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Summary

CNS chemical protection depends upon discrete control of small-molecule access by the blood-
brain barrier (BBB). Curiously, some drugs cause CNS side effects despite negligible transit past
the BBB. To investigate this phenomenon, we asked whether the highly BBB-enriched drug efflux
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transporter Mdr1 has dual functions in controlling drug and endogenous molecule CNS
homeostasis. If this is true, then brain-impermeable drugs could induce behavioral changes by
affecting brain levels of endogenous molecules. Using computational, genetic and pharmacologic
approaches across diverse organisms we demonstrate that BBB-localized efflux transporters are
critical for regulating brain levels of endogenous steroids, and steroid-regulated behaviors (sleep in
Drosophila and anxiety in mice). Furthermore, we show that Mdrl1-interacting drugs are associated
with anxiety-related behaviors in humans. We propose a general mechanism for common
behavioral side effects of prescription drugs: pharmacologically challenging BBB efflux
transporters disrupts brain levels of endogenous substrates, and implicates the BBB in behavioral
regulation.
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Hindle et a/. shed light on the curious finding that some drugs cause behavioral side effects despite
negligible access into the brain. These authors propose a unifying hypothesis that links Blood-
Brain Barrier drug transporter function and brain access of circulating steroids to common CNS
adverse drug responses.
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Introduction

The maintenance of central nervous system (CNS) function depends upon its regulated
isolation from circulating drugs and toxins (xenobiotics), as well as endogenous molecules
produced in the periphery. The importance of insulating neural tissue is evidenced by the
conserved molecular and anatomic properties of blood-brain barriers (BBBs) (Fig. 1A). The
vertebrate BBB is composed of brain vascular endothelial cells (BVECS), pericytes, basal
lamina, and the endfeet of astrocytes. BVECs are specialized to protect the CNS as,
compared to peripheral endothelial cells, they are enriched for tight junction components,
chemoprotective ATP-Binding Cassette (ABC) drug efflux transporters and nutrient influx
transporters (Daneman et al., 2010, Daneman, 2012). Similar to vertebrate BVECsS,
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Drosophila melanogaster focuses chemoprotective physiology into a single functionally
polarized cellular layer, the subperineurial glia (SPG). The SPG surround the CNS,
separating it from the blood (hemolymph) (Stork et al., 2008), and possess the hallmark
properties of the vertebrate BBB: tight barrier physiology, potent xenobiotic effluxers and
nutrient influx transporters (Mayer et al., 2009, DeSalvo et al., 2014, Hindle and Bainton,
2014).

BVEC tight junctions physically isolate peripherally produced hydrophilic molecules, like
catecholamines, from the CNS, allowing synaptic regulation that is independent from the
peripheral nervous system (Tsukita et al., 2001). Small lipophilic molecules, however, are
able to freely diffuse across the plasma membrane, requiring an active, ATP-driven chemical
efflux transport barrier to limit their buildup in the brain. The BBB-enriched ABC Type B
efflux transporter Mdr1 (P-glycoprotein/ABCBL) is known to contribute to this barrier
(Loscher and Potschka, 2005b, van Asperen et al., 1996, Loscher and Potschka, 2005a).

Mdrl is expressed at the BBB and peripherally, in sites such as gut, kidney and other
endothelial cells (Thiebaut et al., 1987, Cordon-Cardo et al., 1989). Unlike most
transporters, it has a very broad spectrum of substrates, including hundreds of drugs and
endogenous molecules (Tsuruo et al., 1982a, Tsuruo et al., 1982b, Tsuruo et al., 1983, Naito
et al., 1989, Silbermann et al., 1989, Ueda et al., 1992, Ford, 1996, Uhr et al., 2002, Muller
et al., 2003, Schoenfelder et al., 2012). Indeed, acute, exogenous dosing of progesterone,
aldosterone, cortisol or corticosterone in Mdr1 loss-of-function mice (Mdrl KO) resulted in
higher CNS levels than WT animals (Uhr et al., 2002). Furthermore, studies on Mdrl KO
animals identified a peripheral endobiotic role and highlighted increased emotional stress in
these animals (Schoenfelder et al, 2012). Thus, we investigated whether genetic or
pharmacological inhibition of BBB Mdrl may disrupt brain levels of endogenous substrates,
and implicate the BBB in behavioral regulation.

To this end, we use the power of Drosophila genetics and complementary interrogation in
mice to identify steroid partition changes in the brain and directly implicate the BBB as the
cell biologic site of behavioral regulation through Mdr1 loss of function. Furthermore, acute
pharmacological inhibition of Mdr1 transporters promotes CNS accumulation of selected
steroids, linking genetic data to chemical biology. Finally we perform a thorough analysis of
human side effects data and show that Mdr1-interacting drugs are associated with similar
behavioral changes in humans. Together these findings suggest an important, evolutionarily-
conserved role for BBB-localized chemoprotective ABC transporters that reaches beyond
xenobiotics into endobiotic partitioning and behavioral regulation.

Substrate docking and competitive transport assays suggest steroid hormones as
substrates of xenobiotic efflux transporters

To determine whether Drosgphilais a suitable model for investigating endogenous substrate
partitioning roles of Mdr1-like transporters, we took an unbiased approach to compare the
potential substrates of the mouse Mdrl1 and the Drosophila homologue Mdr65. We created a
homology model of Mdr65 from a mouse Mdr1 template structure and used induced fit
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docking to virtually screen over 300 endogenous small molecules from the KEGG database
(as in Dolghih et al, 2011). For both Mdr1 and Mdr65, docking identified endogenous
substrates with potent biological functions (Fig. 1B). As previously suggested (Uhr et al.,
2002, Schoenfelder et al., 2012), steroids are predicted substrates of mammalian Mdr1.
Interestingly, an invertebrate steroid (ecdysone) is a highly favored substrate of the
Drosophila Mdr65 transporter, suggesting that regulation of both xenobiotics and
endogenous steroids is a conserved and important role for Mdr1-like transporters.

To determine /n vivo whether steroids are substrates of Mdr65, we performed a competitive
efflux transport assay using the active form of ecdysone, 20-hydroxyecdysone (20E), and a
known fluorescent Mdr65 substrate, Rhodamine B (RhoB) (Mayer et al., 2009). We tested
two conditions: RhoB in vehicle and RhoB with 20E. Mdr65 efficiently removed RhoB from
wild type brains, but RhoB is retained in brains of Mdr65 mutants. Interestingly, after co-
injection of RhoB and 20E, we observe a 3-fold increase in RhoB in wild type brains
compared to injection of RhoB alone (Fig. 1D). Furthermore, under the same conditions,
there is no significant additional increase in RhoB in Mdr65 mutant brains. These data show
that 20E can compete with RhoB for its removal by Mdr65, and can function as a substrate
of Mdr65.

barrier partitioning of 20-hydroxyecdysone is altered in Mdr65 mutant flies

We next investigated whether 20E partitioning between the hemolymph and CNS is
disrupted in Mdr65 mutants. We used an ecdysone reporter fly line (ECRLBD>Stinger GFP)
to visualize the presence of ecdysone in the CNS. This reporter relies on a fusion protein of
the Ecdysone receptor (ECR) ligand binding domain (LBD) and the Gal4 transcription factor
(Palanker et al., 2006). Upon ecdysone binding, the fusion protein translocates to the nucleus
and activates transcription of nuclear-localized GFP (Stinger GFP). We first assessed the
time-course of induction of GFP after hemolymph injection of 20E. GFP is efficiently
induced 16 hours following 20E injection and no induction is seen after vehicle injection
(Fig. 2A).

We then assessed whether 20E levels were increased in whole brain mounts from Mdr65
null mutants. In both control and Mdr65 mutant flies, hemolymph injection of 20E causes an
increase in GFP fluorescence at the external surface of the brain (Fig. 2B), but GFP-positive
cells are barely visible inside the brains of control flies. These data show that the reporter
successfully indicates the presence of 20E in whole brain mounts, and that the wild type
BBB is able to restrict 20E access into the brain. In contrast to wild type, there is an
increased induction of the ecdysone reporter inside Mdr65 null mutant brains, as shown by
single-plane images below the BBB (internal brain space) and at the brain cross section (Fig.
2B). The number of GFP-positive cells inside the brain is also shown for each optical section
of the z-stack series (Fig. 2C). These data clearly show an increased number of GFP-positive
cells, and therefore increased levels of ecdysone, inside the brains of Mdr65 mutants.

To further assess whether ecdysone levels are increased in Mdr65 mutant brains, we
determined whether downstream ecdysone responses are altered. Ecdysone binds to the EcR
nuclear hormone receptor, which dimerizes with the Retinoid-X receptor (RXR) homologue
Ultraspiracle, and drives expression of ecdysone-responsive genes including £74B8 and
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Cypl8al (Burtis et al., 1990, Thummel et al., 1990, Segraves and Hogness, 1990, Koelle et
al., 1991, Hurban and Thummel, 1993). We find that the whole brain transcript levels of
E74B are significantly higher in Mdr65 null brains compared to wild type brains (Fig. 2D).
We also reveal metabolic consequences of diminished CNS chemoprotection as the 20E-
inducible Cytochrome P450 Cyp18al is increased 3-fold in Mdr65 mutant brains (Fig. 2E).

Mdrl regulates the brain levels of Aldosterone in mice

Our findings in the Drosophila system and Mdr1 substrate docking predictions suggest that
BBB-enriched Mdr1, the closest mouse homolog to Mdr65, might also function to inhibit
blood-to-CNS flux of circulating endogenous steroids in vertebrates. As the diversity of
steroids in mammals is much more sophisticated than in Drosophila, we took a broad and
unbiased HPLC-MS/MS approach to profile the CNS levels of steroid hormones in Mdrl
mutant mice. Mice have two Mdrl genes, Mdrla and Mdrlb. Thus we compared the brain
levels of steroids in Mdr1 double knockout mice to control mice. Our analyses show that
deletion of Mdr1 does not lead to statistically significant changes in the brain levels of
endogenous androstenedione, androsterone, corticosterone, dihydrotestosterone (DHT),
estrone, progesterone or testosterone. However, the brains of Mdrl mutant mice have
significantly higher levels of endogenous aldosterone than brains of control mice
(Aldosterone, mean of raw values: control 0.088 nM, Mdr1: 0.132 nM; relative amount
(normalized to mean of control): control 100, Mdr1: 168) (Fig. 3A). This result shows that
Mdr1 function is necessary for maintaining normal brain levels of aldosterone in mice.

Aldosterone is synthesized and secreted into the blood by the adrenal cortex of the adrenal
gland (Bollag, 2014). Thus, the increase in brain aldosterone observed in Mdrl mutants
could be due to a steepening of the blood-to-brain gradient of aldosterone that result from an
increase in blood aldosterone instead of the loss of Mdr1 efflux at the BBB. To verify that
elevated aldosterone in Mdrl mutant brains is not due to an increase in blood aldosterone,
we measured steroid levels in serum as well. In contrast to brain, the serum levels of
aldosterone and other steroids remain similar between Mdr1 control and mutant mice
(Aldosterone, mean of raw values: control 0.573 nM, Mdr1: 0.657 nM; relative amount
(normalized to mean of control): control: 100, Mdr1: 110) (Fig. 3B). These findings suggest
that a steepening of the blood-to-brain gradient of aldosterone does not contribute to the
observed elevation in brain aldosterone of Mdrl mutants.

To further assess the role of Mdrl in blood-to-brain flux of aldosterone, we tested whether
acute pharmacological inhibition of Mdr1 can increase accumulation of aldosterone in the
brain. For this experiment we used the established Mdrl competitive inhibitor cyclosporin A
(CsA) (Ejendal and Hrycyna, 2005, Elsinga et al., 2005) (Bakhsheshian et al., 2013, Miller,
2010). A caveat of using CsA is that it can also inhibit the BBB-enriched, efflux ABC
transporter BCRP/ABCG2 (Bakhsheshian et al., 2013, Miller, 2010). Thus, we first
established whether BCRP regulates the brain levels of aldosterone. As we did for Mdr1, we
compared brain aldosterone levels of BCRP control and mutant mice by HPLC-MS/MS and
find that aldosterone levels are similar between BCRP control and mutants (Aldosterone,
mean of raw values: control: 0.088 nM, BCRP: 0.064 nM; relative amount (normalized to
mean of control), control: 100, BCRP: 82) (Fig. 3C). This result shows that brain
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aldosterone levels are not regulated by BCRP. Next, we tested whether acute inhibition of
Mdrl can increase the levels of aldosterone in the brain. First we intraperitoneally injected
adult male wild type mice with either CsA (50 mg/Kg bw) or vehicle. One hour later, we
injected all mice with aldosterone (14 mg/Kg bw) intravenously by tail vein. Three hours
post aldosterone injection, we harvested brains and measured aldosterone by HPLC-MS/MS.
Brains of mice treated with CsA accumulate 3.3-fold more aldosterone than brains of mice
treated with vehicle (vehicle: 18.032 nM, CsA: 59.872 nM) (Fig. 3D). This result shows that
acute inhibition of Mdrl with CsA increases blood-to-brain flux of aldosterone.

Blood-brain barrier Mdr65 regulates Drosophila behavior

As our experiments established a conserved function for xenobiotic ABC transporters in
regulating endogenous steroids in flies and mice, we investigated whether they also have
conserved functions in regulating animal behavior. First, we assessed whether 20E-regulated
behaviors were perturbed in flies deficient for Mdr65. It is well established that the
behavioral transitions required for properly timed ecdysis and eclosion are dependent upon
the precise timing of 20E peaks (Truman, 1981, Curtis et al., 1984, Truman, 1996, Zitnan et
al., 1999, Zitnan et al., 2007). These behavioral transitions are also regulated, in part, by the
CNS. As ecdysone is synthesized and secreted by the ring gland, which lies outside of the
CNS, and is converted to active 20E by peripheral organs (Petryk et al., 2003), (Huang et al.,
2008), BBB-localized Mdr65 is in a prime position to regulate CNS-related behavioral
sequences required for ecdysis and eclosion. When investigating the cumulative timing of
these behavioral transitions, we discover that Mdr65 mutants take 24-hours longer to reach
adult eclosion (Fig. 4A).

To test whether BBB-localized Mdr65 can have cell autonomous behavioral roles, we
assessed the effect of Mdré5 knock-down in the BBB. As the BBB is formed by glial cells in
insects, we used pan-glial and BBB Gal4 drivers (DeSalvo et al., 2014) to express RNAI
specific to Mdr65 in the BBB. Similar to the Mdr65 null mutants, but with a weaker effect,
we find a statistically significant delay in adult eclosion (Fig. 4B&C). These data suggest
that BBB-localized Mdr65 can regulate the behavioral transitions required for adult eclosion.

To determine whether Mdr65 can affect more complex behaviors in the adult animal, we
assessed sleep behavior in Mdr65 mutants (Fig. 4D&E). 20E has a well-established dose-
dependent effect on sleep/wake activity levels in Drosophila; increased amounts of 20E
signaling in the mushroom body, a CNS substructure that controls many insect behaviors, is
correlated with increased sleep intervals (Joiner et al., 2006, Pitman et al., 2006, Ishimoto
and Kitamoto, 2010). We find that Mdr65 mutants demonstrate a significant increase in
sleep behavior during both the daytime (27% increase) and nighttime (17% increase). Much
of this increase is due to an increase in sleep bout length (Fig. 4E), a sleep characteristic that
is influenced by 20E dosage (Ishimoto and Kitamoto, 2010). These data are consistent with
increased 20E signaling in Mdr65 mutant brains, and suggest that BBB-localized Mdr65 can
regulate complex behaviors.
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Mdr1 regulates anxiety-related behaviors in mice

Next we interrogated the behavioral consequences of Mdrl loss-of-function by comparing
adult male Mdr1 mutant mice against their littermate controls in a series of tests that
measure behaviors related to anxiety, motor control and social interaction.

In the novel environment exploration test Elevated Zero Maze (EZM), Mdr1 mutants spend
less time in the open sections and more time in the closed sections of the EZM apparatus
compared to controls (Fig. 5A). The behavior of Mdrl mutants is consistent with an increase
in anxiety levels, displaying caution when exploring a novel environment and preferring the
more protected closed sections of the apparatus. Notably, the difference in behaviors
between Mdrl control and mutant mice is not due to abnormal movement or ambulation as
Mdr1 controls and mutants scored similarly in these parameters (Fig. 5B).

Elevated anxiety in Mdrl mutants was only observed when test mice (controls and mutants)
were pre-exposed to the resident-intruder (RI) social interaction behavioral test (data not
shown). Here, each test mouse was challenged in its home cage with a novel stimulus
mouse. This gives the naive test mice their first experience of a mouse that is not a parent or
a sibling, leading to territorial, sexual and foraging competitive behaviors (Allen et al.,
2010). The RI test also leads to displays of dominance and aggression, and experience of
stress. These results suggest that once Mdrl mutants experience competitiveness,
dominance, aggression and/or stress from a novel male mouse, Mdrl mutants experience
above-normal anxiety in the EZM test. Similar to flies, these results show that BBB-enriched
Mdr1 can modulate complex animal behaviors. Moreover, these findings suggest that Mdrl
is important for inhibiting CNS-access of molecules that can alter behavior or the
development of circuitry that governs behaviors.

An association between ABC efflux transporters and anxiety-related behaviors in humans

To expand on our findings that pharmacological inhibition of mouse Mdr1 can alter BBB
partitioning of aldosterone, we asked whether pharmacological modulation of this
transporter can influence behavior in humans.

Activity of human Mdr1 is subject to modulation by a variety of exogenous therapeutics and
endogenous binding partners. Competitive binding of Mdr1-modulating drugs may prevent
Mdr1’s interaction with its typical substrates, leading to adverse effects. To investigate the
possible role of human Mdr1 in regulating anxiety-related behaviors, we used an established
analytical approach (Liu and Altman, 2015, Lounkine et al., 2012) to calculate Mdr1’s
enrichment factor (EF) against each of 10,098 possible human adverse drug reactions
(ADRs) gathered from the OFFSIDES collection of FDA drug reports (Tatonetti et al.,
2012); Figure 6A).

In our analysis, EFs quantify how strongly a therapeutic target (e.g. Mdrl) is associated with
a particular ADR. To calculate EF values, we grouped drugs known to be inhibitors (n=13)
or substrates (n=36) of Mdr1, as well as OFFSIDES compounds linked to Mdr1 via
ChEMBL (Supplemental Table 1), and examined whether these drugs, as a set, were
enriched for certain ADRs e.g. “Anxiety” (UMLS code CO0034E67) in comparison to drugs
modulating other therapeutic targets. For a baseline of common drugs and their targets, we
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drew from 1104 FDA approved drugs and 1884 ChEMBL targets (Gaulton et al., 2012).
After filtering (see Methods), this yielded 441 FDA-approved drugs organized into 631
ChEMBL targets, with an average of 3.97 drugs + 0.21 per target. Out of the 1,018,208
unique target-ADR pairs represented by at least one drug within the dataset, a total of only
2171 pairs (0.2%) passed our statistical threshold (EF > 1.0, g-value < le-4; Supplemental
Table 2). Examining all targets linked to Anxiety, we find Mdr1 as one of only 12 targets
significantly enriched (EF = 1.03, g-value = 1.80e-09, Fig. 6B). Furthermore, this
enrichment is stable across multiple versions of ChEMBL (mean EF = 1.06 + 0.02,
Supplemental Table 3).

While we are encouraged that patient-reported anxiety findings are associated with Mdr1,
albeit with a subtle effect size, we acknowledge that anxiety-like feelings could be under-
represented due to subjective behavioral reporting of drug side-effects. Likewise, the ADR
term “Anxiety” may not thoroughly encompass the socially-primed effects observed in the
mouse. Thus, we broadened the side-effect search terms to include “Emotional Distress”
(UMLS code C0700361). Strikingly, we find that Mdr1 is the 3" most enriched target for
Emotional Distress (EF = 1.28, q value = 3.39e-05, Fig. 6C) out of all 1884 targets
evaluated. Thus, human behavioral regulation by this Mdr1 pathway may be broad based,
consistent with previous studies noting increased emotional stress in Mdrl mutant mice
(Schoenfelder et al., 2012).

To disprove the alternative hypothesis, we used the Similarity Ensemble Approach (SEA;
(Keiser et al., 2007)) and confirm that none of the 13 Mdr1 inhibitors have strongly
predicted alternative off-targets more canonically associated with anxiety, such as the
glucocorticoid or mineralocorticoid receptors. When expanding the analysis to include an
additional 36 Mdr1 substrates, approximately 1.0% of the targets individually predicted by
SEA could potentially be associated with Anxiety by literature search (Supplemental Table
5). However, none of these alternative targets achieve significant enrichment with Anxiety
by EF analysis (Fig. 6B).

These results, derived from human adverse drug reaction FDA data, support our findings that
modification of BBB xenobiatic efflux transporters can alter the CNS levels of CNS-active
endogenous molecules and disrupt behavioral pathways.

Discussion

The Blood-brain barrier controls partitioning of biologically potent endobiotics

This study highlights the role of the BBB in regulating CNS access of circulating steroid
hormones. In particular, our fly data demonstrate that disruption of Mdr65 leads to increased
20E in the CNS. In mice we also established Mdr1 as an important regulator of CNS
aldosterone levels. As Mdr65 and Mdr1 have a broad spectrum of potential endogenous
substrates (Fig. 1B), these findings implicate the BBB gateway in numerous small molecule
regulatory events. These observations pose an intriguing hypothesis: that the BBB auto-
regulates CNS chemical protection by the local sensing of altered endobiatic levels, and by
triggering compensatory mechanisms to attempt to reinstate control (e.g. upregulation of
Cypl8al). This hypothesis is supported by the presence of the ecdysone receptor and
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aldosterone receptor transcripts in BBB cells (Daneman et al., 2010, DeSalvo et al., 2014),
which may provide a signaling mechanism to translate changes in blood composition into
BBB chemoprotective response and behavioral changes. In this model, the BBB acts as a
brake or buffer on the overall CNS response to normal fluctuations of peripherally
synthesized hormones and other CNS-active small molecules.

ABC efflux transporters and the Blood-brain barrier are modulators of animal behaviors

Drosophila Mdr65 loss-of-function experiments reveal a significant role for ABC
transporters in controlling CNS-related, ecdysone-regulated behaviors, including delayed
developmental timing and increased sleep. Developmental progression is tightly regulated
by precisely timed, ecdysone-induced behavioral cascades; both the rise and fall in ecdysone
levels are required. The rise in 20E primes the CNS by inducing the synthesis of ecdysis-
related factors; however, the secretion of these factors to trigger ecdysis only occurs after the
subsequent decline in 20E titer (Truman, 1981, Curtis et al., 1984, Truman, 1996, Zitnan et
al., 1999, Zitnan et al., 2007). Therefore, elevated CNS levels of 20E would be expected to
cause a delay in this progression, as we see in Mdr65 mutants. Furthermore, feeding flies
20E causes an increased amount of sleep and, conversely, reducing CNS ecdysone signaling
causes a reduced amount of sleep (Ishimoto and Kitamoto, 2010). Our findings are
consistent with elevated CNS 20E causing increased sleep in Mdr65 mutant flies. Of note,
mutation of atet, a member of the ABCG class of transporters (atet) shown to control the
vesicular release of ecdysone from the main fly steroidogenic organ, led to a gross reduction
in ecdysone release and availability, and a severe developmental arrest (Yamanaka et al.,
2015). Our results show that even subtle changes in BBB partitioning of steroid hormones
can lead to significant changes in whole animal behavior, providing the BBB with a great
capacity to modulate neural functions that govern processes as complex as sleep.

Drosophila Mdr65 shares >40% sequence identity with mammalian Mdr1 and can transport
Mdr1 substrates. In fact, human Mdr1 can rescue the chemoprotective BBB function of
Mdr65 mutants, demonstrating that the xenobiotic-protective roles of BBB efflux
transporters are conserved between flies and mammals (Mayer et al., 2009). Our data now
reveals that fly Mdr65 and mouse Mdr1 also have conserved functions in regulating CNS
levels of endogenous steroids as well as steroid-related CNS-governed behaviors. Moreover,
we suggest that this function of ABC transporters may also manifest in human physiology.

Pharmacological modification of ABC efflux transporters provides a potential mechanism
for common adverse drug reactions

We show that acute, pharmacological inhibition of Mdr1 can cause increased aldosterone in
the mouse brain. We suspected that unintended therapeutic modulation of Mdr1 activity may
also misregulate endogenous substrate partitioning across the BBB, leading to unexpected
side effects. Consistent with this, our unbiased analysis of 1104 FDA drugs, 1884 ChEMBL
targets, and 10,098 ADRs reveal links to related behavioral effects of Mdr1 inhibition: that
of anxiety and emotional distress.

Admittedly, the enrichment between Mdrl and Anxiety as a CNS side effect in humans is
subtle (Fig. 6B). While in line with our observation that modification of ABC transporters
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has significant CNS behavioral effects in the fly and mouse, this initial human result merits
further exploration as its enrichment factor reflected several possible limitations. First,
Anxiety is a widely prevalent ADR appearing for a diverse set of drugs (478 drugs: (43% of
all drugs from OFFSIDES dataset). Second, few of the 1104 drugs in the dataset have been
definitively characterized with respect to Mdr1, potentially confounding the analysis as
unreported substrate or inhibitor roles would be expected to weaken the calculated
enrichment of Mdrl to Anxiety. Third, Mdrl itself exhibits a broad substrate profile, as
evidenced by the large number of disparate ADRs to which it is linked (216; Supplemental
Table 4). Although we note that only 6% of its associated ADRs might be considered
behaviorally relevant, all are taken into consideration when calculating enrichment, which
can weaken Mdrl-related scores. Nevertheless, we were intrigued to see the Mdr1-Anxiety
link emerge from this pan-ADR analysis at all, given these limitations. The strong
enrichment between Mdrl and Emotional Distress bypasses many of these limitations, and
lends considerable support to Mdr1’s potential role in stress-related behaviors.

Of note, pharmacological inhibition of Mdr1 yields no more than a 2-fold change in drug
partitioning at the BBB; therefore, CNS adverse effects might seem unlikely in this context
(Kalvass et al., 2013). However, our data showing that pharmacological inhibition of Mdrl
in vivo can lead to a 3.3-fold increase in brain aldosterone levels suggest that effects on
endogenous molecule partitioning may be greater than previously predicted, at least
transiently. Indeed, the most prevalent adverse drug reactions— altered sleep/wake cycles,
depression and anxiety— run the gamut of drug classes and chemical subtypes, with no
obvious common mechanism. It is possible that the same mechanisms that evolved to
regulate CNS access of endogenous molecules are repurposed by the BBB to chemically
isolate xenobiotics from the brain; hence, a tension occurs between endobiotic and
xenobiotic partitioning during drug exposure. ABC efflux transporters are common drug
targets; thus, the role of drugs in modulating the CNS entry of endogenous steroids, and
their effects on behavior suggest a distinct way of thinking about complex drug-drug
interactions (Zhang and Sparreboom, 2017).

In addition, genetic and environmental conditions altering human ABC transporter function
may pose a previously unappreciated risk to human health. Human Mdr1 function is altered
in many CNS pathologies, and single nucleotide polymorphisms (SNPs) can affect its
function (Jeong et al., 2007),(Pauli-Magnus and Kroetz, 2004). For example, expression and
activity levels of ABC transporters, including Mdrl, are altered in certain neurodegenerative
disorders, and in normal aging (Vogelgesang et al., 2002), (Loscher and Potschka, 2005b),
(Vogelgesang et al., 2006, Bauer et al., 2009, Vautier and Fernandez, 2009, Jablonski et al.,
2014). Furthermore, behavioral symptoms, like anxiety and depression, are commonly
associated with these disorders (Chemerinski et al., 1998). Thus, altered endobiotic
pharmacokinetics at the BBB may provide a mechanism for these clinical manifestations.
Further study of BBB regulated processes may yield other roles for BBB function in
behavior, and new systems for targeting behavioral therapies that are more accessible than
internal brain pathways.
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Experimental Procedures

Homology Modeling

The protein sequence of Mdr65 was obtained from the Uniprot database, accession number
Q000748. The structure of mouse Mdr1 with docked saquinavir sharing 40% sequence
identity with Mdr65, was used as the template (PDB ID 3G60). Sequence alignment was
performed using BLAST, and the Mdr65 model was built using the standard homology
protocol within the Prime module of Schrodinger Suite 2012. The model was subsequently
processed in the Prepwizard module to optimize hydrogens; the model was subsequently
subjected to restrained energy minimization with the saquinavir ligand removed.

Ligand Docking

Ligands

Flexible receptor docking was performed using the induced fit docking protocol developed
previously (Dolghih et al., 2011) and final scoring was implemented using the extra
precision (XP) Glide with the OPLS2005 force field. A 10 x 10 x 10 A inner docking box
with the center at coordinates (19.0, 46.0, —6.0) A was used. The number of poses saved
during the initial docking was set to 100. In the next stage, only residues within 5 A of each
ligand were minimized and up to 20 top poses were saved and scored with Glide XP.

Ligand structures were obtained from the KEGG database of biologically relevant molecules
and processed using the Ligprep 2.4 module. Parameters were assigned based on the
OPLS2005 force field. lonization states were assigned by Epik; and groups with pKa
between 5 and 9 were treated as neutral while those outside the range were treated as
charged.

Drosophila genetics

The following fly strains were used during this study: Canton-S and isogenized w1118 (w-
ISO) wild type strains, the ECRLBD ecdysone reporter stock #23656, UAS-StingerGFP
(generated from stock #28863), and repo-Gal4 stock #7415 (Bloomington Drosophila Stock
Center), the pMdr65 null mutant strain KG08723 (Drosophila Genetic Resource Center), the
UAS-Mdr65RNAI Stock #9019 (Vienna Drosophila Research Center (Dietzl et al., 2007)),
and 9-137 Gal4 (DeSalvo et al., 2014).

In vivo competitive efflux transport assay

4-8d old male flies were hemolymph-injected (Mayer et al., 2009) with 200 ng Rhodamine
B (R6626; Sigma) and either 20% ethanol (vehicle) or approximately 500 ng (~100 nl of 4.8
mg/ml) 20-hydroxyecdysone (20E; H5142; Sigma). Flies were left for 2 h followed by rapid
dissection of the brains in PBS (<2 min per dissection). The brains were rinsed in PBS,
immediately placed in individual wells of a foil-covered fluorometer plate containing 200 p
10% SDS, then left to dissociate for 30 min followed by fluorimetry (ex. 535 nm/em. 595
nm). Brain fluorescence readings were normalized to whole body readings to account for
individual differences in dye loading and elimination from the fly. N=7 (except for n=4 for
the Mdr65 RhoB/20E condition).

Cell Rep. Author manuscript; available in PMC 2018 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hindle et al.

Page 12

Western blotting

For the ECRLBD reporter time-course assays, 4-8d old male flies were hemolymph-injected
with 20% ethanol (vehicle) or 4.8 mg/ml 20E and were frozen after specified time-points.
Heads were isolated and homogenized in sample buffer (0.04% Bromophenol Blue, 4%
SDS, 4% glycerol, 10% p-mercaptoethanol, 0.1M Tris, pH 6.8). The equivalent of two fly
heads was run for each time-point. Western analysis was performed using standard 10%
PAGE gels blotted onto PVDF membranes (BioRad) and blocked using 5% non-fat milk in
Tris-buffered saline supplemented with 0.1% Tween-20 (0.1% TBS-T) for 1 h. Primary
antibody hybridization occurred overnight at 4°C followed by 3x washes in 0.1% TBS-T,
secondary antibody hybridization for 1 h, then 3x washes in 0.1% TBS-T. Primary
antibodies: rabbit a-GFP (1:1000; ab6556; Abcam) and mouse a-tubulin (1:100; E7;
DSHB). Secondary antibodies: goat a-rabbit HRP (1:40,000; #28177; AnaSpec) and goat a.-
mouse HRP (1:1000; #31430; Pierce).

Immunofluorescence

4-8d old male flies were hemolymph-injected with 12.5 pg/ul 70 kDa Texas Red dextran
(D1864; Invitrogen) and either 20% ethanol (vehicle) or approximately 500 ng 20E with
overnight recovery (approximately 16 h). Heads were bisected from the bodies, the
proboscis discarded, and then fixed in 3.7% paraformaldehyde/PBS for 15 min. Brains were
dissected in PBS, removing the fat bodies and large trachea, washed in PBS followed by
incubation in blocking buffer (5% normal calf serum or donkey serum, 4% Tween-20 in
PBS) for 1 h, then primary antibody incubation overnight at 4°C. Brains were washed in
PBS (3x 30 min), incubated in secondary antibody for 45 min, washed in PBS (3% 45 min)
and mounted in Dako fluorescent mounting medium (S3023; Dako) on glass slides with nail
polish posts. Brains were imaged immediately using a Zeiss LSM 510 confocal microscope.
Primary antibodies: rabbit a-GFP polyclonal (1:1000; ab6556; Abcam), mouse a.-repo
monoclonal (1:10; 8D12; Developmental Studies Hybridoma Bank (DSHB)). Secondary
antibodies: goat a-rabbit FITC (1:100; Invitrogen), goat a-mouse Cy5 (1:1000; ab6563;
Abcam), donkey a.-rabbit Alexa Fluor 488 (1:1000; Invitrogen), donkey a-mouse Alexa
Fluor 647 (1:1000; Invitrogen). Confocal z-section images were acquired every 0.5 pm from
the BBB surface through to the cross-section. Confocal settings were maintained across all
samples within an experiment. At least 3 brains were imaged per condition, and data
analyzed from at least 3 technical replicates.

Image analyses

Quantification of GFP-positive cells in the CNS of Mdr65 mutants and controls were
calculated using ImageJ. Z-stack section TIFF files were converted to binary (8-bit) and
identical threshold settings were applied. Data were normalized to the number of GFP-
positive cells at the brain surface.

Developmental timing and eclosion

Vials containing 20 males and females were transferred to fresh food with added yeast paste
every 2 h at 25°C to allow egg laying. Flies were maintained at 25°C except when scoring
once per day. At least 2 technical replicates were performed. For the BBB knock-down of

Cell Rep. Author manuscript; available in PMC 2018 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hindle et al.

Page 13

Mdr65, the eclosion assays were performed in bottles and the flies were left to lay eggs for
approximately 2 days. The number of hatched flies was scored twice daily and the numbers
pooled per day. At least 2 technical replicates were performed.

Sleep analysis

QPCR

Newly eclosed flies were collected under brief CO, anesthesia over a 3-day period. Males
were housed with 10 flies per vial on standard cornmeal agar media, and aged for 3-5 days.
For sleep analysis, flies were individually aspirated into a glass tube (5 [W] x 65 [L] mm)
with regular fly food, and their locomotor activity was monitored using the Drosophila
Activity Monitoring (DAM) system (Trikinetics, Waltham, MA, USA) while subjected to 12
hr light and 12 hr dark cycles at 25°C with 65% humidity. Flies were acclimated to the
experimental conditions for one day before sleep was analyzed. Locomotor activity data
were collected at 1-min intervals for 3 days, and analyzed with a Microsoft (Redmond, WA,
USA) Excel-based macro program as described previously (Hendricks et al., 2003), (Kume
et al., 2005). A sleep bout was defined as 5 or more minutes of behavioral immobility. N=64
flies/genotype.

Total RNA was extracted from male brains (4 brains/replicate) using the RNAqueous Micro
kit (AM1931; Ambion). Manufacturer’s instructions were followed except the lysates were
reloaded after the initial filtration, to increase RNA binding, and the RNA was eluted using
75°C RNas e-free water (AM9938; Ambion). Following DNase treatment, equal amounts of
RNA were reverse-transcribed to cDNA (30-40 ng) using the Superscript I1 First Strand kit
(18080-051; Invitrogen) according to manufacturer’s instructions. QPCR was performed
using a 1/10 dilution of the cDNA. The following oligos were used to assess £74B and
Cypl8allevels in Drosophila brains:

MRPS24 Fw: GAACACGTCAACAATGAAGGA
MRPS24 Rv: ACAAACTTGCGGATGAACAC
Aps Fw: GTGTATTCGAGAACAATGACCA
Aps Rv: GTCACGTTCATCACGAACAC

Glo Fw: AATTGGGCACAGGTATATTGAG

Glo Rv: CTCTTCATTTCAGCAATCGAG

E74B Fw: ATCGGCGGCCTACAAGAAG (Caldwell et al., 2005),(Neuman et al.,
2014)

E74B Rv: TCGATTGCTTGACAATAGGAATTTC (Caldwell et al., 2005),(Neuman
etal., 2014)

Cyp18al Fw: 933 AAGAATCACGAGGAGCAACTG
Cypl8al Rv: 1033 AGCATGAACACGTTTATCCAC

For each cDNA sample, the data were normalized to the geometric mean of three reference
genes (MRPS24, Aps and Glo) as described in VVandesompele et al. (2002). The following
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annealing temperatures were used: 60°C (mRpS24), 59°C (E74B), 56°C (Cyp18al) and
53°C (Glo and Aps). Statistical analyses were performed using an unpaired t-test in
GraphPad Prism 6 software. At least 3 biological replicates and 3 technical replicates were
performed.

Statistical analyses for Drosophila studies

Mice

Statistical analysis of the Drosophila fluorometry data was performed using a Dixon’s Q-
test, which identified one outlier for removal (Qexp = 0.726, with Q¢ = 0.680 at CL:99%
for N=7), followed by a one-way ANOVA using a Sidak post-hoc test in Graphpad Prism
software. Microsoft Excel was used for statistical analyses of QPCR and all behavioral
assays using unpaired, two-tailed T tests.

Mouse lines FVB, 1487 (Mdrla—/-; Mdrlb—/- (Mdrl)) and 2767 (BCRP~/") were
purchased from Taconic. Mice bred to maintain homozygosity or purchased were used for
non-behavioral experiments. For behavioral experiments, matings starting with FVVB and
Mdr1 mice were used to generate Mdrl controls (Mdrla+/+;Mdrlb+/+ and Mdrla+/-;
Mdrlb+/-) and Mdrl mutants (Mdrla—/—; Mdrlb—/-). C57BL/6 mice used as “intruder”
were purchased from Simonsen. All mouse protocols were approved by the UCSF and
UCSD Institutional Animal Care and Use Committee.

Collection of mouse brain and blood

Samples were collected from 3.5-month-old males. Mice were anesthetized with ketamine/
xylazine/acepromazine maleate mix at 100/6/1mg per Kg mass prior to surgery. Procedures
for collecting blood that reduce red blood cell lysis were used. Excess peritoneal fluid was
removed through a small opening in the abdomen to prevent flow of fluid into chest cavity,
the chest cavity opened, the right atrium cut, and blood pooled in the chest cavity was
pipetted with an enlarged-bore tip. Animals were then perfused with cold DPBS to remove
blood. Whole brains were dissected, immediately placed in a microcentrifuge tube, frozen in
dry ice, and homogenized for analysis or placed at —80°C for later homogenization. Control
and mutant samples were collected concurrently.

Serum preparation for mouse samples

Freshly collected blood was incubated at 37°C for 1 5 min then at 4°C for 1h to promote
clotting. Clotted blood was centrifuged at 4°C, 5000 RCF for 10 min. Straw-colored
supernatant was collected and centrifuged at 4°C, 7500 RCF for 10 min. Supernatant was
then collected and stored at -80°C.

Mass Spectrometry for mouse samples

Targeted metabolites were measured by HPLC tandem mass spectrometry (HPLC-MS/MS)
in multiple reaction monitoring mode (MRM) using a SCIEX API 4000 QTrap by Biocrates
Life Sciences AG. Seven-point external calibration curves and 13 isotope-labeled internal

standards were used. Metabolite concentrations of each sample were determined in a single
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analysis. Serum samples were directly used for analyses. Brain tissue samples were
extracted for steroids using a fixed ratio of extraction volume to weight.

Pharmacological inhibition of Mdr1

Adult male FVB mice were injected with cyclosporin A (Cell Signaling 9973S; solubilized
in 100% DMSO at 50mg/Kg body weight (bw)) or vehicle intraperitoneally at time zero
(T=0). All mice were then injected with aldosterone (Sigma A9477; solubilized in 6.25%
ethanol and 6.25% DMSO at 14mg/Kg bw) intravenously by tail vein at T=1hr. The amounts
of ethanol and DMSO given to mice were below the LD50 for both chemicals. The
following conditions were compared: 1) vehicle followed by aldosterone, 2) cyclosporin A
followed by aldosterone. At T=4hr, brains were collected and analyzed by HPLC-MS/MS as
described above.

Behavioral tests for mice

Control and mutant male mice used for behavioral tests were born and raised in our animal
facility, weaned at age P20, housed with male siblings until social isolation (SI) 3-7 days
prior to first behavioral test at 3.5 months of age. Animals were raised with 12:12 hour
light:dark cycle. Two sets of behavioral tests were conducted: 1) Open Field (OF)-Elevated
Zero Maze (EZM): Sl 3 days prior to OF, 2 days Sl until EZM. A single cohort of control
and mutant mice were tested together. 2) Resident Intruder (RI)-OF-EZM: Sl for 7 days
prior to RI, 4-5 days Sl until OF, 2 days Sl until EZM. Two cohorts were tested on different
days. Mice were acclimated in the testing room 25-45 minutes before tests. EZM tests were
conducted at the UCSF Neurobehavioral Core for Rehabilitation Research during 9am-1pm
of the light cycle. Apparatus: 5cm wide circular track of 21.25cm outer diameter, 80cm high
with 42cm long open or closed sections, 31 surface infrared beams. Genotypes were blind to
operators. Kinder Scientific infrared-detection apparatus and Motor Monitor software were
used for behavioral tests. Tests were performed with the operator either in a different room
or out of sight from mice being tested, in an activity-absent room with ~70 decibels of white
noise.

Statistical analyses for mouse studies

Graphpad Prism software was used for statistical analyses of mass spectrometry and animal
behavior data using unpaired, nonparametric Mann-Whitney tests.

Associations between targets and ADRs

We collected 10,098 documented ADRs for 1,332 FDA-approved drugs from the
OFFSIDES database (Tatonetti et al., 2012). To avoid duplicates, we standardized and
converted each drug to its InChIKey, yielding 1104 unique drug structures. ADRs were
considered associated with a drug if OFFSIDES reported a p-value for the drug-ADR link of
p < 1x1072; this yielded 9366 unique drug-ADR pairs. We then identified all known human
targets for all drugs using ChEMBL (Version 17; (Gaulton et al., 2012)). Targets were
considered “known” if a documented ligand for the target had a Tanimoto Coefficient of 1.0
with the drug in question; this yielded 805 (out of 1884 possible) unique targets, 631 of
which were human. An initial filter required all drugs to have an association with both an
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ADR and a target to be considered for analysis (441 drugs, post-filter). In total there were
6,780,515 unique drug-target-ADR triplets. Each unique target-ADR pair had to occur at
least 10 times before being considered for enrichment. All resulting drug-ADR (315,279),
drug-target (3136), and target-ADR (1,018,208) pairs were then enumerated. An enrichment
factor (EF) was calculated for each target-ADR pair after correction for multiple hypothesis
testing using the Benjamini-Hochberg method as previously described (Lounkine et al.,
2012).

Alternate target predictions

We used the Similarity Ensemble Approach (Keiser et al., 2007) with RDKit (rdkit.org)
ECFP4 (Morgan) and path-based fingerprints to identify predicted additional off-targets of
all Mdr1 inhibitors (Supplemental Table 5) and substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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20-E 20-hydroxyecdysone

ABC ATP-binding Cassette

ADRs Adverse Drug Reactions

BBB Blood-Brain Barrier

BVEC brain vascular endothelial cells
CNS central nervous system

EcRLBD  ecdysone receptor ligand binding domain

EF enrichment factor
MDR multidrug resistant
RhoB Rhodamine B
SPG Subperineurial glia
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Highlights
Blood-brain barrier ABC drug transporters regulate CNS levels of steroids
Blood-brain barrier ABC drug transporters regulate whole animal behavior

Stress-related drug side-effects are associated with the ABC drug transporter
Mdrl

Competitive Mdr1 drug/steroid interactions may shed light on adverse drug
reactions
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Brain Brain
B
Mdré5 Substrate Glide XP score | Mdr1 Substrate Glide XP score
{kcal/mol) (kealimol)
Leukotriene F4 -18.3 Ecdysone -16.1
Vitamin K1 -158 Estriol -15.7
Vitamin K2 -14.4 Vitamin K1 -158.3
Folic acid =143 Calcitrol =151
Vitamin E -13.9 Vitamin E -15.1
Tetracosanoic acid -13.8 Vitamin D2 -15.1
Ecdysone -13.7 Cholic acid -15.0
Maltose 137 Chenedeoxycholic acid -14.9
Leukotriene C4 -138 Vitamin D3 -146
Triiodothyronine -13.5 Corti one -14.5
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Figure 1. The Drosophila steroid 20-hydroxyecdysone is a predicted Mdr65 substrate
(A) Diagram of the invertebrate and vertebrate blood-brain barrier. The invertebrate BBB is

a compound structure, formed by subperineurial glia (SPG), outer perineurial glia, and a
basement membrane; only the SPG are shown for simplicity. The vertebrate BBB is
primarily formed by the brain vascular endothelial cells (VE), and its functions are
supported by the surrounding pericytes (P) within the basement membrane (BM), and the
end feet of the astrocyte glia (AG). These cellular and non-cellular layers form a compound
barrier structure: the neurovascular unit (NVVU). Both the vertebrate and invertebrate BBBs
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express junctional proteins that form the diffusion barrier (DB), as well as ATP-binding
Cassette (ABC) transporters that form the transport barrier and protect the brain from
xenobiotics. CG; cortex glia. (B) Substrate predictions for the fly Mdré5 and mouse Mdrl
efflux transporters from substrate docking computer modeling. (C) Homology model of
Mdr65 (yellow) overlaid on the mouse Mdrl template PDB ID: 3G60 (green). Original
template ligand, QZ59-RRR, is shown in pink. The enlarged window shows the top-scored
pose of ecdysone docked in the Mdr65 model. Also shown are some of the residues
predicted to be involved in hydrogen bonding and hydrophobic interactions with the ligand.
(D) Competitive /n vivo efflux transport assay using Rhodamine B and 20E. Fluorescence
readings are normalized to wild type (WT) brains injected with Rho B and vehicle. At least
4 biological replicates were performed for each condition. Error bars represent SEM.
ANOVA *, p<0.05; ***, p<0.001.
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Figure 2. Drosophila Mdr65 mutants show altered blood-brain barrier partitioning of 20-
hydroxyecdysone
(A) Western blot time-course of ECRLBD>Stinger GFP fly heads following injection of 20E

or vehicle. p-actin was used as a loading control. N=2 technical replicates. (B) Confocal
images of wild type (i-v) and Mdr65 null mutant (vi—x) brains expressing ECRLBD>Stinger
GFP after hemolymph injection of vehicle or 20E. Co-injected 70kDa Texas Red Dextran
marks the BBB. Images are shown at the BBB layer (Brain surface; i, ii, vi & vii), below the
BBB layer (Internal brain space; iii & viii) and at the optic lobe cross section (Cross section;
iv, v, ix & X). Regions from the cross sections were enlarged for clarity (v & x). N> 9
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biological replicates. Scale bars, 20 pm (i—iii, vi-viii), 10 pm (iv & ix) and 5 pm (v & x). (C)
Quantification of the total number of GFP-positive cells/z-stack section for the initial 15%
depth into the optic lobes of ECRLBD>Stinger GFP wild type and Mdr65 null flies
hemolymph-injected with 20E. Data were normalized to the number of GFP-positive cells
present on the optic lobe surface. N > 5 biological replicates. (D & E) QPCR analysis of
E74B (D) and Cypl8al (E) transcript levels in whole brains from wild type and Mdr65 null
flies (without the ECRLBD>Stinger GFP reporter). Error bars represent SEM. T test **,
p<0.005; ***, p<0.001.
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Figure 3. Endogenous aldosterone levels are increased in Mdrl mutant mice
(A and B) HPLC-MSMS analysis of endogenous steroids from whole brains (A) and sera

(B) of adult male Mdr1 control and mutant mice. N= 18 control and 7 Mdr1 mutants. ND,
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Serum

Corticosterone

male BCRP control and mutant mice. N=18 Controls and 9 BCRP mutants. (D) HPLC-

MSMS analysis of aldosterone from whole brains of wild type mice injected first with either

vehicle (n=4) or Cyclosporin A (CsA) (n=4) then followed by aldosterone. Error bars

represent SEM. Mann-Whitney test * p<0.05.

Cell Rep. Author manuscript; available in PMC 2018 January 19.

DHT:

[l Control

B Mdr1

=
O

Estrone

Progesterone

Testosterone



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hindle et al. Page 27
A B C
100 - 100 4
- 80 5 80
S 60 - 5 60 4
]
= a3 = <409 ¥ e MdB5RNAIM N
B 50 -e- Control > 90 4 -=- Glia Gal4/+ /"~ = BBB Gal4/+
-= Mdré5 mutant : -4 Glia Gal4>Mdr65RNA| . o BBB Gal4>Mdr65RNAj
0 T T T 1 0 T 1 L] T T 1 0 T T T T T 1
8 9 10 11 12 9 10 11 12 13 14 15 9 10 11 12 13 14
Days Days Days
D E ; TR
Daytime Nighttime
Daytime Nighttime b — tidutd
y g =104 210y r—=
S 8 = 8
T < 6+ o 61
- — Q_ uJ
E § 4 $ 4
2] 2 2 T 2-
= .ﬂ E
= , 2 B - 0
E — Control Contrﬂﬂdrﬁﬁ ControI*MdrSS
kot — Mdr65 mutant =407 21007 ——
@ E 301 £ 801
T . ; ; ; ; ; ' 5 £ 60
5 201 =gy
3 6 9 12 15 18 21 24 O o 40
zT s 191 3 201
i o a
Control Mdré5 Control Mdr65

m Control m Mdr65 mutant

Figure 4. Drosophila Mdr65 can modulate behavior
(A-C) The cumulative percentage of adult flies hatching of wild type and Mdr65 null

mutants (A), and following knock-down of Mdr65 in all glia (including the BBB) using the
driver repo-Gal4 (B; Glia Gal4>Mdr65RNAI) or in the BBB using 9-137-Gal4 (C; BBB
Gal4>Mdr65RNAI) compared to the heterozygote transgene controls. *, p<0.05; **,
p<0.005. (D) The length of sleep bouts (min/30 minutes) for wild type and Mdr65 null
mutants during the daytime and nighttime. (E) Total amount of sleep (hours/12 hour period)
and average bout length during the daytime and nighttime. Error bars represent SEM. T test
*, p<0.05; **** p<0.0005.
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Figure 5. Anxiety-like behaviors are elevated in Mdrl mutant mice
(A) Amount of time spent in the Open and Closed sections of the elevated zero maze (EZM)

apparatus. (B) Amount of movement and ambulation by adult littermate male Mdr1 control
and mutant mice during the EZM test. N= 16 controls and 9 Mdr1 mutants. Error bars
represent SEM. Mann-Whitney * p<0.05.
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sp_P41143 OPRD_HUMAN  Anxiety 2.7434  1.98E-17  3.19E-14
sp_P41145  OPRK_HUMAN Anxiety 2.4041  3.14E-22  5.54E-19
sp_P35372 OPRM_HUMAN  Anxiety 2.1054  1.05€-18  1.75E-15
sp_P31645 SC6A4_HUMAN  Anxiety 2.0792  4.10E-26  7.58E-23
sp_Q01959 SC6A3_HUMAN  Anxiety 1.9879  1.05-18  1.75E-15
pf_2096682 SCN3A_HUMAN  Anxiety 1.7692  7.70E-12  1.05E-08
sp_P23975 SC6A2_HUMAN  Anxiety 17351  2.03E-22  3.59E-19
pf_1907610 ADA1D_HUMAN  Anxiety 1.5486  1.80E-10  2.34E-07
sp_Q12809 KCNH2_HUMAN  Anxiety 15351  7.18E-33  1.41E-29
pf_2093864 ADA2A_HUMAN  Anxiety 1.4327  2.25E-15  3.44E-12
sp_P08183 MDRI_HUMAN  Anxiety  1.032 1.64E-09  1.99E-06

C

Chembl ID Gene Name ADR EF P-value Q-value

sp_P23975 SC6A2 HUMAN  Emotional Distress 1.5919 4.7T1E-17 7.37E-14
sp_Q12809 KCNH2_HUMAN Emotional Distress 1.4862 5.42E-09 6.35E-06
sp_P08183 MDR1_HUMAN Emotional Distress  1.2774 3.04E-08 3.39E-05

Figure 6. The adverse drug reaction Anxiety is linked with Mdr1-associated drugs
(A) Model diagram for target-ADR enrichment analysis. Enrichment factors were calculated

from a unique set of 441 FDA-approved drugs, 10,098 adverse drug reactions (ADRs), and
631 CHEMBL targets after filtering (see Methods). Together, these analyses generated
1,018,208 EFs, of which only 2171 (0.2%) were statistically significant. (B & C) All target-
ADR pairs significantly associated with the adverse drug reaction “Anxiety” or “Emaotional
Distress”. Targets are ordered by enrichment factor (EF) values, with a greater EF value
being indicative of an increased number of observed target-ADR associations relative to the
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expected number of observations. Q-values indicate degree of confidence that the EF for
each target-ADR association is not a false positive.
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