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Summary

Endogenous circadian rhythms are thought to modulate responses to external factors, but
mechanisms that confer time-of-day differences in organismal responses to environmental insults/
therapeutic treatments are poorly understood. Using a xenobiotic, we find that permeability of the
Drosophila “blood”-brain barrier (BBB) is higher at night. The permeability rhythm is driven by
circadian regulation of efflux and depends upon a molecular clock in the perineurial glia of the
BBB, although efflux transporters are restricted to subperineurial glia (SPG). We show that
transmission of circadian signals across the layers requires gap junctions, which are expressed
cyclically. Specifically, during nighttime gap junctions reduce intracellular magnesium ([Mg?*]i),
a positive regulator of efflux, in SPG. Consistent with lower nighttime efflux, nighttime
administration of the anti-epileptic phenytoin is more effective at treating a Drosophila seizure
model. These findings identify a novel mechanism of circadian regulation and have therapeutic
implications for drugs targeted to the central nervous system.

In Brief

The circadian clock influences the permeability of the blood-brain barrier, affecting drug efficacy
at different times of day.
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Introduction

Circadian rhythms are endogenous, entrainable oscillations of biological processes that are
dependent on a molecular clock. The central clock that drives rhythmic behavior is located
in the brain, but clocks are also found in peripheral tissues where they exert local control
over physiological functions (Ito and Tomioka, 2016; Mohawk et al., 2012). Peripheral
clocks share largely the same core clock machinery as the central clock, but target tissue-
specific genes, generating rhythms in many different physiological processes. Rhythms are
observed in behaviors such as sleep, secretion of many hormones, lipid and glucose
metabolism as well as lung and cardiac function, to mention just a few examples (Mohawk
et al., 2012). Given the pervasive nature of circadian rhythms, it is generally thought that the
response of an organism to drugs and therapies must also vary with time of day (Dallmann et
al., 2016; Kaur et al., 2016). To date, the mechanisms suggested for such responses include
rhythmic expression of molecular targets and/or rhythms in the responsiveness of the target
tissue (Antoch et al., 2005).

A key obstacle for therapeutic drugs administered for the treatment of CNS disease is
passage through the blood brain barrier (Abbott, 2013). Higher concentrations of drug
facilitate entry, but efficacy is limited by dose-dependent toxicity of peripheral tissues; thus,
many researchers have been engineering methods to improve drug delivery to the CNS
(Banks, 2016). The BBB in mammals consists of blood vessels surrounded by endothelial
tight junctions, which have many evolutionarily conserved adhesion and transport molecules
(Ballabh et al., 2004). Although Drosophila have an open circulatory system, they also have
a barrier between the hemolymph, insect “blood”, and the brain, which is structurally and
functionally similar to the mammalian BBB (DeSalvo et al., 2011, 2014). The Drosophila
BBB consists of a contiguous, flattened layer of subperineurial glia (SPG) and perineurial
glia (PG) that covers the entire central nervous system. The cells of the SPG have extensive
contact zones in which septate junctions prevent molecules from paracellular diffusion,
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similar to the mechanism found in mammalian BBB endothelial cells (Limmer et al., 2014).
In addition, Drosophila BBB cells interact via structurally and functionally conserved gap
junctions, resembling those connecting astrocyte and endothelial cell components of the
mammalian BBB (Abbott et al., 2006; Skerrett and Williams, 2017). Transport of molecules
through the Drosophila BBB uses many of the same mechanisms as in the mammalian BBB,
including homologous membrane transport protein families such as the ATP-binding
cassette (ABC) transporter family, which includes p-glycoprotein (pgp) (DeSalvo et al.,
2014; Hindle et al., 2017; Mayer et al., 2009). The similarity of BBB layers in vertebrates
and invertebrates strengthens the idea that BBB mechanisms are conserved, suggesting that
novel findings in invertebrate model organisms will have a significant impact on our
understanding of vertebrate BBB functions.

In this study, we examine xenobiotic permeability in Drosophila and find that it is dependent
on a circadian clock in the BBB. We find that the circadian clock-containing cells (PG) of
the BBB maintain oscillating gap junctions, which are required to regulate the intracellular
concentration of magnesium ions ([Mg2*]i) in the ABC-like transporter-containing SPG
cells. The rhythm in BBB permeability produces a rhythm of drug accumulation in the brain,
resulting in increased responsiveness of seizure-sensitive Drosophila to therapeutic drugs
delivered at night. These results reveal a novel mechanism of circadian regulation and
suggest that therapeutic drugs targeting the CNS should be given at optimal circadian times
for BBB entry/retention to minimize the dosage and reduce toxic side effects.

The blood-brain barrier contains a molecular clock that is required for a rhythm in
xenobiotic retention

To determine whether permeability of drugs to the brain varies with time of day, we first
examined whether the accumulation of rhodamine b (RHB), a xenobiotic, is different in
is031 (wild type) brains across the circadian day. We injected female flies with RHB in the
thorax and determined the amount of drug in the brain after 1 hr. Although there was
variability in the amount of RHB retained in the body across individual flies, the average
amount of dye in the body was similar between time points (Figure S1a). To account for the
differences in injections of individual flies, the amount of drug in the brain was normalized
to the amount of drug remaining in the rest of the body for each fly. RHB fluorescence in the
brain showed a trough during midday and a peak in the early night, demonstrating diurnal
changes in permeability of the brain (Figure 1a). Using period null (per®) flies, which are
deficient in a core component of the molecular circadian clock, we found that the diurnal
oscillation in drug retention was abolished (Figure 1b). To verify that the circadian cycle in
permeability was not limited to RHB, we assayed daunorubicin, another pgp substrate
(Masuyama et al., 2012), and found a similar rhythm (Figure S1b). These results show that
permeability of the brain to xenobiotic drugs is dependent on the endogenous circadian
clock.

In Drosophila, as in mammals, core clock components are present in many tissues other than
the central brain clock neurons (Ito and Tomioka, 2016). We sought to determine whether
the BBB has a functional molecular clock by examining expression of the clock protein,
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PER, in the two groups of glia that constitute the Drosophila BBB. Thus, we expressed GFP
in the BBB using PG-specific (VP6293-GAL4) and SPG-specific (moody-GAL4) drivers
(Figure S1c) and looked for co-localization with PER. PER is undetectable in SPG cells
(Figure S1d), but it is expressed rhythmically in PG cells, such that daily changes in its
levels and subcellular localization are consistent with 24-hour oscillations of PER in the
brain clock neurons (Figure 1c; Curtin et al., 1995; Ito and Tomioka, 2016). These data
identify a molecular clock within the PG cells of the BBB. To determine whether the rhythm
in permeability is dependent on the PG clock, we disrupted clock function specifically in PG
cells. As the tools for tissue-specific ablation of PER are not very effective, we used a
dominant-negative version of the pertranscriptional activator, CYCLE (dnCYC) to disrupt
the clock (Xu et al., 2008). Disrupting the circadian clock with a ancyctransgene in PG cells
did not affect behavioral rhythms (Figure S1e), which are controlled by specific clock
neurons in the brain (Peschel and Helfrich-Forster, 2011). However, flies expressing UAS-
ancyc under the control of PG-GAL4 no longer display nighttime increases of RHB
retention in the brain compared to the genetic controls (Figure 1d), suggesting that the PG
clock is necessary for the circadian rhythm of permeability. We also expressed UAS-dncyc
under the control of the SPG-GAL4 and found no change in the rhythm of RHB
permeability (Figure 1e), consistent with the absence of a molecular circadian clock in the
SPG. PG-GAL4 and SPG-GAL4 controls were rhythmic (Figure S1f-g).

Cyclic efflux, regulated non-cell-autonomously by the circadian clock, underlies the
rhythm in BBB permeability

To determine the mechanisms that drive rhythms of permeability, we assessed RHB in
Drosophila brains ex-vivo. Brains were dissected, incubated in RHB, and immediately
imaged with a confocal microscope following removal of the RHB solution. The amount of
RHB in the brains in the first frame was similar between dead flies and live flies, showing
that influx of RHB into the brain is via a passive mechanism (Figure S2a left panel). Further,
similarity in initial fluorescence between brains at zeitgeber time (ZT) 4-8 (ZTO=lights on
and ZT12=lights off) compared to ZT12-16 suggests negligible time-of-day differences in
influx (Figure S2a right panel). Photo-bleaching and passive diffusion from the brain were
controlled using the loss in fluorescence of dead fly brains; however, even after controlling
for these factors, the level of drug in the live brains declined over an 8 minute period. The
loss of drug was greater in the brains during the daytime, ZT4-8, compared to early
nighttime, ZT12-16 (Figure 2a). The decline in brain RHB during the daytime was blunted
in null mutants of MDR65, the major RHB efflux transporter, suggesting that the daytime
reduction is due to active efflux by pgp-homologous transporters (Figure 2a). Further, when
we used verapamil to inhibit pgp-homologous transporters in wild type flies, we also found a
reduction in RHB loss at in ZT4-8, but not at ZT12-16 (Figure S2b), presumably because
efflux is already low at this time. Higher efflux during the day is consistent with lower
permeability at this time, thereby providing a mechanism for the rhythm in permeability.

Using an antibody that recognizes a highly conserved region of pgp, we stained for
transporter expression at the BBB and found colocalization with the SPG, but not the PG
(Figure 2b). We then assessed the levels of pgp-like transporter expression in the Drosophila
brain at different times of day, but did not detect obvious oscillations in either mMRNA,
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measured by gPCR of pgp-like transporters mar65and mdr49 (Figure S2c), or protein,
assayed by immunofluorescence using the c219 anti-pgp antibody (Figure S2d). Together
these results indicate that the PG clock does not regulate expression of pgp-like transporters.
We hypothesize that the PG clock regulates the activity of pgp-like transporters present in
the SPG.

Cyclically-expressed gap junctions are required for the rhythm in BBB permeability

To determine how pgp transporters are regulated by a non-cell autonomous clock, we
considered mechanisms by which SPG and PG cells might communicate with each other. As
communication between barrier glia is thought to be mediated by gap junctions (Speder and
Brand, 2014; Weisburg et al., 1991), we assessed a possible role for innexins. To examine
innexin expression in isolated BBB cells, we used SPG-GAL4and PG-GAL4to drive
mCD8GFP and separated dissociated brains by fluorescence-activated cell sorting (FACS);
even 100 brains yielded very few cells, with less than 50 SPG cells recovered per brain
(Figure S3a). Thus, we pooled samples from several time points across the day and
measured mRNA levels in sorted glia (labeled using Repo- GAL4 driving mCD8GFP), PG,
or SPG populations and detected /nxZ and /nx2 expression in all cell types at or above total
sorted brain levels (Figure S3b). To assess time-of-day differences in innexin (Inx) mRNA
expression, we dissected whole brains and found that Inx1 (ogre) and Inx2 both cycle in
wild type brains, but not in per?! circadian clock mutants (Figure 3a-b). We also used
immunofluorescence microscopy to measure expression of INX2 protein within the BBB
(9-137GAL4>mCDSEGFP) at different times of day. We quantified the mean level of INX2
fluorescence only where it colocalized with the BBB marker and found that it is expressed
cyclically; however, surprisingly, the phase of the cycling is very different from that of the
RNA (Figure 3c). We hypothesize that /nx2 mRNA is expressed with a different phase in
other glial populations and these, likely more abundant populations, determine the phase of
the cycle in total brain mRNA. As described below, the phase of the INX2 protein cycling
within the BBB is consistent with the mechanism we report here.

We next determined whether blocking innexins prevents time-of-day signals from the PG
from reaching the SPG. Using an RNA. line previously reported to specifically knock down
expression of /nx, which is enriched in glia (Holcroft et al., 2013), we verified gene knock
down by gPCR ((Speder and Brand, 2014); Figure S3c) and expressed it in PG cells. Assays
of permeability revealed loss of rhythm and an overall decrease in nighttime RHB retention
in PG-GAL4>UAS-InxIRNAT (9a) flies relative to GAL4and UAS controls (Figure 3d). A
second /nxIRNAT (TRIP) expressed in PG cells also exhibited arrhythmia in RHB
permeability suggesting that the effect is not likely due to genetic background (Figure S3d).
Since Drosophila gap junctions rarely form homotypic channels (Phelan and Starich, 2001),
we examined whether inhibiting INX2 would also block oscillation of RHB permeability. As
only one RNAI line was available for /nx2and was lethal when expressed in all glial cells,
we expressed a dominant-negative form of INX2 (UAS-dninx2RFP) (Speder and Brand,
2014) using the PG-GAL4 driver. Inhibition of INX2 also resulted in loss of rhythmicity
relative to controls (Figure 3e). Together these data suggest that gap junctions INX1 and
INX2 are required in PG cells for the oscillation of RHB efflux in the SPG. Thus,
connectivity of the PG and SPG via gap junctions appears to be important for relaying time-
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of-day signals. We further verified the requirement for this connectivity by inhibiting gap
junctions in the SPG, predicting that loss of gap junctions in the SPG would also block
intercellular communication. Indeed when we used SPG-GAL4to drive dn/nx2, we found a
similar loss of the RHB permeability rhythm (Figure 3f).

As genetic manipulations of innexins could affect BBB functions by disrupting septate
junctions, we first analyzed the septate junction protein DIlgl by confocal microscopy and
found that expression on the surface of SPG cells in mutant flies was grossly similar to that
in wild type in (Figure 3Se). These results are consistent with previous work, which showed
that manipulating innexins did not affect septate junctions in Drosophila larvae (Speder and
Brand, 2014). To test the septate junctions functionally, we performed a dextran-dye
penetration experiment (Pinsonneault et al., 2011). We found that the innexin mutant lines
and controls were indistinguishable following injection of 10kd dextran dye into the
hemolymph indicating that septate junctions are intact (Figure 3Sf).

Gap junctions drive cycling of intracellular magnesium concentrations in the SPG

The requirement for gap junctions suggested involvement of a small second messenger that
could diffuse through these channels. Higher levels of [Mg2* ]i are known to increase pgp
transporter activity (Booth et al.; Shapiros and Ling, 1994), while increasing intracellular
calcium ion concentration ([Ca2*]i) is thought to inhibit pgp activity (Liang and Huang,
2000; Thews et al., 2006). We initially assessed [Mg?*]i and [Ca%*]i in both the PG and SPG
using a pan-BBB driver (9-137-GAL4). For [Mg?*]i detection, we used the ratiometric
fluorescent indicator MagFura2 and measured mean fluorescent intensity by flow cytometry
(Figure S4a). We found that the [Mg?*]i levels in the BBB, labeled by 9-137-GAL4 driving
mCD8GFP, cycle with a zenith at ZT2 and nadir at ZT14 (Figure S4b). For measurements of
[CaZ*]i, we used 9-137 to drive an NFAT-based sensor, CaLexA (calcium-dependent nuclear
import of Lex A) (Masuyama et al., 2012). This driver resulted in high specific expression of
the CalexA reporter with nearly an absence of background noise in the Drosophila brain,
allowing for quantification of the fluorescence images with a confocal microscope. We
measured CalLexA signals across the circadian day and found an opposing rhythm to
[Mg2*]i (Figure S4c). Importantly, the phase of these [Mg2*]i and [Ca2*]i oscillations is
consistent with high efflux transporter activity during the day.

To address the dynamics of the ions in the subsets of the BBB, we labeled either the PG
(PG-GAL4>UAS - mCD8RFP) or the SPG (SPG-GAL4>UAS mCD8RFP) and measured
both magnesium and calcium in the same brain sample, using Magfura2 along with the
[Ca?*)i indicator Cal630. In addition, we assessed the effect of junctional communication on
ionic concentrations. Thus, control brains or brains containing PG- GAL 4> UAS-aninx2RFP
or SPG-GAL4>UAS-dninx2RFP were incubated with the ion indicators and analyzed by
flow cytometry. Interestingly, while control SPG had comparable levels of ions to the PG,
inhibiting INX2 function resulted in higher [Mg2*]i and lower [Ca2*]i in the SPG compared
to PG (Figure 4a). Because efflux transporters regulated by magnesium/calcium ions are
located in the SPG, we initially focused our efforts on this layer and found that [Mg?*]i is
cyclic, peaking early in the day and dropping at night (Figure 4b); however, no obvious
cycle was observed in [Ca2*]i in the SPG (Figure S4d). These data suggested that although
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both ions cycle in the BBB, [Mg2*]i is the more likely candidate in affecting transporters in
the SPG. Uncoupling the transporter-containing SPG from the clock-containing PG using
dnInx2 (SPG-GAL 4> UAS-dninx2RFP) abolished the cycling of [Mg2*]i in the SPG (Figure
4c). We also examined [Mg2*]i in the PG at different times of day, in the presence and
absence of gap junctional communication with SPG cells. Although we did not detect a
cycle in the PG under either condition, we found that [Mg2*]i was highest at ZT14 when
junctional communication was intact (Figure 4d); however, when PG cells were genetically
uncoupled from the SPG (PG-GAL4> UAS-dnInx2RFP), [Mg2*]i at ZT14 was low (Figure
4e). We suggest that the PG acts as a sink at ZT14, draining [Mg2*]i from the SPG through
gap junctions. Together these data indicate that junctional communication equilibrates ionic
concentrations across the two layers; specifically, increased communication at night lowers
magnesium in the SPG to reduce efflux transport and promote permeability.

Drug-mediated recovery from seizures is dependent on the BBB clock

Since permeability of the BBB is dependent on the circadian clock, it seemed logical that the
effect of xenobiotic neuromodulatory drugs would also follow a rhythmic pattern based on
how much drug is retained in the brain. To test this idea, we fed an anti-seizure xenobiotic
drug, phenytoin, to easily-shocked (eas) mutant flies, which are sensitive to seizures induced
by mechanical stimuli. Following 2 hrs of feeding on drug-containing media, the eas
mutants were vortexed and the number of flies paralyzed or seizing was recorded every 15
secs and the average latency to recovery was calculated for each vial of flies at each time
point. Overall, eas mutants receiving phenytoin recover faster and so their latency to
recovery is lower as compared to flies receiving vehicle (Figure 5a). We calculated the effect
of the drug on recovery latency at different times of day, and found an increase in drug
efficacy at night (Figure 5b), which is consistent with the rhythm of BBB permeability we
report here. While there was some variability in the amount of phenytoin ingested by
individual flies as measured by blue food dye intake, there was no significant difference
among time points (Figure S5). We infer that the increased efficacy of the drug at night
results from decreased pgp-mediated efflux, which increases nighttime retention and thereby
enhances neuromodulatory effects.

To determine whether the time-of-day-specific response of eas mutants to phenytoin was due
to the circadian clock in the BBB, we introduced the PG-GAL4 driver along with UAS
ancycinto the eas mutants. Unfortunately, this genetic manipulation altered the threshold of
seizure sensitivity and decreased the penetrance of the eas phenotype within the population
at baseline and therefore the magnitude of the drug-dependent change in recovery is not
directly comparable to the original eas mutants. Nonetheless, we assessed whether there
were time-of-day differences in the response of eas mutants to phenytoin in the absence of
the PG clock (Figure 5c¢). Importantly, we found that there were no circadian differences in
drug response in the absence of the PG clock (Figure 5d). These results indicate the clock in
the BBB drives a rhythm in phenytoin-induced effects on the brain.
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Discussion

We report here a rhythm of BBB permeability driven by a clock within the BBB, but through
a novel non-cell-autonomous mechanism. These findings, which are the first to demonstrate
a circadian rhythm in BBB permeability, could account for previous findings of daily
fluctuations in drug/hormone expression in the brain. For instance, levels of leptin and
cytokines were found to differ between the blood and the cerebrospinal fluid at different
times of day (Pan and Kastin, 2001; Pan et al., 2002). In addition, the level of quinidine, a
pgp-effluxed drug, in the rat brain depends on the timing of administration, with much lower
levels of quinidine in the brain during the animals’ active period (Kervezee et al., 2014). We
find that pgp function is regulated by the BBB clock to efflux at a higher rate during the
daytime, which is the active period of the fly, thus reducing the level of drug in the brain.
Similar regulation in the rat would account for the time-of-day changes in brain levels of
quinidine. Humans are diurnal, like flies, and so the human BBB would presumably display
the same phase of efflux as that observed in Drosophila.

Our results suggest that the molecular clock in the PG cells controls rhythms of INX1 and
INX2, which regulate [Mg?*]i levels within the SPG, thereby producing a cycle in the
activity of the pgp transporters. Due to the high levels of [Mg2*]i in uncoupled SPG, we
suggest that connectivity of the SPG to the PG via gap junctions provides a sink for [Mg2*]i,
reducing the availability of [Mg2*]i for transporter activity (Figure 6). This is supported by
the [Mg2*]i profile in the PG cells, in particular at ZT14 when they show low [Mg2*]i levels
unless they are connected to the SPG, whereupon levels are quite high. It is also consistent
with the phase of INX2 cycling in the BBB, which shows a peak coincident with the lowest
levels of [Mg2*]i within the SPG. It will be interesting to determine whether gap junctions
connecting astrocytes to endothelial cells perform a similar function in the mammalian BBB.
The finding that [Mg?*]i couples circadian clocks to transporter activity in the Drosophila
BBB also provides an important role for magnesium in circadian physiology in animals.
Daily fluctuations in [Mg?*]i have been found to regulate cellular processes in mammalian
cell culture and single-celled algae (Feeney et al., 2016).

It is interesting that flies use non-cell autonomous mechanisms to drive a rhythm of BBB
permeability, and fits with the idea that clocks localize to specific cell populations in
Drosophila and control behavior/physiology through circuits (Chatterjee and Rouyer, 2016;
Guo et al., 2014; Liang et al., 2017). However, given that one class of Drosophila BBB cells
contains clocks, these findings still raise the question of why clocks and transporters localize
to different cell types. We speculate that the two BBB layers have distinct functions that
require different types of regulation and activity. Indeed, BBB glia in Drosophila have
recently been implicated in functions other than regulation of the barrier, for instance in
metabolic functions relevant for the brain (Volkenhoff et al., 2015). Given the generally
strong circadian influence in metabolic physiology, it is possible that the clock is located in
PG cells to directly control metabolic activity, while the transporters need to be isolated
from such processes.

While circadian studies have historically focused on neurons, glia have recently been
gaining attention for their contribution to the generation/maintenance of rhythms
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(Brancaccio et al., 2017; Damulewicz et al., 2013; Jackson et al., 2015; Tso et al., 2017).
However, the rhythms assayed in most of these cases are those of behavioral locomotor
activity and the relevant glia are usually astrocytes (Brancaccio et al., 2017; Jackson et al.,
2015). The role we report here for BBB glia indicates more general regulation of circadian

physiology by glia.

(Xie et al., 2013) demonstrated that amyloid beta is cleared from the brain via a glymphatic
system during sleep. At first glance, these results may appear to contradict ours as they show
increased clearance by the BBB during sleep while we demonstrate higher efflux during the
day; however, their model examined an endogenous protein that is cleared largely by
endocytic uptake followed by transcytosis (Yoon and Jo, 2012), rather than a xenobiotic
subject to pgp-mediated efflux. Also, Xie et al examined the differences as a function of
behavioral state rather than time-of-day. We suggest that these brain-clearing systems are
entirely compatible. Since animals encounter xenobiotics primarily during their active period
(i.e. through foraging, injury, etc), it would be evolutionarily advantageous to be poised to
immediately expel the foreign particle; however, endogenous proteins or neurotoxins that
slowly build up as a byproduct of brain functions during wakefulness may require a behavior
shift to sleep in order for them to be cleared. Future work may resolve whether the circadian
regulation of the BBB interacts with the sleep-dependent clearance of metabolites.

A major clinical implication of this work is the possibility of improving therapies with
neuropsychiatric and neurological drugs. Chronotherapy aligns medical treatments to the
body’s circadian rhythms, taking into consideration circadian oscillations of the target tissue
and rhythms in hormones, using the circadian information to minimize side effects and
optimize outcomes (Dallmann et al., 2014). A study of epileptic patients unresponsive to
standard doses of phenytoin and carbamazepine found that administration of all or most of
the daily dose of medication at night improved seizure control (Yegnanarayan et al., 2006).
Our results suggest a model in which the phase of BBB permissiveness is a key factor that
determines therapeutic effects of xenobiotic drugs in the brain. In support of regulated efflux
as the basis of BBB permeability, higher levels of pgp in humans correspond to a lack of
responsiveness to seizure drugs (Loscher et al., 2011). Optimal timing of BBB transport and
delivery of drugs can be equally or more important as the timing of CNS responsiveness and
should be considered in administration of therapeutic regimens.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Amita Sehgal (amita@pennmedicine.upenn.edu).

Experimental Model and Subject Details

Drosophila lines—Fly stocks were raised and maintained on cornmeal-molasses medium
at 25°C. The u?118js031 strain was used as wild type. When tested as controls, UAS and
GALA4 fly lines were tested as heterozygotes after crossing to iso31. 5-14 day old adult
female flies were used for experiments; the age range is further specified for each method.
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Method details

Permeability in fly brains—5-7 day old adult female flies were entrained to 12:12 LD
cycles. RHB and daunorubicin delivery methods are similar to those previously described
(Bainton et al., 2005). Briefly, a microinjection needle delivered intrahumoral 2.5 mg/mL
RHB or 9 mg/ml daunorubicin in PBS between the posterior abdominal wall body segments
of CO, anesthetized flies. Capillary action or positive pressure was applied to the needle
under direct visualization over 1-2 secs to deliver an average volume of 50 nL per injection.
Flies were given 1 hr after injection to rest and efflux the RHB at 25°C. Brains from the f
lies were rapidly dissected in 1X PBS and washed with PBS before being placed in 50 pL
0.1% SDS. Brains were dissociated over >30 mins and the dye from brain samples was
measured at excitation/emission: 540/590 using a Victor 3V (Perkin Elmer) plate reader.
Bodies from the corresponding flies were homogenized, spun down and measured at the
same wavelengths. Uninjected flies were used to adjust for background and the ratios of
brain to body levels were calculated for individual flies for RHB and from 5 flies pooled for
daunorubicin. Animals with less than 0.1 mg RHB detected in the body were excluded from
analysis due to increased variability of the brain:body ratio at brain RHB detection
threshold. Amount of RHB was calculated using a standard curve.

Live imaging of fly brains RHB efflux—Iso31 female flies were entrained to 12:12 LD
cycles. Brains were carefully dissected in minimal hemolymph solution HL3.1 (Feng et al.,
2004) (70mM NaCl, 5mM KCI, 4 MgCl,mM, 10mM NaHCOs3, 5mM trehalose, 115
sucrose, and 5mM HEPES, pH 7.4) with forceps with care to minimize damage to the
surface of the brain. Brains were incubated in RHB (125 pug/mL) with or without verapamil
(100 pg/mL) for 2 mins and washed with HL3.1 media to image immediately. To determine
the loss of fluorescence due to diffusion and photobleaching during imaging, flies were
microwaved for 1 min prior to brain dissection. Brains were imaged for 10 mins using a
Leica SP5 confocal microscope. FIJI software was used for analysis.

Immunofluorescence microscopy—Fly brains were dissected in cold PBS and fixed in
4% paraformaldehyde (PFA) for 10-20 min at room temperature. Brains were rinsed 3 x 10
min with PBS with 0.1% Triton-X (PBST), blocked for 30-60 min in 5% normal donkey
serum or goat serum in PBST (NDST), and incubated overnight at 4°C in primary antibody
diluted in NDST. Brains were then rinsed 4 x 10 min in PBST, incubated 2 hrs in secondary
antibody diluted in NDST, rinsed 4 x 10 min in PBST, and mounted with Vectashield.
Primary antibodies included guinea pig anti-PER UP1140 (1:1000), mouse anti-PGP C219
(10 pg/ml), and guinea pig anti-INX2 (1:1000), and guinea pig mouse anti-DLG1 (1:50).
Secondary antibodies included goat anti-guinea pig Cy5 (Rockland), goat anti-guinea pig
anti-AF555 (Jackson Immuno), donkey anti-mouse AF647 (Jackson Immuno). Brains were
imaged using a Leica SP5 confocal microscope. FIJI software was used for analysis.

For dextran-dye penetration experiments, we injected fluorescence tagged 10000 molecular
weight fixable dextran (25 mg/ml TMRD or 10 mg/ml AF647) into fly hemolymph under
CO», anesthesia as previously described (Pinsonneault et al., 2011). 16-24 hours after
injection, flies were anesthesized using CO, and decapitated. The proboscis was quickly
removed from the head and the head was immediately submerged in 4% PFA for 15 min.
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Following fixation, the brain was dissected and washed for < 4 x 10 min in PBST and
mounted in Vectashield. Brains were imaged using a Leica SP5 confocal microscope.

Rest:activity rhythms assays—Locomotor activity assays were performed with the
Drosophila Activity Monitoring System (Trikinetics) as described previously (Williams et
al., 2001). 5-7-day-old female flies were entrained to a 12:12 LD cycle for 3 days then
transferred to constant darkness for 5 days. Flies were maintained at 25°C throughout the
assay.

FACS sorting glial populations—Brains were dissected in ice cold HL3.1 and were
maintained on ice except during dissociation. Collagenase A and DNase | were added to
final concentrations of 2 mg/mL and 20 pl/mL, respectively. Brains were dissociated at 37°C
using a shaker at 2 50 rpm for 20 mins pausing at 10 mins to pipette vigorously. Dissociated
tissue was filtered through 100 um cell strainer and sorted using a 100 pm nozzle on a BD
FACSAria (BD Biosciences). Dead cells were excluded with 4,6-diamidino-2-phenylindole
(DAPI). Doublets were excluded using FSC-H by FSC-W and SSC-H by SSC-W
parameters. GFP* cells gates were set using according to GFP~ brain tissue. Data were
analyzed using FlowJo version 10.3 (Tree Star).

Quantitative PCR—Brains were dissected in cold PBS and immediately lysed. RNA was
extracted using RNeasy mini kit and reverse transcribed to cDNA using random hexamers
and Superscript 1l (Invitrogen). Real-time polymerase chain reaction (PCR) was performed
using Sybr Green PCR Master Mix (Applied Biosystems) with the oligonucleotides
described in Table 2. Assays were run on ViiA7 Real-Time PCR system (Applied
Biosystems). Relative gene expression was calculated using the AACt method normalizing to
actin.

Flow cytometric assay for intracellular magnesium and calcium levels—Brains
from entrained adult female flies (5-7 days) with fluorescently-labeled PG or SPG were
dissected in adult hemolymph-like saline (AHL; 108mM NaCl, 5mM KCI, 2mM CacCly,
8.2mM MgCly, 4mM NaHCO3, 1mM NaH,PO,4-H,0, 5mM trehalose, 10mM sucrose, 5mM
HEPES; pH 7.5) on ice. Brains were brought to room temperature (RT) for 10 mins and
incubated with 5 pM Magfura2-AM and 5 pM Cal630-AM for 20 mins at RT. Brains were
washed with RT AHL for 3 x 5 mins. Then Collagenase 1V and DNase | were added to final
concentrations of 2 mg/mL and 20 units, respectively and brains were dissociated at 37°C
with 250 rpm shaking for 15 mins. Dissociated tissue was filtered through 100 pm cell
strainer and washed with FACS buffer (PBS with 1% wi/v bovine serum albumin and 0.1%
w/v sodium azide). Cells were analyzed on BD FACSCanto Il (BD Biosciences). Doublets
were excluded using FSC-H by FSC-W and SSC-H by SSC-W parameters. RFP* cells gates
were set according to RFP™ brain tissue. Data were analyzed using FlowJo version 10.3.

Seizure recovery assay—7-14 day old adult female eas”“# flies were starved for 24
hrs to allow for maximum drug dosing. Flies were given 5% sucrose and 1.5% agar with or
without 0.6 mg/mL phenytoin a previously described dose to improve recovery from seizure
(Reynolds et al., 2004). Flies were tested in 2 vials (1 control and 1 phenytoin), each
containing 15 flies. Mechanical shock was delivered by vortexing flies at high speed for 5
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secs. The assays were video recorded and the number of flies seizing was recorded at 15 sec
intervals until the entire population had recovered. Recovery was defined as standing and
was analyzed by a researcher blinded to the drug condition. Mean recovery time was
calculated as the average time it took any individual fly to recover in a population. Flies that
never seized were calculated as 0 secs for recovery time.

The blue dye feeding assay was performed as previously described (Deshpande et al., 2014).
Briefly, after 24 hrs of starvation, flies were given food with 2% w/v FD&C Blue No. 1 for 2
hrs. Individual flies were homogenized and the absorbance at 620 nm was measured with a
Victor 3V (Perkin Elmer) plate reader. The amount of food eaten was calculated by using a
standard curve.

Quantification and Statistical Analysis

The statistical details of experiments can be found in the figure legends. Circadian statistical
analysis was performed in R using JTK_CYCLEv3.1. ANOVA and post-hoc Tukey tests
were performed with GraphPad Prism. Student’s T-tests were performed with Excel. Sample
sizes were determined with powerandsamplesize.com.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The Drosophila BBB displays a circadian rhythm of permeability
Cyclic efflux driven by a clock in the BBB underlies the permeability rhythm

Circadian control is non-cell-autonomous via gap junction regulation of
[Mg2*]i

An anti-seizure drug is more effective when administered at night
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Figure 1. A circadian clock in the Drosophila BBB regulates RHB permeability of the brain
(a—b) Rhythm of permeability into the Drosophila brain: Flies were injected with RHB under

CO», anesthesia at different time points and the levels of RHB in individual fly brains and
bodies were measured after 1 hr using a fluorescence reader at Ex540/Em595. The level of
RHB fluorescence in the brain was normalized to the amount of RHB in the body to control
for injection consistency. Shown are the brain:body ratios of RHB in a) iso31 n=14-21 per
time point, pooled from 3+ experiments and b) per?? flies. n=8-21, pooled from 2
experiments. Means + SEM are shown. ¢) Expression of the PER clock protein in the BBB.
PG-GAL4>UAS-nGFP Drosophilawere entrained to a 12:12 LD cycle for 3 days. The brain
was analyzed for nGFPand PER expression at ZT2, ZT8, ZT14, and ZT20 with a confocal
microscope. Representative images of the surface of the brain are shown. Each panel
represents an area 100x120um. (d—e) The PG clock is required for the permeability rhythm.
UAS-dncyc (control) and d) PG-GAL4> UAS-dncyc (experimental) or ) UAS-dncyc
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(control) and SPG-GAL4> UAS-dncyc (experimental) were injected with RHB under CO,
anesthesia and assessed by Ex540/Em595 fluorescence after 60 mins. Means + SEM of the
ratio of brain:body fluorescence are depicted. n=12-22, pooled from 4 experiments. pCycle
indicates a presence of rhythm using JTK cycle analysis. See also Figure S1.
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Figure 2. Pgp-homologous transporters in the SPG regulate diurnal differences in efflux of RHB
a) Efflux from the Drosaphila brain. Live brains from wild type or mar65™ flies at ZT4-8

or ZT12-16 were dissected in HL3.1 media and incubated with RHB for 2 mins. Dye was
washed off and brains were immediately imaged with a confocal microscope. Representative
images are shown (top panel). Adjusted change in fluorescence of live brains over time was
quantified for brains assayed at ZT4-8 and at ZT12-16 (bottom left panel); the two samples
are compared at 8-9 min time point (bottom right panel). n=9-12 brains, pooled from 4
independent experiments. b) Expression of p-glycoprotein in the BBB. Brains from PG-
GAL4>UAS- mCDS8GFP (top panels) or SPG-GAL4>UAS-mCDEGFP (bottom panels) were
dissected and incubated with ¢219 anti-pgp antibody and imaged with a confocal
microscope. Pgp expression co-localized with the SPG, but not the PG. Representative
images of GFP expression (left), pgp fluorescence (center), and overlay (right) are shown.
See also Figure S2.
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Figure 3. Circadian signals from the PG to the SPG require gap junctions
(a-b) Expression of /nxZ and /nx2across the day. Brains from WT and per?! flies were

dissected and mRNA levels of /nxI (left panel) and /nx2 (right panel) were measured by
gPCR. (c) INX2 expression in the BBB. Brains from 9-137- GAL4>UAS-mCDEGFP (green)
were stained with anti-INX2 antibody (red). Mean fluorescent intensity (MFI) of INX2
colocalized within GFP+ fluorescence was quantified. pCycle indicates a presence of rhythm
using JTK cycle analysis. (d—f) Effects of inhibiting gap junctions on the permeability
rhythm. PG-GAL 4> UAS-Inx1RNAI (gd) (d) or PG-GAL 4> UAS-dninx2 (e) and
corresponding genetic control flies were injected with RHB at different time points and the
levels of RHB in individual fly brains and bodies were assessed by Ex540/Em595
fluorescence after 1 hr. Means £ SEM of the ratio of brain:body are shown. n=10-22, pooled
from 2+ experiments. pCycle indicates a presence of rhythm using JTK cycle analysis. SPG-
GAL4>UAS-dninx2 (f) and corresponding genetic control flies were injected with RHB at
different time points and the levels of RHB in individual fly brains and bodies were assessed
by Ex540/Em595 fluorescence after 1 hr. Means + SEM of the ratio of brain:body are
shown. n=9-17, pooled from 3 experiments. pCycle indicates a presence of rhythm using
JTK cycle analysis. See also Figure S3.
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Figure 4. Functional gap junctions are necessary for [MgZ+]i cycling in the SPG
a) Expression of magnesium and calcium in BBB layers. Dissected brains from PG-

GAL4>UAS-mCD8RFP, SPG-GAL4>UAS mCDSRFP, PG-GAL4>UAS-dninx2RFP, or
SPG-GAL4>UAS dninx2RFPwere incubated with [Mg2*]i indicator and [CaZ*]i indicator,
dissociated, and analyzed by flow cytometry. n=3 from 3 independent experiments.
Representative plots are shown. (b—e) Effects of blocking gap junctions on magnesium
rhythms in the PG and SPG. b) SPG-GAL4>UAS-mCD8RFP, c) SPG-GAL4>UAS
aninx2RFP, d) PG-GAL4>UAS-mCDEGFP, or €) PG-GAL4>UAS-dninx2RFP from brains
at ZT2, ZT8, ZT14, ZT20 were incubated with [Mg2*]i indicator dissociated, and analyzed
by flow cytometry. The percent changes in mean fluorescent intensity (MFI) of the indicator
is shown as means + SEM. n=4 from 3 experiments. pCycle indicates a presence of rhythm
using JTK cycle analysis. See also Figure S4.
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Figure 5. Effect of phenytoin on seizure mutants is dependent on the clock
15-20 eas mutants were entrained to a 12:12 LD cycle for >3 days, starved for 24 hrs, and

fed vehicle or phenytoin for 2 hrs in agar vials. Seizures were induced by mechanical
stimulation and the number of seizing flies was counted every 15 secs to calculate mean
recovery for each vial. a) Means £ SEM of average recovery latency for each vial, *p<0.05
between vehicle-treated vials and phenytoin-treated vials, shown by paired Student’s t-test.
b) Means + SEM of the percentage difference in recovery latency between vehicle and
phenytoin are shown. Statistical analysis was performed with one-way ANOVA with post-
hoc multiple comparisons Tukey test *p<0.05. ¢) 15 eas mutants with NP6293- GAL4>UAS-
ancyc were entrained and fed vehicle or phenytoin as described above. Means + SEM are
shown. **p<0.01 between vehicle-treated vials and phenytoin-treated vials are shown by
Student’s t-test. d) Means + SEM of the percentage difference in the recovery latency
between vehicle and phenytoin. Unfortunately we are unable to directly compare recovery
times of eas mutants with eas mutants carrying PG- GAL4>UAS-dncyc due to the
differences in seizures and kinetics of recovery. All time points of the eas mutants with PG-
GAL4>UAS-dncyc at baseline (without drug) had greater mean recovery time, but fewer
seizing flies. See also Figure S5.

Cell. Author manuscript; available in PMC 2019 March 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 23

@ Molecular clock

o Xenobiotics
O Efflux transporter

Hemolymph Il Gap junctions

Figure 6. Model of circadian regulation of BBB efflux
During the day, circadian clock regulation in the PG lowers levels of gap junctions, reducing

connectivity with the SPG. The level of [Mg2*]i is high in the SPG, which promotes activity
of the efflux transporters, reducing permeability of xenobiotics. During the night, the PG
clock increases gap junctions, thereby increasing connectivity with the SPG. The Mg2* ions
diffuse from SPG into the PG, lowering the [Mg?*]i in the SPG. The efflux transporters have
reduced activity due to the decline in [Mg2*]i and xenobiotics are retained in the brain.
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