain:blood) of each mutant was normalized to the 

fluorescence of its littermate control (Excitation=505nm, Emission=560nm). Data represent 

mean ± SEM (error bars). Individual data points are shown. *p=0.0291 by unpaired 

Student’s t-test.

(C) Normalized Daunorubicin (DNR) fluorescence of Activating vs. Silencing cortices/

hippocampi following CNO administration. Mutants were paired with littermate controls 

The DNR fluorescence (brain:blood) of each mutant was normalized to the fluorescence of 

its littermate control (Excitation=470, Emission=585). Data represent mean ± SEM (error 

bars). Individual data points are shown. *p=0.0195 by unpaired Student’s t-test.
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(D) Normalized Sodium Fluorescein (NaFl) fluorescence of Activating vs. Silencing 

cortices/hippocampi following CNO administration. Mutants were paired with littermate 

controls. The NaFl fluorescence (brain:blood) of each mutant was normalized to 

fluorescence of its littermate control (Excitation=480nm, Emission=538nm). Data represent 

mean ± SEM (error bars). Individual data points are shown. n.s. (not significant) by unpaired 

Student’s t-test.
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Figure 5. Neuronal activity-regulated PAR bZip transcription factors modulate Pgp expression 
and function
(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). 
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Expression levels represent 2−ΔΔct. Data represent mean ± SEM (error bars). n=4 mice per 

group.

(C) Schematic of genetic strategy to modulate circadian gene oscillation exclusively in ECs 

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.

(D) Rhodamine123 (Rh123) fluorescence (brain:blood) in littermate controls (left) and EC-

Bmal1 knockout mice (right) across a day (Excitation=505nm, Emission=560nm). Data 

represent mean ± SEM (error bars). n=3–7 mice per group.

(E) Sodium Fluorescein (NaFl) fluorescence (brain:blood) in littermate controls (left) and 

EC-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 solid lines if the 

statistical model indicates rhythmicity. Non-rhythmic fits are represented by dashed lines. 

The statistical model was only considered if the BICW > 0.4 (B, D, E).

(F) Relative mRNA expression of EC Abcb1a normalized to Rps20 in FACS-purified brain 

ECs from littermate control mice (left) and EC-Bmal1 conditional knockout mice (right). 

Expression levels represent 2−ΔΔct. Data represent mean ± SEM (error bars). Individual pairs 

are also shown (n=6 mice per group). ***p<0.001, n.s. (not significant) by paired Student’s 

t-test.

(G) Box and whisker plot depicting percent change of Abcb1a mRNA expression after 

kainic acid treatment in littermate controls vs. EC-Bmal1 cKOs. n=6 mice per group. 

*p<0.05 by unpaired Student’s t-test. Data represent median, upper and lower quartiles, and 

minimum and maximum.
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Figure 6. Behaviorally motivated, Neuronal Activity-Regulated Brain EC Transcriptome
(A) Representative sections of barrel cortex in whisker-shaven, environmentally-null mice 

(top) vs. whisker-intact, environmentally-enriched mice (bottom) stained for goat anti-cFos 

(red). Scale bar is 100 μm.

(B) Quantification of cFos+ cells per mm2 in barrel cortex of “−Whisker” vs. “+Whisker” 

mice. Data represent mean ± SEM (error bars). n=3 per group. ***p<0.001 by unpaired 

Student’s t-test.
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(C) MA plot for +Whisker vs. −Whisker. Red dots signify statistically significant changes by 

Wald Test. n=3 mice per group.

(D) Heat maps of genes statistically significantly (by Wald Test) regulated by DREADDs-

mediated glutamatergic activation viewed in the Activating replicates (Act) and paired 

littermate control replicates (Con) (top) and the same genes viewed in the +Whisker 

replicates (+) and −Whisker replicates (−) (bottom). Color scale represents arbitrary units of 

expression. Blue represents lower expression and red represents higher expression. Pearson 

Correlation Coefficient shown.

(E) X/Y scatter plot of the same genes in (D) in the Activating mice and +Whisker mice 

based on log2 fold change. Each dot represents an individual gene. The majority of genes 

cluster in the top right (upregulated in both) or bottom left (downregulated in both) 

quadrants indicating a close correlation of expression changes of these genes between these 

data sets. ABC transporter genes (blue) and PAR bZip transcription factor genes (red) are 

shown as colored dots.

(F) Heat maps of genes statistically significantly (by Wald Test) regulated by DREADDs-

mediated glutamatergic silencing viewed in the Silencing replicates (Sil) and paired 

littermate control replicates (Con) (top) and the same genes viewed in the +Whisker 

replicates (+) and −Whisker replicates (−) (bottom). Color scale represents arbitrary units of 

expression. Blue represents lower expression and red represents higher expression. Pearson 

Correlation Coefficient shown.

(G) X/Y scatter plot of the same genes in (F) in the Silencing mice and +Whisker mice 

based on log2 fold change. Each dot represents an individual gene. The genes do not cluster 

within specific quadrants indicating a lack of correlation of expression changes of these 

genes between these data sets.
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Figure 7. Model of neuronal activity-dependent expression of EC circadian clock-regulated PAR 
bZip transcription factors which regulate BBB efflux transport
Mice are more active during the night vs. day and thus exhibit more neuronal activity during 

the night. The expression of the PAR bZip transcription factors in brain ECs 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. This may be important for 

maintaining neurochemical balance. Disrupting this system via sleep deprivation or 

dysfunctional EC circadian function could lead to neurochemical imbalance and impaired 

waste clearance.
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Key Resources Table

REAGENT SOURCE IDENTIFIER

Antibodies

Rabbit anti-HA Cell Signaling Technology Cat. # 3724S

Goat anti-Rabbit-Alexa 488 ThermoFisher Cat. # R37116

Goat anti-Rabbit-Alexa 594 ThermoFisher Cat. # R37117

Goat anti-Rat-Alexa 594 ThermoFisher Cat. # A-11007

Goat anti-cFos Santa Cruz Biotechnology Cat. # sc-52-G

Donkey anti-Goat-Alexa 594 ThermoFisher Cat. # A-11058

Rat anti-CD31 BD Pharminegen Cat. # 553370

Rat anti-CD31-Alexa 647 Molecular Probes Cat. # A14716

Mouse anti-CD45-FITC eBioscience Cat. # 11–0451–85

Rat anti-CD13-FITC BD Pharmingen Cat. # 558744

Rat anti-CD11b-FITC eBioscience Cat. # 11–0112–81

Rabbit anti-NG2-Alexa 488 Bioss Cat. # bs-11192R-A488

Mouse anti-NeuN Abcam Cat. # ab104224

Rabbit anti-BMAL1 Novus Biologicals Cat. # NB100–2288

Rat anti-HA Roche Cat. # 11867423001

Rat anti-CD45 Bio-Rad Cat. # MCA1031GA

Chemicals, Peptides, and Recombinant Proteins

D-PBS Gibco Cat. # 14190–144

DAPI Fluoromount-G SouthernBiotech Cat. # 0100–20

Clozapine-N-oxide Enzo Cat. # BML NS105–0005

Papain Worthington Biochemical Cat. # LK003176

Collagenase Type 2 Worthington Biochemical Cat. # LS004176

Neutral Protease Worthington Biochemical Cat. # LS02104

Myelin removal beads MACS Miltenyi Biotec Cat. # 130–096-433

Rat IgG Sigma Aldrich Cat. # I8015

Trizol Invitrogen Cat. # 15596026

Rhodamine123 Sigma Aldrich Cat. # 83702

Sodium Fluorescein Sigma Aldrich Cat. # F6377

Borate buffer, pH 11 Sigma Aldirch Cat. # 33650

Proteinase K Viagen Cat. # 501-PK

DirectPCR Lysis Reagent Viagen Cat. # 102-T

Daunorubicin Sigma Aldrich Cat. # 30450

Kainic Acid Santa Cruz Biotechnology Cat. # sc-200454

Tariquidar ThermoFisher Cat. # 501365577

Evan’s Blue Sigma Aldrich Cat. # E2129

ACK Lysis Buffer Quality Biological Cat. # 118–156-101
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Pierce™ Protein G Magnetic Beads ThermoFisher Cat. # 88847

Fluorescein labeled Griffonia (Bandeiraea) Simplicifolia 
Lectin I

Vector Laboratories Cat. # FL-1101

Critical Commercial Assays

RNeasy Microkit Qiagen Cat. # 74004

TruSeq RNA Library Prep Kit v2 Illumina Cat. # RS-122–2001

iScript Reverse Transcription Supermix Bio-Rad Cat. # 1708841

SYBR Green Master Mix Applied Biosystems Cat. # 4367659

Deposited Data

Raw and analyzed RNAseq data This paper GEO: GSE156689

Experimental Models: Organisms/Strains

Conventionally raised mice (male) (C57BL/6 background) Envigo C57BL/6

CamKIIa-tTA mice (male and female) (C57BL/6 background) The Jackson Laboratory JAX: 007004

TRE-hM3Dq mice (male and female) (C57BL/6 background) The Jackson Laboratory JAX: 014093

TRE-hM4Di mice (male and female) (C57BL/6 background) The Jackson Laboratory JAX: 024114

VECadherin-CreERT2 mice (male and female) (mixed 
background mated 6 generations to C57BL/6)

Dr. Ralf Adams (Max Planck 
Institute for Molecular 

Biomedicine) (Sörensen, 
Adams and Gossler, 2009)

N/A

Bmal1fl/fl mice (male and female) (C57BL/6 background) The Jackson Laboratory JAX: 007668

Rpl22HA/+ (Ribotag) (female) (C57BL/6NCrl background) The Jackson Laboratory JAX: 011029

Rosa-lsl-tdTomato mice (male and female) (C57BL/6 
background)

The Jackson Laboratory JAX: 007909

PAR bZip Triple KO mice and corresponding wildtype mice 
(male and female) (mixed background)

Brain RNA from Dr. Frédéric 
Gachon, The University of 

Queensland, Australia 
(Gachon et al., 2004)

N/A

Oligonucleotides

Bmal1 L1 Forward: ACTGGAAGTAACTTTATCAAACTG Weitz Lab (Storch et al., 
2007)

N/A

Bmal1 L2 Reverse: CTGACCAACTTGCTAACAATTA Weitz Lab (Storch et al., 
2007)

N/A

Bmal1 R4 Forward: CTCCTAACTTGGTTTTTGTCTGT Weitz Lab (Storch et al., 
2007)

N/A

Abcb1a Primetime® qPCR Primer Integrated DNA Technology Mm.PT.56a.33328663

GAPDH Primetime® qPCR Primer Integrated DNA Technology Mm.PT.39a.1

Rps20 Primetime® qPCR Primer Integrated DNA Technology Mm.PT.58.41623895.g

Dbp Primetime® qPCR Primer Integrated DNA Technology Mm.PT.58.16911772

Tef Primetime® qPCR Primer Integrated DNA Technology Mm.PT.58.6941379

Hlf Primetime® qPCR Primer Integrated DNA Technology Mm.PT.58.30817147

Software and Algorithms

Zeiss Axiovision 4.8 https://www.zeiss.com/microscopy/us/
products/microscope-software/

axiovision.html

Photoshop Adobe https://www.adobe.com/products/
photoshop.html
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ImageJ ImageJ https://imagej.net

Neuralynx Neuralynx, Inc. https://neuralynx.com/

Tophat v 2.0.11 John Hopkins University https://ccb.jhu.edu/software/tophat

Bowtie 2 v 2.2.1 John Hopkins University http://bowtie-bio.sourceforge.net/bowtie2

SAMtools v.0.1.19 (Li et al., 2009) http://samtools.sourceforge.net/

HT-Seq-0.6.1 (Anders, Pyl and Huber, 
2015)

https://htseq.readthedocs.io/en/
release_0.11.1/

DESeq2 (Love, Huber and Anders, 
2014)

https://doi.org/10.18129/B9.bioc.DESeq2

Morpheus Broad Institute https://software.broadinstitute.org/
morpheus/

Prism 7 GraphPad https://www.graphpad.com/scientific-
software/prism/
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