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Abstract

Central nervous system (CNS) physiology requires special chemical, metabolic and cellular
privileges for normal function, and blood brain barrier (BBB) structures are the anatomic and
physiologic constructs that arbitrate communication between the brain and body. In the vertebrate
BBB two primary cell types create CNS exclusion biology, a polarized vascular endothelium (VE)
and a tightly associated single layer of astrocytic glia (AG). Examples of direct action by the BBB
in CNS disease are constantly expanding, including key pathophysiologic roles in multiple
sclerosis, stroke and cancer. In addition, its role as a pharmacologic treatment obstacle to the brain
is long standing, thus molecular model systems that can parse BBB functions and understand the
complex integration of sophisticated cellular anatomy and highly polarized chemical protection
physiology are desperately needed. Compound barrier structures that use two primary cell types
(i.e. functional bicellularity) are common to other humoral/CNS barrier structures. For example,
invertebrates use two cell layers of glia, perineurial and subperineurial, to control chemical access
to the brain, and analogous glial layers, fenestrated and pseudocartridge, to maintain the blood-eye
barrier (BEB). In this article we summarize our current understanding of brain-barrier glial
anatomy in Drosophila, demonstrate the power of live imaging as a screening methodology for
identifying physiologic characteristics of BBB glia, and compare the physiologies of Drosophila
barrier layers to the VE/AG interface of vertebrates. We conclude that the many unique BBB
physiologies are conserved across phyla and suggest new methods for modeling CNS physiology
and disease.
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INTRODUCTION

The brain must maintain instantaneous function for perceptual integration and response and
long standing cellular interactions to sustain memory for intelligent choice decisions. While
neurons are the immediate temporal drivers of CNS outputs, glia provide essential functions
that can directly modulate behavior, neurotransmitter metabolism, and CNS immuno-
competency (Dong and Benveniste 2001; Halassa and Haydon 2010). These complex
interactions are energetically costly, requiring many genetic inputs and precise maintenance
of cellular architecture to perform. As a consequence, CNS physiology requires numerous
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specializations and exaggerations of normal cellular physiology making it exceptionally
sensitive to energy balance (e.g. hypoxia and nutrient deprivation), environmental insults
(e.g. toxic substances and drugs), and clearance of infectious agents and cellular debris.
These physiologies are a direct consequence of the relationship between the CNS and the
humoral space; therefore, to guard against and connect the brain to the external milieu,
evolution has established an elaborate barrier protection system known as the blood brain
barrier (BBB) or blood brain interface (BBI). Indeed, special chemical isolation from the
body was one of the first observations in early CNS studies as water soluble dyes would not
penetrate viable brain tissue (Ehrlich 1885). Many new functions have been ascribed to the
BBB, and it now plays a central role in immune function and a host of CNS diseases
including neurodegeneration, stroke, and cancer (Zlokovic 2008). Furthermore, new studies
on the BBB focus on its response to pathogenesis and in some cases implicate it as the
primary culprit of disease (i.e. MS) (Alvarez et al. 2010). These findings make the BBB of
increasing interest as a site of diagnosis and treatment. In this article, we will discuss related
properties of vertebrate and invertebrate barrier glia and consider how methods unique to
invertebrate systems can elucidate the varied roles of glia in vertebrate CNS barrier
structures.

Barrier Structures and Functions

Vertebrate Glia Participate in CNS Barrier Physiology—Maintenance of CNS
function requires exceptional humoral connection to the body, as the highest blood flow per
mass of any tissue is reserved for the brain (Zlokovic 2008). To utilize this substantial
investment in cardiac output, the BBB uses a very large surface area (~20m?) (Begley and
Brightman 2003) and close parenchymal approximation to capillaries (<5-10um). Blood
flow itself can be regulated by the barrier, which is functionally integrated with surrounding
brain tissue in what is called the neurovascular unit (Anderson and Nedergaard 2003;
McCarty 2005; Zlokovic 2008). The complete neurovascular unit, moving from humoral
space to CNS interstitial space, is comprised of capillary vascular endothelium (VE), a
basement membrane, and astrocytic glia (AG), and also includes CNS specific pericytes and
nearby neurons (Fig. 1A) (Ballabh et al. 2004). Many studies suggest that the AG has
inductive properties on the VE in development and can regulate VE responses to metabolic
need (Abbott et al. 2006). Because of the tremendous importance of the BBB in health and
disease, substantial efforts are underway to develop in vitro model systems to study
chemoresponsive physiologies and identify regulatory controls.

Compound Barrier Structures—The AG form a continuous circumferential cell layer
around and in close association with the VE (Fig. 1A). Together these cells isolate the
vascular and CNS interstitial spaces so that any molecule moving from one space to another
must contact these cell types. The AG’s direct role in chemical exclusion is unclear as it is
less than a micron thick and lacks tight junctions at cell-cell contacts to prevent lateral
diffusion (Abbott et al. 2006). Furthermore, genomic data shows a much lower level of
xenobiotic transporter and junctional protein expression in the AG compared to VE (Cahoy
et al. 2008;Daneman et al. 2010a). It is hypothesized that the AG’s role in chemical
protection may be to sense chemical, metabolic and inflammatory stresses, which require
coordination to maintain proper physiologic balance for neurons (Zlokovic 2008). While this
cellular relationship is dominant in vertebrates, it is not universal in chordates. Cartilaginous
fish have tight diffusion barriers in the AG layer while their VE is more diffusion permissive
(Abbott 2005). Thus, while compound cellular structures are maintained at humoral barriers,
physiologic function may be parsed differently between cell types (see below). Furthermore
the question remains: how do we discover BBB physiologies, and how are they generated
and regulated?
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Chemical Isolation Physiology—The primary driver of chemical separation in
vertebrates is the highly polarized single-cell layer VE. At this interface, strong selective
pressures have produced the integration of two very different cell biologic mechanisms to
prevent free movement of small molecules between the humoral and CNS interstitial
compartments (Abbott 2005; Daneman and Barres 2005; Neuwelt et al. 2008; Zlokovic
2008). Exceptionally tight lateral border junctions (Reese and Karnovsky 1967) and a
diverse array of apically (i.e. vascular) facing efflux drug transporters, including P-gp,
Mrpl, and BCRP, work together to maintain chemical protection (Fig. 1C). The functional
importance of these transporters to partition drugs in the brain has been studied using gene-
specific genetic null mice (“knock-outs”) (Enokizono et al. 2008; Lorico et al. 1996;
Schinkel et al. 1994; VVlaming et al. 2009; Wijnholds et al. 1997). Many fold increases in
CNS penetration of specific substrates, including chemotherapeutics, are found in mice
possessing ABC transporter null alleles (Schinkel 1998). That ABC transporters can so
profoundly affect brain drug concentration by their presence or absence in a single
endothelial layer suggests a plausible mechanism for increased drug sensitivity of the CNS
in transporter-associated pharmacogenomic studies (Park et al. 2007). Furthermore, these
studies promote the idea of specifically targeting xenobiotic transporter function to more
readily concentrate drugs in the brain for treating CNS illnesses. Indeed, avoiding Mdr1/P-
gp transport is the overwhelmingly dominant paradigm in pharmaceutical science for the
identification of chemical leads, i.e. new drug candidates for CNS diseases (Neuwelt et al.
2008).

Surface Glia in Adult Drosophila

The Blood-Brain Barrier—Drosophila has emerged as a model system for the study of
BBB physiology because the blood barriers of Drosophila share many similarities with the
VE/AG interface. In the context of describing the fly BBB, we will highlight these
similarities and show that chemical isolation physiology is also present at the CNS/humoral
interface of Drosophila. Central to this discussion are the surface glia at the fly BBI, which
include two subtypes, the perineurial glia (PG) and the subperineurial glia (SPG) (Fig. 1B).
These cell layers form two seemingly complete layers of ensheathing glial cells that
surround the CNS in order to shield neurons from the high concentration of potassium ions
in the hemolymph, which are high enough to depolarize neurons and disable the nervous
system (Hoyle 1952). Just as the VE/AG interface can be considered a compound barrier
structure where physiologic functions are parsed differently between cell types, so can the
PG/SPG interface of Drosophila.

PG develop from the dorsal neuroectoderm (Schmidt et al. 1997) post-embryonically where
they proliferate and enlarge as the brain surface itself grows (Awasaki et al. 2008). The SPG
are generated during embryonic development from the ventrolateral neuroectoderm and
subsequently migrate to the surface of the developing CNS (Awasaki et al. 2008; Ito et al.
1995; Schmidt et al. 1997). At the nerve cord surface, the SPG spread out until they form a
continuous sheet of cells that completely ensheaths the nerve cord (Carlson et al. 2000;
Edwards et al. 1993; Schwabe et al. 2005), thus forming a blood-nerve barrier via the
formation of septate junctions (Schwabe et al. 2005; Stork et al. 2008). These observations
hint at one essential similarity of BBB structures — that tissues derived from different
developmental origins must interact to form the bridge between the humoral space and the
brain.

The PG form the outermost surface glial layer surrounded only by the neural lamella, a
dense network of extracellular matrix. PG display a flattened stellate morphology with
protrusions that do not extend past the perineurial layer (Stork et al. 2008). The PG are
understudied, and thus there are few PG-specific genetic markers. Awasaki et al. (2008)
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found the enhancer trap strain NP6293 to be suitable for labeling PG, although a subset of
neurons is also labeled. However, the PG can be marked readily and specifically in vivo by
hemolymph injected fluor-labeled dextrans. Of note fluorescently marked dextrans are
extremely useful size constraint makers that can differentiate cellular barrier properties (see
Fig. 6). Even the smallest size dextrans (3kDa) are prevented from penetrating the brain by
the SPG cell layer, but collect in the PG (discussed below) (Mayer et al. 2009). We also
observe fluorescent-lectin labeling of the PG layer (data not shown), which suggests that the
PG express membrane glycoproteins that can be exploited for targeting purposes (Table 1).

Abundant homotypic junctional complexes, septate junctions, are the basis of the cell-cell
contacts between SPG cells that constitute the insect tight diffusion barrier (Juang and
Carlson 1992). This positions the SPG as the principle cellular layer where chemical
protection physiology is manifest, and numerous studies show strong conservation in the
molecular constituents of tight diffusion barriers (Wu and Beitel 2004). The SPG are basal
to the PG and form a thin layer (~1um) of ensheathing cells 40-80um in width (see Fig. 5)
(Bainton et al. 2005; Schwabe et al. 2005; Stork et al. 2008). For a comprehensive study of
molecular markers of surface-associated glia in embryos see (Beckervordersandforth et al.
2008). Numerous SPG-specific molecular markers exist including enhancer trap strains and
antibodies for the proteins Moody (Bainton et al. 2005; Schwabe et al. 2005) and Mdr65
(Mayer et al. 2009) (Table 1).

The Blood-Eye Barrier—In vertebrates, the blood-retinal barrier restricts transport of
molecules between the vitreous/retina and systemic circulation. This is true of the
Drosophila BEB; however, the BEB also acts to electrically isolate each cartridge (i.e. the
complement of R1-R6 photoreceptors and monopolar L1-L3 neurons associated with the
cluster of six adjoining ommatidia that share an identical optical axis) for optimal spatial
resolution (Edwards and Meinertzhagen 2010; Shaw 1984). Not surprisingly, the capillary
bed of the retinal VE maintains tight junctions and possesses apically facing transporters
morphologically similar to the VE of the BBB (Hosoya and Tachikawa 2009). Likewise, in
Drosophila, the cell layers at the BEB are morphologically similar to the PG and SPG.
Though not explicitly classified as surface glia by Edwards & Meinertzhagen (2010), the
fenestrated and pseudocartridge glia in the lamina of the optic lobe share functional
commonalities with the PG and SPG. Furthermore, fenestrated and pseudocartridge glia are
not in close contact with neuronal cell bodies (sensu cortex glia), nor do they ensheath
axonal bundles (sensu neuropile glia). Indeed, the fenestrated and pseudocartridge glia
maintain contact with axonal projections, which makes them more similar to the AG of the
vertebrate BBB as this is a characteristic lacking in the PG and SPG (Edwards and
Meinertzhagen 2010).

Fenestrated glial cells are situated immediately below the basement membrane dividing the
retina and lamina. In Musca, they form a monolayer of cells and extend processes that wrap
both photoreceptors and tracheae and also penetrate into the retina (Saint Marie and Carlson
1983b). Fenestrated glia can be marked by antibodies and RNA probes to a glial variant of
the vesicular monoamine transporter (VMAT-B) (Romero-Calderon et al. 2008). The
fenestrated glia are thought to be functionally analogous to the PG given, 1) their location as
the externalmost cell layer of the lamina, and 2) that VMAT-B also labels the BBB
specifically within the PG layer (Bainton and Krantz, unpublished).

Septate junctions are present in the fenestrated, pseudocartridge, and satellite glial layers of
the lamina, and this dense network of cells likely acts as a series of hemolymph barriers
(Edwards and Meinertzhagen 2010). However, the pseudocartridge glia (lying basal to the
fenestrated glia) form the most septate junctions, which are predominantly homotypic (Saint
Marie and Carlson 1983a). Thus, the pseudocartridge glia are likely functionally analogous
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to the SPG and therefore represent the critical components of the BEB (Edwards and
Meinertzhagen 2010). Further evidence of this functional connection is that molecular
markers for the SPG-specific protein Moody seem to localize to the pseudocartridge glia
(Bainton et al. 2005).

Molecular Components Establish the Physiology of BBB and BEB in Drosophila

Septate Junction Formation—Molecularly and physiologically similar to the tight
junctions of the VE, the septate junctions formed between surface glia in Drosophila are
central to barrier function (see Edwards & Meinertzhagen (2010) for a thorough review of
both septate junction components and the proteins known to regulate septate junction
formation). We will focus on those genes that affect septate junction development and lead
to decreased barrier function (as measured by uptake of labeled dextrans). NeurexinlV and
Coracle bind to each other (Ward et al. 2001) and are believed to construct the electron-
dense septae that give septate junctions their name; thus, it is no surprise that neurexinlV and
coracle loss of function (LOF) mutants produce a defective BBB in late stage Drosophila
embryos (Baumgartner et al. 1996; Schwabe et al. 2005; Stork et al. 2008). In fact,
neurexinlV and coracle mutants allow chemical fluor penetration into the CNS of mature
embryos on levels comparable to gcm LOF mutants, which lack glial cells altogether
(Hosoya et al. 1995; Stork et al. 2008). neurexinlV, coracle, and gcm mutants, together with
nervana2 (Stork et al. 2008) represent the strongest BBB defective phenotypes so far
reported in the literature. Nervana2, a Na*/K* ATPase pump, localizes to septate junctions
and is required for paracellular barrier formation (Genova and Fehon 2003; Paul et al. 2003;
Schwabe et al. 2005).

Numerous other mutants have dextran penetration phenotypes at levels less than the group
of mutants mentioned above. These include mutants of neuroglian, contactin, moody,
sinuous, and megatrachea (Stork et al. 2008). Neuroglian forms a complex with Nervana2
and Gliotactin, and this complex is essential for septate junction formation (Genova and
Fehon 2003). In addition, neuroglian mutants have a defective BBB in mature embryos
(Schwabe et al. 2005). Contactin forms a protein complex with Neuroglian and NeurexinlV,
which is involved in septate junction organization and paracellular barrier function in late
stage embryos (Faivre-Sarrailh et al. 2004). Moody is a GPCR that is required for septate
junction and BBB formation via actin cytoskeleton regulation (Bainton et al. 2005; Schwabe
et al. 2005). Sinuous (Wu et al. 2004) and Megatrachea (Behr et al. 2003) are claudin-like
proteins that localize to septate junctions and are required for septate junction organization
and epithelial barrier. More recently, the protein Kune-kune, another claudin-like protein,
was shown to localize to septate junctions and be required for septate junction formation and
epithelial barrier function (Nelson et al. 2010). The involvement of claudins in septate
junction formation points to a shared biochemical and evolutionary basis for tight junctions
and septate junctions (Wu and Beitel 2004).

It is interesting that the degree of dextran uptake varies among the numerous mutants
discussed above. That neurexinlV and coracle mutants possess the strongest dextran uptake
phenotypes is not surprising given that these proteins are thought to form junctional septae.
The strong phenotype of nervana2 mutants, however, is intriguing since this protein is not
thought to be a septate junction structural component. The functions of Nervana2 and
Moody point to SPG cell intrinsic regulation of BBB function. This aspect of fly BBB
regulation parallels known processes affecting the vertebrate BBB. For example, the VE use
Whnt/B-catenin signaling during development for the formation and maintenance of barrier
function (Liebner et al. 2008). Furthermore, Wnt/B-catenin signaling regulates the
expression of the glucose transporter GLUT1 (Daneman et al. 2009), which proves that the
cells forming the barrier can also regulate chemical isolation physiology.
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In contrast to cell intrinsic regulation, cell types other than the VE also regulate vertebrate
BBB physiology. For example, the AG induce barrier properties in non-neural endothelial
cells (Janzer and Raff 1987). Factors secreted by the AG that induce BBB properties
include: apolipoprotein E (Methia et al. 2001) and basic fibroblast growth factor (Sobue et
al. 1999). Neural tissue also contains factors that regulate BBB physiology (Stewart and
Wiley 1981). Similarly, induction of SPG physiologic properties in Drosophila is likely to
be influenced by humoral, PG, and brain-derived factors. For example mutants in the
neuronally expressed Rbp9 gene exhibit a leaky BBB, dramatic down-regulation of
neurexinlV and gliotactin, and slight down-regulation of neuroglian, coracle, and
neurotactin (Kim et al. 2010; Kim and Baker 1993). These results suggest that, consistent
with vertebrate systems, regulatory molecules within the Drosophila CNS are involved in
the regulation of BBB formation and maintenance.

Chemical Isolation Physiology—In vertebrates, chemical isolation is attained by
vascular-facing active efflux transporters, such as the ATP-binding cassette transporter
Mdr1/P-gp. In a striking example of evolutionary conservation, the fly homolog of Mdr1/P-
gp, Mdr65, is an essential arbiter of chemical isolation in Drosophila. Mdr65 localizes to the
apical surface of the SPG near the humoral boundary (Mayer et al. 2009) (see Fig. 6B).
Mdr65 transports substrates into the humoral space and thus is involved in neuroprotection
since those substrates might otherwise penetrate into the CNS. mdr65 LOF causes increased
small, lipophilic molecule penetration into the CNS. This efflux defect, however, does not
diminish diffusion barrier physiology (Mayer et al. 2009). Furthermore, mdr65 expression
levels at the BBB correlate with quantitative sensitivity to cytotoxic agents proving for the
first time that ABC transporters function cell autonomously at chemical protection interfaces
in the animal (Mayer et al. 2009).

The discussion above predominantly deals with the physiology of the BBB highlighting the
scarcity of information related to the BEB. While the above studies point to functional and
structural homology of the BBB and epithelial barriers during development, can the same be
said about the BEB? This question has not been completely answered; however, previous
observations have shown that measuring the fluorescence within the retina of dextran-
injected flies can effectively corroborate known BBB defects (Bainton et al. 2005; Shaw and
Varney 1999). Similarly, the septate junction component NeurexinlV is critical to the
development of both a functional BBB in mature embryos and BEB in adults (Banerjee et al.
2008; Baumgartner et al. 1996). Thus, while more work needs to be done to fully understand
the relationship between BBB and BEB phenotypes, current data suggest a strong
concordance between genetic inputs and physiologic functions at both locations.

THE NEED FOR MODELS OF BBB FUNCTION

There is a trade-off between genetic power and biomedical relevance in any experimental
system (Dow and Davies 2003). Human BBB physiology is an observational science that
uses tools like magnetic resonance imaging to make gross estimates of brain drug
pharmacokinetics or limited tissue explants for disease studies. The range of experimental
interventions is exceedingly small, and mutational analysis is based on rare spontaneous
findings (pharmacogenomics). Historically, BBB function is modeled in vivo in vertebrate
animal systems. Rodent BBB models confirm the essential importance of transporters and
junctions at the BBB (Nitta et al. 2003; Schinkel et al. 1994), but substantial limitations
hinder progress because vertebrates are cumbersome for the assessment of gene function in
an organismal context (Garberg et al. 2005). For example, quantitative assays for measuring
drug penetration are expensive, difficult, and cannot be done in real time, thus broad based
chemical screens are prohibitive. Furthermore, mechanistic studies that utilize reverse-
genetic physiologic sensitization to interrogate chemical protection physiology are
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extremely limited compared to model organisms, and forward genetic studies are not
currently possible.

Recently ex vivo systems using co-cultures limited to the VE and AG are attempting to
remake the barrier in the test tube; however, these systems are unlikely to possess all of the
cues that an intact animal uses to create, maintain and modulate humoral CNS separation
physiology (Abbott 2004). Indeed co-culture studies do not fully recapitulate VE properties,
and new evidence suggests that pericytes and neurons provide cues for the induction of
barrier properties (Daneman et al. 2009; Daneman et al. 2010b). As very little is known
about molecular signals and functional compensations that can be induced in vivo, new
methods are required to study live physiology at the BBB. To answer this challenge several
groups have begun studies in zebrafish (Eliceiri et al. 2010; Zhang et al. 2010). However,
while fish have amazing advantages for live visualization of the development of BBB
physiologic function, they have less tractable genetics and fewer tools to target BBB
properties than simpler systems. Therefore, CNS specific chemical protection is ripe for
analysis in more tractable invertebrate model systems like C. elegans and Drosophila.

Drosophila Offers a Way Forward

As noted above, the insect body-plan might seem too far from vertebrates to be useful for
the essential questions about glial function in BBB biology. Insects have a hemocoel, rather
than a vascular blood system and a markedly different BBB architecture at the CNS
interface (Fig. 1). However, we show above and confirm below that these are not necessarily
problems as the glia barrier machinery, by which these tasks are accomplished, is easily
recognizable in the Drosophila context. Thus, as invertebrate models go, Drosophila seems
clearly the most analogous and functionally complete BBB system. Furthermore, despite
phylogenetic differences, the advantages conferred by Drosophila genetics are immense.
The genome is relatively small containing 13,500 genes and 70% of Drosophila ORFs have
human homologs (Chien et al. 2002). Mutants are publicly available for half of all genes,
and in addition to classical and P-element insertional mutants, systematic mutagenesis
programs have produced RNAI strains for nearly all Drosophila genes (Dietzl et al. 2007).
Furthermore, tissue and cell-type specific drivers offer enormous advantages for organotypic
study of gene function. These tools, made possible by the binary GAL4/UAS system, offer
the ability to drive transgenic constructs (e.g. reporter GFP fusions, over-expressors,
dominant negatives, and RNAI) in cell types at times of the experimenter’s choosing to
assess anatomy and interrogate physiology. Finally, the speed and cost of culturing
Drosophila allows for multi-generational breeding experiments to create uniquely sensitized
strains and epistasis panels of informative genetic backgrounds to be maintained for long-
term use. For the rest of this review we focus on new methods and primary data that
substantiates Drosophila as a model system for BBB function and extols the virtues of live
methodologies for assessing chemical protection physiology.

METHODS TO STUDY BBB AND BEB PHYSIOLOGY IN DROSOPHILA

Classic descriptions of glia and cellular junctions in Drosophila focused on their
ultrastructure (e.g. Tepass and Hartenstein 1994). Ultrastructural studies address barrier
physiology by investigating septate junction structure and identifying the populations of
cells responsible for septate junction formation. These studies remain critical for BBB
characterization (e.g. Stork et al. 2008), and future studies are necessary to further describe
the system of cellular barriers formed by the fenestrated, pseudocartridge, and satellite glia
that comprise the BEB.

Other methods by which BBB physiology can be studied utilize the phenotypes that are
manifest in genetic mutants that lack a properly functioning BBB. These phenotypes
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include: paralysis or uncoordinated movement in embryos since a defective barrier allows
motor neurons to be exposed to the hemolymph (Auld et al. 1995; Baumgartner et al. 1996;
Schwabe et al. 2005; Strigini et al. 2006); behavioral sensitivity to drugs (Bainton et al.
2005); loss of ommatidial integrity and photoreceptor degeneration (Banerjee et al. 2008);
and premature loss of climbing ability and increased stress sensitivity (Kim et al. 2010).

The above phenotypes represent broader physiologic properties that can be manifest in BBB
mutants. Direct assessment of barrier function via dye tracers is the most direct method to
study live barrier physiology. Early studies of barrier function (e.g. Saint Marie and Carlson
1983a) utilized electron-dense tracers such as colloidal lanthanum followed by electron
microscopy. More recent studies have utilized chemical fluors to test transepithelial barrier
defects (Lamb et al. 1998). The technique involves injection of labeled dextran into the
hemocoel of stage 16 embryos followed by measurement of dextran penetration into the
salivary glands, epidermis, hindgut, and trachea. Numerous studies identifying septate
junction and barrier components have used this technique (Behr et al. 2003; Faivre-Sarrailh
et al. 2004; Genova and Fehon 2003; Paul et al. 2003; Schulte et al. 2003; Ward et al. 2001,
Wu et al. 2004), and all of these genes (with the exception of gliotactin) have since been
shown to have BBB defects (Stork et al. 2008). Furthermore, Schwabe et al. (2005)
developed a dye-penetration assay that measures dextran diffusion into the nerve cord of
mature embryos. The remaining methods we will discuss also utilize chemical fluors, but are
capable of directly assessing BBB and BEB function in live adult Drosophila.

Chemical Fluor Feeding/Injection Followed by Epifluorescence of Retinas and Brain

Dissection

Beginning during our investigations of moody (Bainton et al. 2005), we adapted an assay
developed by Shaw and Varney (1999) whereby chemical fluors are injected into the
abdomen of adult Drosophila (Fig. 2). Hemolymph delivery is rapid with nearly complete
distribution in the animal accomplished during the injection (Fig. 2A) (Pinsonneault et al.
2011). Whole animal distribution of different chemical fluors allows overall delivery to the
CNS to be assessed live and in real time. Note that different chemical fluors distribute to
different chemical spaces in the body as expected of any drug chemical preference for fat or
water-soluble spaces (Fig. 2B). Penetration into the CNS is measured coarsely via
epifluorescence microscopy (Fig. 3A) and finely via brain dissections. Injection followed by
brain dissection is the most quantitative assay for BBB function. However, live imaging is
also a powerful tool to evaluate chemo-protective gene function. For example dissected
moody brains have quantitatively increased fluorescence uptake relative to controls (data not
shown), but also show markedly increased retinal fluorescence in the live animal (Bainton et
al. 2005) (Fig. 3A). Other examples of this methodology include a disrupted diffusion
barrier in neurexinlV mutants (Banerjee et al. 2008), and a defective transport barrier in
mdr65 mutants and flies treated with Mdr1/P-gp transport inhibitors (Mayer et al. 2009).

Differential localization of retinal fluorescence can indicate into which biologic spaces dye
has penetrated. For example, a bright, distinct pseudopupil can signify extracellular
penetration of dye between microvilli of the cone cells, and diffuse, retina-wide fluorescence
can point to further penetration into the cornea (Shaw and Varney 1999). In addition, dye
uptake into photoreceptors is possible, which can lead to staining of the lamina cartridge
zone (Shaw and Varney 1999). In all cases, dye penetration into the retina mirrors the same
process into the CNS. If brain fluorescence occurs due to disrupted septate junctions among
the SPG in BBB mutants, then is a similar cellular component responsible for retina
fluorescence? Indeed, septate junctions are located among the fenestrated and
pseudocartridge glia in the lamina (Banerjee et al. 2008; Edwards and Meinertzhagen 2010),
near the cone cell processes and feet at the retinal floor, and between the cone cells
themselves and cone cells and pigment cells near the pseudocone cavity (Banerjee et al.
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2008). Thus, it appears that mutations affecting septate junction components/regulators that
allow dye penetration into the CNS also allow for dye penetration into the retina.

Live Retinal Imaging with Confocal Microscopy

With certain high brain penetrating chemical fluors (Rhodamine B) the retinal
epifluorescence assay is not precise enough to corroborate quantitative brain dissection
results. For example, mdr65 mutants possess ~2-fold higher brain fluorescence relative to
controls 4h post-injection with Rhodamine B; however, a phenotype is not apparent with the
retinal epifluorescence assay (Fig. 3A). Epifluorescence images compress all transmitted
light into two dimensions thus losing spatial resolution essential for delineating anatomically
different brain protection space. To devise a microscopic assay for BBB physiology that is
sensitive to these limitations, we began live imaging of retinas with confocal microscopy.

Adult flies are interrogated with large molecular weight dextrans to assess the diffusion
barrier, or Rhodamine B to study transport drug phenomena. Confocal microscopy can
image multiple chemical fluors as deep as 200um into the eye and CNS. The results of such
an experiment are presented in Fig. 3B. Three-dimensional and cross-sectional
reconstructions produce results consistent with previous findings (Bainton et al. 2005;Mayer
et al. 2009); namely that the moody null causes loss of junctional integrity, and the mdr65
null causes loss of transport function. These 3D reconstructions now reveal a difference
between wild type and the mdr65 null in the pseudopupil that epifluorescence cannot (Fig.
3B, arrow). Cross-sectional reconstructions reveal two distinct layers of fluorescence. The
first layer of fluorescence localizes to the top of the ommatidia and thus likely represents
corneal fluorescence. The dark layer that is pierced by columns of fluorescence likely
represents the retina where photoreceptor neurons have been infiltrated by chemical fluor.
The second layer of bright fluorescence corresponds to the depth of the lamina. These
developments highlight the opportunity to measure small molecule localization live and in
real time in Drosophila, which offers a huge advantage over vertebrate systems when
interrogating functional components and regulation of chemical protection.

Anatomic Correlation of BBB Physiology Revealed in Retinal Assays

High resolution confocal microscopic studies on fixed tissue confirm precise anatomic
localization and specific physiologic properties of the BBB seen in vivo. In these assays
brains are fixed in situ to maintain BBB anatomy, dissected, stained with antibodies, and
visualized under multicolor confocal microscopy. By concurrently injecting chemical fluor
reporters, highly constrained physiologic properties can be matched with cell biologic
components of different cell layers (Mayer et al. 2009). Furthermore, tissue specific
transgenic labeling techniques allow targeted gene expression of tagged proteins into the
BBB with layer specific GAL4 constructs (see screen below). These tools allow
unprecedented precision for probing cell-autonomous physiologic function of specific
chemical protection genes and communication between cell layers.

LIVE IMAGING PROVIDES A NOVEL SCREENING TOOL FOR ASSESSING
BBB FUNCTION IN DROSOPHILA

Given the correlation between brain and retinal fluorescence in our previous studies
(Bainton et al. 2005; Mayer et al. 2009), we realized that a rapid retinal epifluorescence
assay might represent a novel screening tool to evaluate the physiology of chemical
protection. The added advantages of this methodology include real time responsiveness of
chemical barriers, and evaluation of whole animal response to chemical attack (i.e.
behavioral effects).
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To demonstrate the power of this method, we performed a pilot screen of 550 homozygous
viable P-element strains containing GAL4 (Heberlein lab, personal communication) (Brand
et al. 1994). P-element screens are powerful because not only do they act as insertional
mutagens to assess physiologic function of a gene, but also they contain molecular reporters
(e.g. enhancer traps) that allow a rapid interrogation of gene expression and cell biologic
localization. In this screen each P-GAL4 strain was fed fluorescein sodium salt (FSS) in a
solution of 5% sucrose overnight. The concentration of FSS was non-toxic to animals and
sufficient to penetrate their gut and be distributed throughout their body. Whole animal
uptake variability was assessed on a dissecting microscope by total body fluorescence (Fig.
2B). At higher magnifications assessment of chemical penetration into the retina was seen as
pseudopupil intensity (Fig. 4A). No mutant strains in the screen were as strong as the
positive control, the Moody null, but approximately 5% of strains (31) had reproducible
pseudopupil enhancements and were thus named BEB-defective strains.

Putative BEB-defective strains were then evaluated by anatomic localization of the enhancer
trap via crosses to various GFP reporters. Brains were dissected from third instar larva, and
evaluated by confocal microscopy for gene expression on the periphery of optic lobe and
ventral nerve cord (Fig. 4B, left). One third of the strains (eight) showed nearly exclusive
expression in the CNS periphery, now referred to as BBB specific. This is a ten-fold
enrichment over P-GALA4 strains tested at random for gene expression (Heberlein lab,
personal communication). Two thirds of strains (23) demonstrated a variety of in vivo
expression patterns from no cellular signal to ubiquitous cell expression including glia and
neurons (Fig. 4B, right).

As a further secondary screen, in order to validate BEB-defective phenotypes, all BEB-
defective strains were subjected to hemolymph injection of 10kDa dextran and average
uptake was measured by brain dissection at 16hrs (Bainton et al. 2005; Mayer et al. 2009).
The eight BBB specific strains had a higher relative average dextran accumulation (1.5) than
the screen as a whole (1.2), and all BBB specific strain diffusion barrier phenotypes were
greater than wild type controls (Fig. 4C). This indicates that the visual screen can readily
identify putative cell autonomous modulators of BBB physiology as measured by large
molecule penetration into the protected BBB chemical space (see below). Non-BBB specific
strains had a multi-modal distribution with 15 wild type phenotypes, 6 medium phenotypes
and 2 strains with very strong dextran uptake phenotypes (Fig. 4D, right).

As P-elements allow rapid identification of the local insertional loci, all BEB-defective
strains were mapped to specific chromosomal locations, and the majority of the P-elements
were localized in or near specific genes (Flyblast) (Table 2). The strongest non-BBB
specific insertion was in alpha-mannosidase (8-176, alpha-Man-11b) a Golgi protein
(Rabouille et al. 1999) the homolog of which is responsible for a neurodegenerative
lysosomal storage disease in vertebrates (Crawley and Walkley 2007). Interestingly, this line
had a broad expression pattern, which included the glial barrier, fat body and central brain in
adults. Thus, while the screen is designed to identify localized actors in the BBB, it can find
more physiologically distributed regulators of barrier function. While still early in analysis,
the non-BBB specific strains may provide some of the most salient clues to the systemic
molecular cues required by the humoral barrier to modulate homeostasis.

Analysis of BBB-Specific Strains

We were keen to analyze BBB-specific strains for anatomic detail as cellular contributions
to the Drosophila BBB are all currently focused on the SPG. Thus, all BBB-specific strains
were crossed to UAS-GFP cytoskeleton reporters and adult animal BBIs analyzed at the
brain surface and in cross section by confocal microscopy. We also looked at Moody
antibody colocalization (see Fig. 6B) and genetic rescue of the Moody null (data not shown).
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All BBB-specific strains express in only one cell layer in the adult BBB (see below).
Interestingly three separate cellular layers were identified that influence BBB physiology,
the SPG, PG, and one strain demarcating a cellularly complex fat body/neural lamella layer.
The morphology of these cellular layers is discussed including a summary of useful reagents
to differentiate the BBB layers anatomically and physiologically (Table 1).

Humoral Glia Interface

Brain specific fat body (FB) layers have been previously described (Hwangbo et al. 2004),
but not much is known about the function of these cells at the brain interface. In our
anatomic analysis these cells do not form a complete brain barrier layer, but are directly
adherent to the PG layer at multiple different anatomic locations, particularly in the posterior
medulla (Fig. 5B). In the adult, the FB layer is best seen in brains fixed in situ and appears
in a flagstone pattern as a mass of cells with prominent lipid droplets (Fig. 5B and C).
Interspersed among these fat body cells and localized primarily at tricellular contacts are
histiocytes with an appetite for the injected dextrans (Fig. 5B). Known hemocyte markers
specifically tag histiocytes in the FB layer demonstrating a relationship to other circulating
hemocytes (Irving et al. 2005) (Fig. 5D). Little is known about the role of phagocytic cells at
the Drosophila humoral barrier and nothing is known about there contact with glia;
nevertheless, they show very strong uptake of injected markers from the hemolymph (Fig.
5B and D). Both the fat body and histiocytes trap hemolymph contents adjacent to the PG
cells. It is interesting to consider the role of these cells as a chemical sensor and cellular
protector in light of neuroinflammatory inputs to many disease models. Our most pertinent
example is the fat body expression of BEB-defective strain 11-165. This is a P-insertion in
the Drosophila Sra gene, the calcipressin homolog, which has roles in innate neuro-
inflammatory processes (Minami et al. 2006) and has been implicated in neurological
disorders such as DSCR1-mediated Down’s syndrome (Chang and Min 2009; Chang et al.
2003). The Drosophila fat body has numerous posited roles in metabolism and
inflammation, and its proximity to the brain would allow rapid response to changing
metabolic conditions or infectious insult. As the surface glia of Drosophila represent the
cellular interface with the rest of the body, literally touching immune and metabolic tissues,
the fat body may prove to be an interesting locale to investigate modulation of barrier
function.

Surface Glia of the BBB

The remainder of the BBB-specific strains were specific to two continuous and tightly
adherent cell layers, the previously described PG and SPG (Fig. 5A, E-K). That BEB
screens lines point to the SPG layer as an important player in chemical separation of the
brain is not surprising, but this is the first direct evidence that PG cells also play a role in
regulating barrier physiology. In the next section we detail the anatomic and physiologic
signatures of the PG and SPG cell layers that are essential to their identification in situ.

The PG Layer—The PG cells are less than 1um in thickness and possess many actin-based
processes that completely cover the SPG cells. PG cells have intrinsic ability to uptake
dextrans from the hemolymph and demonstrate a characteristic uniform surface pattern (Fig.
5E). While no obvious planar polarization is found in the XY dimension, PG cells produce a
signature striated pattern on the brain surface with many types of makers (Fig. 5F).
Striations are seen with both junctional complexes (Nrg, Nrx, DIg) and cytoskeletal markers
like moesin-GFP (Fig. 5G and F respectively). Striated cytoskeletal contacts are 7-10um
across and 15-20um long and appear to represent points of contact with the SPG. This is
best seen in a Nrg-GFP strain as 10kDa dextran accumulates in the same striated pattern
(Fig. 5G) suggesting some trapping of dye along the contact interface between the PG and
SPG. Previous EM studies have shown septate junctions between these cells layers, and our
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results suggest a role for junctional components in tethering the two cell layers together
(Carlson et al. 2000;Carlson and Saintmarie 1990;Treherne and Pichon 1972). Indeed,
striations of similar localization and periodicity are seen in SPG-specific marked lines (Fig.
5H — SPG-Moesin GFP). Furthermore, one of the PG-specific BBB strains is a putative
allele of varicose (10-12), which has effects on septate junction development (Wu et al.
2007). Thus, while this is not definitive evidence of the specific contacts between these cell
layers, it is parsimonious with published data and our observations as a whole. Overall, the
PG layer has the anatomic localization and uptake properties to be a global hemolymph
sensor modulating metabolism or inflammation, and act as buffer for the brain space.
Interestingly, one PG-specific strain that hints at these functions is an intragenic insertion in
Indy (11-67). Indy is a transporter of citric acid cycle intermediates which has controversial,
but long standing roles in modulating metabolism in Drosophila (Knauf et al. 2002). Indy
(SLC13A2) is highly expressed in astrocytic glia of vertebrates (Daneman et al. 2010a)
suggesting a glia specific role as energy sensor for CNS function, which would be
parsimonious with a role in chemical protection phenomena as our studies suggest.

The SPG Layer—The SPG layer is the anatomically and physiologically best understood
and most extensively characterized glia barrier layer. The SPG is a diffusion barrier and
chemical barrier (Fig. 6) (Mayer et al. 2009). It is a polarized cellular interface at 1um in
thickness with specific functional markers for apical (Mdr65) and basal (Moody) cell
membranes (Fig. 6B). The SPG cells are very large in the XY plane (30-50um on a side)
and uniformly form tricellular contacts near the center of the posterior medulla (Fig. 51). The
apical membrane contacts the PG and the basal membrane is thought to contact cortical glia
and neurons (Carlson et al. 2000;Carlson and Saintmarie 1990;Treherne and Pichon 1972).
Neuronal cell bodies show some influence on basal interface architecture as Moody stains,
cytoskeletal markers, and membrane markers suggest that the cell body reaches toward
neuronal cell bodies (Fig. 5J and 6B). The most prominent features of the SPG in the XY
plane are elaborate homotypic contacts with other SPG cells (Fig. 51). Many prominent
markers for septate junctions demonstrate a high degree of redundancy at the septate
junction contact points (Nrg, Nrx, DIg) and are useful markers for analysis of barrier
function mutants (data not shown). Interestingly, one of the SPG-specific BBB lines is
Gliotactin (4-7), a gene previously known to function in barrier layers (Auld et al.
1995;Schulte et al. 2003). That this screen identified Gliotactin as a BBB functioning gene,
confirms its reach into established pathways of SPG junctional regulation. In addition, the
screen can identify putative new modulators of diffusion barrier physiology (i.e. roles for
processing of the extracellular matrix by the neuronal specific metalloprotease Neu3, 2—-35).

The Barrier in Cross Section—Cross sectional analysis helps interpret surface images
particularly in the context of physiologic markers. Similar to histiocytes but at a
qualitatively lower extent, PG cells colocalize with fluorescent reporters introduced into the
hemolymph layer (Fig. 6). These include dextrans, lectins, and some small molecules. To
what extent these tagged molecules are endocytosed or are merely adhering to the elaborate
cellular processes of the PG is not known, however the entire cellular space, except the
nucleus, is filled with fluorescent agents suggesting that the PG may endocytose and sample
the hemolymph compartment continuously. Indeed the source of hemolymph constituents is
not known and it is possible that the PG cells contribute to regulating its contents.

The highly polarized nature of the SPG is seen in surface images of junctional molecules
that localize to different interfaces (Fig 5J). These separate localizations are best confirmed
in cross section as shown in Fig. 6B where the PG (blue dextran), the apical membrane of
the SPG (C219 Mdr65) and the basal membrane of the SPG (Moody Ab) can be seen
simultaneously and along the extent of the compound cellular interface. Furthermore,
physiologic tools can manifest chemical protection function at high resolution — dextrans
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(PG localized) and transportable small molecule fluors (Prazocin-Bodipy) localize very
precisely to the PG/SPG interface (Fig. 6C).

Screen Conclusions

This screen describes the rationale and methodology behind using the BEB as a simpler
method to perform forward genetic analysis of BBB physiology. We show its utility in
identifying adult barrier modulators and demonstrate that all layers of the barrier can
participate in chemical permeation modulation (Fig. 5 and 6). While the screen results only
scratch the surface of the types and numbers of genes that control BBB function, they
nevertheless confirm that the Drosophila BBB functions as a compound cellular structure
that parses physiologies in different cellular layers. In light of these findings, we consider
below more expansive use of Drosophila to elucidate novel regulatory mechanisms of BBB
function.

NEW DIRECTIONS IN BBB STUDIES

CNS humoral barriers are finely tuned cellular structures that control multiple integrated
physiologic concerns simultaneously and must act rapidly to changing conditions of toxic
exposure, metabolic energy source, and infectious insult (Zlokovic 2008). Thus, a vast array
of cellular and metabolic responses must be balanced efficiently and with great precision.
Genetic studies in Drosophila have greatly added to our understanding of the essential
components of chemical barriers (Bellen et al. 1998; Schwabe et al. 2005; Stork et al. 2008;
Tepass et al. 2001; Wu and Beitel 2004), but thus far most of these studies primarily have
identified structurally essential genes for the development of polarized epithelia. Subtle
modulators of the chemical barrier were discovered in adult organisms using behavior
screens as in the case of the Moody GPCR (Bainton et al. 2005; Mayer et al. 2009). The
above physiologic screen suggests that chemical, metabolic, and immune functions of
surface glia are woven together in a remarkably diminutive interface and hints at analogous
functions to vertebrate BBB cellular layers. Furthermore, the specificity of tissue selective
enhancer traps provides the means to test cell autonomous genetic modulators of BBB
physiology. This provides a useful framework to examine, in a high throughput manner,
hypotheses about gene-specific or layer-specific physiologic perturbations in the
homeostatic mechanisms and functional compensations of an intact BBB.

Profiling the BBB: Searching for Mechanistic Overlap

Many recent advances have been made in the description of physiologic function of
vertebrate BBB layers. For example, precise genomic profiling of BBB cell layers has lead
to the discovery of new regulatory mechanisms in BBB genesis (Daneman et al. 2009;
Daneman et al. 2010a). Proteomic analyses of the BBB in health and disease have shown
important functions for VE junction components in neuroinflammatory disease (Calabria
and Shusta 2006; Cayrol et al. 2008; Terasaki and Ohtsuki 2005). And live imaging
methodologies demonstrate real time activation of AG in response to numerous physiologic
insults (Neuwelt et al. 2008). Genomic profiling methodologies have yet to be applied
broadly to unique cell types in the Drosophila BBB layers, but such experiments are now
within reach (Miller et al. 2009). Transphylar genomic biology comparisons will provide a
useful mechanistic framework for analysis of the best-conserved functional spaces (e.g. SPG
vs. VE) when physiologic constraints must be similarly satisfied. For example, ABC
transporters, metabolic transporters, and junctional components are all highly expressed in
the VE, but how they are co-regulated is not understood. In Drosophila genetic epistasis
studies between ABC transporters and junctional components demonstrate unexpected
compensations in the regulation of chemical protection (unpublished observations). Tissue
specific drivers are proven tools for specific tissue isolation of RNA, genomic profiling, and
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gene comparison to other transcriptomes (Miller et al. 2009; Schwabe et al. 2005). With this
information we believe that Drosophila will prove to be an intermediate step in physiologic
analysis of large vertebrate data sets. Using reverse genetic approaches it will be possible to
generate new hypotheses for the regulation of functions and discover novel interactions of
cellular layers in compound BBB structures (e.g. PG vs. AG).

Unique Drosophila Tools for Probing BBI Chemical Protection

Despite the methodological advances in studying vertebrate BBB physiology discussed
above, a basic working understanding of how the BBB parses control physiologies between
the humoral space, AG, VE, neurons, and immune cells remains largely undiscovered. In
our view, the large number of putative homeostatic pathways, and the relative paucity of
testable hypomorphic genetic conditions and chemical tools with which to target specific
functions have hampered these studies. Thus even with the sophistication of current
approaches, new models of function and treatment strategies for BBB disease processes
remain slow to unfold. Drosophila studies, on the other hand, benefit from a myriad of
genetic and chemical tools, such as live brain pharmacokinetics, behavioral assays, and
transgenic in vivo markers for physiologic function.

Live Brain Pharmacokinetics (PK)—In order to control the localization of small
molecules, cells generate specific chemical space constraints (Hillenmeyer et al. 2008).
These constraints are most formidable at the BBB interface where transporters, junctions,
and localized metabolic functions create nearly insurmountable chemical barriers (Neuwelt
et al. 2008). This is perhaps the biggest problem in all of brain disease treatment biology
where numerous groups and companies vie for solutions to brain specific PK (Pardridge
2005). One formidable problem for vertebrate BBB scientists is the quantitative assessment
of brain PK since these studies rely on crude bulk evisceration of brain tissue or
cumbersome and time-consuming microdialysis experiments (Nag 2011). Thus, one task of
invertebrate systems is to establish BBB PK metrics that can be used to quantify and specify
chemical protection properties so that meaningful comparisons can be made between
evolutionarily different systems. As invertebrates offer the opportunity to measure chemical
permeation live and in real time (Fig. 2 and 3), we believe faster methods will lead to
broader and better experimental strategies for understanding the BBB’s properties.

Behavioral Assays and BBB Penetration—Behavioral outputs can be a powerful tool
to discover BBB control elements, particularly when targets are behind the BBB and can be
activated with pharmacologic tools (Guarnieri and Heberlein 2003; Nichols 2006;
Rothenfluh and Heberlein 2002; Wolf and Heberlein 2003). Altered behavior due to small
molecule localization must be fully queried to understand the CNS interface with the rest of
the body. For example, altered pharmacogenomic responses to CNS drugs are attributed to
vertebrate BBB PK phenomenon (Park et al. 2007), and some psychiatric disorders are
associated with BBB specific genes that alter the chemical barrier (i.e. Claudins and
schizophrenia) (Sun et al. 2004). Indeed, the only known signaling system for chemical
permeation control was discovered by forward genetic screen for behavioral sensitivity to
neuroactive drugs in Drosophila, i.e. cocaine and dopamine reuptake transporters (Bainton
et al. 2005). Given that behavioral modification is one of the most sensitive tools to measure
chemical insult to the brain, it is likely that novel control mechanisms will be found in glia
and the BBI using the relative facility of Drosophila behavioral analysis.

Cell Autonomous Gene Function and Epistasis—Many questions about the
integration of the glia’s role in chemical protection systems can only be approached in
invertebrates. For example, the minimum complement of xenobiotic transport systems and
functional redundancies required to protect the brain require epistasis genetics only available
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in model organisms. Furthermore, how substrate promiscuous transporters interact with the
vast complement of endogenous small molecules (i.e. chemical immunity) (Sarkadi et al.
2006) is of enormous interest to model organism and vertebrate biologists alike. Novel
genetic reporters derived from nuclear hormone receptors and endogenous signaling systems
can provide insights about targeted localization of in vivo signals (Kozlova and Thummel
2003). Targeted methods to interdict in the communication and coordination of transporters
and junctional complexes that function within homeostatic regulatory systems must be found
and exploited. Fittingly, tools available for Drosophila allow for the interrogation of
endogenous small molecule signaling systems that participate in metabolic and barrier
control (Miller 2010). Furthermore synthetic transgenic tools to target the CNS are
expanding (e.g. modified targets with novel known ligands — RASSLSs), which can be used
to interrogate the BBB’s role in drug responses (Conklin et al. 2008).

Chemical Screens—Finally, and perhaps the most exciting utilization of Drosophila as a
model system is the opportunity to modify chemical permeation assays into high-throughput
screening methodologies for the discovery of novel chemical modulators of BBB function.
Chemical modulators offer numerous additional benefits over genetic screening methods
including rapid on/off control, easy dose titration, and unmatched portability between
systems. Of course, such chemical screens would be useful tools for interrogating BBB
function, but could also be used to discover modulators of BBB PK in vivo that would be of
enormous clinical value. Furthermore, porting vertebrate genetic targets into the Drosophila
CNS for chemical interrogation could prove a useful method for discovery of small
molecules that will yield the best in vivo target interactions.

Drosophila and the Study of Other BBB Physiologies

Metabolic Maintenance—If drug-like molecules cannot penetrate the brain, then
nutrients and metabolites have similar difficulty in traversing the barrier. Thus, the BBB also
functions in metabolic maintenance of the CNS as nutrients must pass through the VE/AG to
neurons in order to meet the metabolic demands of the brain. In vertebrates, transporters
operating at the VE/AG interface function in the transport of glucose — GLUT1 (Pardridge
1991), monocarboxylates and ketone bodies — MCT1 (Pierre and Pellerin 2005), glutamate —
the excitatory amino acid transporters GLT1 and GLAST (Danbolt 2001), and ions — for
example the Na*-K*-2CI~ cotransporter (O'Donnell et al. 2006). In Drosophila, the picture
is not as clear. While glucose transporters have been identified (e.g. Escher and Rasmuson-
Lestander 1999), there is no evidence that they are expressed specifically at the BBB. Also,
Drosophila glial cells specifically express excitatory amino acid transporters (Freeman et al.
2003); however, their function in BBB physiology is unknown. In addition, numerous ion
transporters are glial-specific (Freeman et al. 2003), and while they probably function in the
homeostasis of extracellular ions and small molecules necessary for neuron function, the
activity of Nervana2 points to ion transport being necessary for BBB formation (Genova and
Fehon 2003; Paul et al. 2003; Schwabe et al. 2005). Further investigation on how the
Drosophila BBB is involved in metabolic maintenance of the CNS is necessary in order to
make more meaningful comparisons with vertebrates.

Neurodegenerative Diseases—BBB physiology is compromised in many different
CNS disease states, and thus glial cells play a major role in new theories about CNS
pathogenesis (Zlokovic 2008). For example, BBB transporters are implicated in the
accumulation of: 1) beta amyloid during Alzheimer’s disease (LRP1 transporter — Shibata et
al. 2000); and 2) toxins contributing to Parkinson’s (MDR1 transporter — Kortekaas et al.
2005). Furthermore, vertebrate immune cells regularly cross the BBB searching for
potentially pathogenic entities (Hickey 2001). Since BBB dysfunction likely allows
increased penetration of leukocytes into the CNS, the natural process of immunological
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surveillance provides the foundation for the development of neuroinflammation central to
multiple sclerosis and Parkinson’s progression (Zlokovic 2008).

Given that glial cell responses are at the heart of neuroinflammatory processes, the
development of Drosophila models of cellular passage and neurodegeneration (coupled with
the complement of already existing tools) will facilitate rich discoveries into the molecular
and cellular mechanisms of neurodegenerative diseases. To this end, models of tauopathy
and Alzheimer’s already exist for Drosophila (Wittmann et al. 2001). In regard to
neuroinflammation, very little is known regarding BBB-homing and transiting processes of
immune cells in Drosophila. The determinants for T-cell homing to the vertebrate BBB are
beginning to be unraveled (Carman and Springer 2004; Cayrol et al. 2008); therefore,
functional connections between cellular passage in Drosophila and vertebrates may soon
come to fruition. Indeed, several known immunity proteins (i.e. Dorsal and Cactus) were
found to affect BBB physiology in the BEB screen. While it is to early to draw strong
parallels about neuroinflammatory regulators found in Drosophila, not surprisingly, this
hints at connections between chemical isolation physiology and innate immunity.

Final Thoughts

METHODS

Cellular barrier structures are the sine qua non of metazoan organisms. Cellular
specialization favors the development of different cellular milieu and barrier epithelia
become the favored method for dividing physiologic space. Unfortunately, mechanistic
specialization and homeostatic adaptations that occur across the humoral/CNS space are so
complex that progress in understanding the rules that govern physiologic organization of
metabolic, chemical and cellular physiologies of the brain have been very difficult to
discern. These constraints also make drug discovery to the brain nearly impossible to predict
which further complicates the study of CNS metabolic sensitivities and neuroinflammatory
remedies of the brain. A model system that allows the investigator to find chemical
permeation properties, test hypotheses by reverse genetics, and most importantly, to screen
for modifiers with special selectivity for BBB function, provides the essential steps in
developing the discovery tools and delivery methods to interrogate the vertebrate CNS.
Thus, while not all of vertebrate BBB protection physiologies will be completely
recapitulated in insect glial cell barriers, we suggest that in this special issue on invertebrate
glia there are already examples of useful comparisons that can inform future studies.

Methods relating to fluor injections, brain dissections, retinal epifluorescence microscopy,
and immunohistochemistry are described in Bainton et al. (2005) and Mayer et al. (2009).
Below are descriptions of novel methods mentioned above and those used in our screen.

Live Retinal Imaging with Confocal Microscopy

Wild type (w- iso), moody null, and mdr65 null adult males were injected with 12.5mg/ml
10kDa FITC dextran or 1.25mg/ml Rhodamine B pH 7.0 according to methods previously
described in Bainton et al. (2005). Eyes were imaged 5h post-injection on a Nikon C1si
Spectral Confocal microscope with a Plan Fluor 10x water-dipping lens (Nikon Imaging
Facility at UCSF). Prior to confocal microscopy, the injected flies were decapitated, their
heads mounted in fluorinated grease inside a Petri dish such that one eye was facing up, and
the Petri dish filled with water. Using the Nikon EZ-C1 software, 3.7um stacks were
acquired to a final depth of 177.6um. Three-dimensional reconstructions and two-
dimensional slice images were acquired in NIS Elements software.
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Quantification of pixel intensities was also performed in NIS Elements. For the green
channel (10kDa FITC dextran) a polygon near the center of the retina was defined as the
region of interest (ROI) and the average intensity was measured in each stack along the Z-
axis. For the red channel (Rhodamine B) a ROI was drawn that outlined the pseudopupil and
the average intensity was measured in each Z-stack (Pseudopupil ROI). The same ROI was
then moved away from the pseudopupil and the average intensity was measured in each Z-
stack (Other ROI). For each Z-stack, we calculated a ratio of the average intensity
(Pseudopupil ROI/Other ROI). Hence, in flies where a pseudopupil is observed (e.g. in
transport barrier mutants) the ratio is > 1, and in flies lacking a pseudopupil (e.g. wild type)
the ratio ~ 1.

Screen Methodology

Fifty flies (males and females) homozygous for each P-GALA4 line were isolated from bottles
at 2-4 days post-ecclosion and allowed to recover over night on regular food. Empty plastic
fly food vials (10cm height, 2.5cm radius) were covered with 3M filter paper on the sides
and bottom. Five ml of 5mM fluorescein sodium salt (Sigma) in 5% sucrose were added to
the vials and allowed to completely absorb to the filter paper. Flies were added to the vial at
the end of the day by quick transfer (no CO, anesthesia) and left at RT to feed overnight.
The next day the animals were anesthetized with CO5 and fly retinas imaged under an
epifluorescence dissecting microscope (Zeiss). Positive and negative controls for dye uptake
into the brain were performed in parallel. The screener chose flies that best fed during the
night to assess retinal penetration of fluorescein.
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Figure 1. Blood-brain barrier anatomy in vertebrates and flies

(A) The vertebrate barrier (left) consists of the vascular endothelium (VE, grey), which
possess tight junctions (green). The basement membrane (BM, blue) immediately surrounds
the endothelium, which itself is surrounded the endfeet processes of astrocytic glia (AG,
red). Pericytes (orange) are modulatory cells interspersed between the AG and VE. This
compound barrier structure isolates the central nervous system (beige) from the blood
(yellow, containing red blood cells). The Drosophila barrier (right) is oriented differently;
the brain (beige) is surrounded by hemolymph (yellow), and a single epithelial layer, the
subperineurial glia (SPG, grey), forms the passive diffusion barrier by utilizing chemically

tight septate junction complexes (green).

Glia. Author manuscript; available in PMC 2012 September 1.

NL/FB
PG
SPG



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DeSalvo et al.

Page 25

(B) On the left is a schematic representation of humoral to CNS (apical to basal)
components of the vertebrate BBB. In order to enter the CNS, a substance must pass the VE
(colors are the same as in A), the BM, and a closely opposed AG layer to reach neurons. On
the right is a proposed barrier layer model for the Drosophila BBB. In this case a substance
must pass the neural lamella and fat body layer (NL/FB, checkered line), perineurial glia
(PG, maroon), and SPG to reach the CNS.

(C) Numerous essential transport systems are active at the chemical protection interfaces of
the VE. Shown here are vertebrate VE transporters, which include metabolic transporters
that operate in both directions via carrier-mediated transport, and drug transporters that
mainly efflux xenobiotics away from the CNS.
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Lipophilic fluor

A

Dynamic Assessment of Drug Partition

Figure 2. Examples of live whole animal dye injection and chemical partition in the hemolymph
compartment

(A) A series of images taken on a fluorescent dissecting microscope during a live injection
of 3kDa FITC dextran. Note the rapid delivery of hemolymph around the entire animal and
specific hemolymph partition at the retina/cuticle interface (arrow).

(B) Simultaneous assessment of transport and diffusion barriers by hemolymph co-injection
of Rhodamine 123 and 10kDa Texas Red dextran. Images are taken live under CO,
anesthesia 15 min post injection using green and red filter sets, respectively. Hemolymph
exclusion from the CNS is seen as a bright line around the retina, referred to as the
hemolymph exclusion line (arrow).
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Figure 3. Methods for studying barrier physiology in Drosophila

Imaging through white 7~ eyes allows for visualization and quantification of chemical fluor
into the fly brain.

(A) Rapid Retinal Epifluorescence Assay. On the left are retinas of wild type and Moody
null (diffusion barrier defective) adult flies injected with 3kDa FITC dextran and imaged 4hr
post-injection. In all panels, the arrowhead points to the hemolymph exclusion line (HEL).
On the right are retinas of wild type and Mdr65 null (transport barrier defective) adult flies
injected with Rhodamine B and imaged 4hr post-injection.

(B) Live Confocal Microscopy Assay. Retinal images are taken in 4um intervals through the
fly head and digital 3D reconstructions are made based on fluorescence signal intensities
(Top). The same data is reconstructed in a cross-sectional pixel intensity map from the
anatomic center of the eye (Middle). Fluorescence intensities of regions of interest within
the retinas (n=5 per genotype) plotted along the Z-axis (Bottom). On the left, confocal
imaging recapitulates the diffusion barrier phenotype of Moody null flies seen with
epifluorescence. On the right, the transport barrier phenotype of the Mdr65 null is now
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readily apparent. Note that the quantitation demonstrates better phenotypic differences at
deeper depths that correspond to the central brain (see Methods). The arrow points to the
pseudopupil, the group of adjacent ommatidia that are in line with the visual axis of the
observer. The labels on the 2D cross-sections of mutants correspond with the labels on the
bottom panels. C = cornea, * = retina, L = lamina, and CNS = central nervous system.
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Figure 4. Overview of the screening methodology

(A) 550 P-GALA lines were fed overnight with fluorescein sodium salt (FSS) in 5% sucrose.
Flies were viewed on a fluorescent dissecting microscope, and a retinal dye penetration
phenotype was scored qualitatively with white*/* (W+) wild type animals as a negative
control (far left) and a W+ version of the Moody null as a positive control (far right).
Sample screen lines are shown in between. Thirty-one lines with + or ++ phenotypes were
kept for retesting and further analysis.

(B) All putative BBB-defective P-GALA4 strains were crossed to UAS-Moesin-GFP to
localize gene expression in larval brains. The eight lines displaying gene expression

Glia. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DeSalvo et al.

Page 30

peripheral to the brain were designated as BBB-specific (left); the remaining 23 lines
displayed broad gene expression patterns often including the central nervous system (right).
(C) All 31 lines were also subjected to rigorous injection-dissection assays with 3kDa
dextran to confirm diffusion barrier defects. The eight BBB-specific lines (BS) had 1.5-fold
greater brain fluorescence relative to controls compared to 1.2-fold for the 23 non-BBB-
specific lines (NBS). Averages for the BS and NBS lines were significantly different than
the controls (one sample t-tests, BS p < 0.01, NBS p < 0.05) and significantly different from
each other (two sample t-test, p < 0.05).

(D) A frequency histogram of normalized brain fluorescence of NBS (blue) and BS (red)
lines reveals that the majority of NBS lines had values equal to controls, but two outliers
show marked dye penetration. Note that all BS lines were greater than WT controls.
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Fat Droplets

Moady Mdr65 |

Figure 5. Screen Summaries and Surface Anatomy

(A) Genes that modify BBB function are found in multiple cellular layers depicted in a
cartoon image (not drawn to scale). FB/NL= fat body neural lamella, N=nucleus, LD=lipid
droplets, PG=perineurial glia, and SPG=subperineurial glia. Gene expression patterns of the
Drosophila humoral interface were assayed in several ways. Brain surface images were
obtained by crossing the P-GALA4 to various GFP markers, and adult brains were fixed in
situ and then mounted with the posterior medulla shown in the X-Y plane (in our hands the
posterior medulla is best preserved for obtaining surface morphology).

(B) In this image the posterior medulla is covered by a fat body and histiocytes best seen by
hemolymph co-injection of 3kDa FITC dextran and 2000kDa TMR dextran in a wild type
animal. Both dextrans are taken up by histiocytes (yellow) while the 3kDa FITC penetrates
the FB to the PG layer.

(C) A fat body specific driver and putative BBB modulator, 11-165 GALA4, is crossed to
CD8 GFP (membrane bound GFP). GFP outlines the cell bodies (green), co-stained with
Nile Red, a neutral lipid localizing dye (red) and DAPI (blue). Individual green and red
channels are shown to the right.

(D) Hemolectin-GALA4 crossed to soluble GFP confirms that dextran-accumulating cells
(red) in the fat body are of hemocyte origin (Irving et al. 2005).

(E) Lysine-fixable 10kDa Texas Red dextran accumulating on the surface of PG cells (in the
absence of a fat body) marks the brain surface in a uniform grainy pattern.

(F) A PG specific line, 10-72 GALA4, is crossed to Moesin-GFP (a membrane-organizing
extension spike protein that is a cross linker between the actin cytoskeleton and the plasma
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membrane). GFP marks the PG cells in a striated pattern with a uniform periodicity on the
brain surface.

(G) A similar striated pattern is shown in Nrg-GFP (green). Interestingly 10kDa dextran
accumulates in the same pattern at PG cell borders (green and red merge).

(H) Moody enhancer SPG-GALA4 crossed to different cytoskeletal GFP reporters marks the
SPG cells and reveals SPG morphology. These reagents are helpful to recognize the SPG
morphology. SPG-GAL4 crossed to actin-GFP (the monomeric subunit of two types of
filaments in cells) marks all cells that express Moody in the SPG layer. Note actin-GFP does
not mark pleated septate junctions, but maintains a pattern similar to Moody staining (see J).
SPG-GALA4 crossed to Moesin-GFP produces two distinct cytoskeletal patterns. Pleated
septate junctions are well marked, but appear discontinuous (Moesin, left) and a prominent
striated pattern is also seen of similar periodicity to the PG layer (Moesin, right).

(I) Nrg-GFP demonstrates very high contrast signal at the pleated septate junctions in the
adult fly brain.

(J) Moody beta antibody marks the basal membrane of the SPG layer (Mayer et al. 2009)
demonstrating a prominent circular pattern molding to neuronal cell bodies below. Moody
does not distinctly mark homotypic septate junctions in adult animals, but can be found at
cell edges upon close inspection (arrows). C219, an Mdr65 transporter antibody, shows the
apical membrane cell morphology of the SPG layer. A merged image demonstrates no co-
localization of the two antibodies in the SPG layer (also see Fig. 6B).

(K) Co-staining of the larval ventral nerve cord of the two forms of the Moody GPCR with
alpha Moody and beta Moody antibody (Green Moody beta, red Moody alpha). The two
antibodies show exact co-localization and demonstrate prominent septate junction
localization. Similar prominent SJ localization can be found in the adult brain in BBB
mutants (data not shown).
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Figure 6. High resolution confocal microscopy of the physiologic barrier

(A) Following crosses between BBB-specific P-GAL4 lines and UAS-GFP, progeny were
injected with 10kDa red dextran. Two main GAL4 expression patterns emerged: 1) on the
left, an example of a PG expressing line in which GFP expression overlaps with dextran
signal; 2) on the right, an example of an SPG expressing line in which GFP and dextran
fluorescence show little signal overlap.

(B) With antibodies to Moody and Mdr65, apical and basal expression of proteins expressed
in the SPG can be discerned. In this example, the PG layer is labeled by 3kDa cascade blue
dextran, the apical SPG membrane by Mdr65 antibody (C219, red), and the basal SPG
membrane by Moody beta antibody (green).
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(C) A co-injection of dextran and small molecule fluors and subsequent live confocal
microscopy allows simultaneous live visualization of the chemical transport barrier (TB) and
the diffusion barrier (DB) in a wild type animal. The TB is demarcated by the accumulation
of BODIPY-labeled Prazocin (green), a transportable substrate. The DB is delineated by the
accumulation of 10kDa red dextran.
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Useful reagents to specifically label the cellular (SPG, PG, fat body) and acellular (neural lamella) layers of

Drosophila BBB.

Physiologic
Markers Antibody GAL4 / UAS-GFP Genetrap
Neural Lamella Lectin -- - Trol (G00022)
Fat Body >100kDa dextran (histiocytes) Nile -- Croquemort-GAL4 (FBst0025041) -

Perineurial Glia

Subperineurial Glia

red (triglycerides)
<100kDa dextran VMAT B® UAS-moesin-GFP1
UAS-tau-GFP2
UAS-actin-GFPL
- €219 (Mdres)3 SPG-GAL44
C494 (unknown)5v6

Moody7

Nrg (G00305)
Nrx-1V (CA06597)

Dlg1 (CC01936)

1(Edwards etal. 1997),

2(Manning and Krasnow 1993),

3(Mayer et al. 2009),

4
(Stork et al. 2008),

5(Bainton, unpublished),

6(Georges et al. 1990),

7(Bainton et al. 2005)
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