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Abstract

The blood-brain barrier (BBB) serves as a gateway for passage of drugs, chemicals, nutrients,
metabolites and hormones between vascular and neural compartments in the brain. Here, we
review BBB development with regard to the microphysiology of the neurovascular unit (NVU) and
the impact of BBB disruption on brain development. Our focus is on modeling these complex
systems. Extant /n7 silico models are available as tools to predict the probability of drug/chemical
passage across the BBB; /n vitro platforms for high-throughput screening and high-content
imaging provide novel data streams for profiling chemical-biological interactions; and engineered
human cell-based microphysiological systems provide empirical models with which to investigate
the dynamics of NVU function. Computational models are needed that bring together kinetic and
dynamic aspects of NVU function across gestation and under various physiological and
toxicological scenarios. This integration will inform adverse outcome pathways to reduce
uncertainty in translating /n vitro data and /n sifico models for use in risk assessments that aim to
protect neurodevelopmental health.
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Introduction

Specialized endothelial cells with unique barrier characteristics distinguish the brain
microvasculature, from capillaries in other parts of the body based on the presence of tight
junctions and molecular transporters, coupled with the absence of fenestrations (Obermeier
et al., 2013). Together, these specializations serve to maintain a selective blood-brain barrier
(BBB) that prevents the influx of many hydrophilic substances, moderates the efflux of
xenobiotics from the neural compartment, and readily accommodates appropriate nutrient
and hormone influx into the brain (Abbott et al., 2010). Additional BBB functions include
nutrient metabolism (e.g., glycolysis) (Pardridge, 1983) and xenobiotic metabolism
(Shawahna et al., 2011). At least five cell types within the neurovascular unit (NVU)
participate in BBB formation: endothelial cells, pericytes, astrocytes, neurons, and microglia
(Figure 1A). However, despite an abundant body of research on adult BBB functionality and
effectiveness (Abbott, 2013; Pardridge, 2012; Scherrmann, 2002), the developing BBB
remains understudied, and is often considered functionally immature. As pointed out by (Ek
et al., 2012), this mischaracterization derives partly because physical barrier characteristics
(i.e., molecular influx) are commonly-used indicators of BBB integrity, whereas
physiological properties such as metabolism and efflux are potentially overlooked (Ek et al.,
2012). A more complete understanding of BBB development would advance scientific
understanding of developmental neurotoxicity (DNT) at a systems biology level, providing
information on the neurodevelopmental impact of xenobiotic exposure (Aschner et al., 2017;
Bal-Price et al., 2015; Corada et al., 2010; Grandjean and Landrigan, 2014; Mundy et al.,
2015; Tsuji and Crofton, 2012).

An important area of children’s environmental health research focuses on gene-environment
interactions during vulnerable developmental periods (Wright and Christiani, 2010). These
interactions may take place at any location in the brain, including the BBB, whereby
chemical-induced disruptions of molecular events could lead to DNT. While reference lists
of known developmental neurotoxicants have been established (Aschner et al., 2017;
Kadereit et al., 2012; Mundy et al., 2015), the role of the BBB in mediating DNT effects has
not been adequately explored. Two broad routes by which developmental BBB disruption
could lead to DNT are: 1) toxicokinetics (what the BBB does to a chemical, which may
include transport and/or bioactivation to a more toxic metabolite); and 2) toxicodynamics
(what the chemical does to the BBB (e.g., altering transport of key nutrients or promoting
neuroinflammation). Hypothetically, both processes could also exacerbate a chemical’s toxic
effects. For example, the BBB could bioactivate a parent compound to a form that causes
neuroinflammation and loss of BBB integrity, thereby allowing more of the toxicant (or co-
occurring DNT compounds) into the brain leading to adverse neurodevelopmental outcomes.

To assess whether environmental exposure to select xenobiotics poses a risk to the
developing brain, an often asked question is whether a chemical crosses the BBB to damage
neurons (primary effects), leaving another critical question unaddressed: does a chemical
impact the BBB (or cell types of the NVU), itself? Viewing the developing BBB as a
potential target of xenobiotics is a useful approach for identifying neurotoxicants that may
impact brain development and function through primary (e.g., altered transporter function)
or secondary effects (e.g., localized inflammation) associated with NVU disruption.
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Knowledge of the complex cellular networks within the NVU allows us to ask more specific
questions about a chemical’s potential DNT, which may be useful in predicting adverse
neurobehavioral outcomes (Elsabbagh et al., 2012; Heyer and Meredith, 2017). In order to
identify potential developmental neurotoxicants, chemical screening integrated with an
adverse outcome pathway (AOP) approach is helpful. AOPs are linear ‘maps’ that include
molecular initiating events (MIEs), key events (KEs), and adverse outcomes (AOs) such as
DNT that are useful for tracing the molecular targets of putative DNT compounds
(Villeneuve et al., 20144, b). First-tier testing to identify DNT compounds requires an NVU
model amenable to rapid, high-throughput screening (HTS).

Although whole animal models have advanced the field of developmental BBB research, /in
vivo tests are resource and time-consuming and do not align with toxicity testing in the 215t
century (NRC, 2007) as a screening approach for identifying the molecular targets of
chemicals. Furthermore, alternative testing methods that utilize human cells and in silico
methods are in line with the amended Toxic Substances Control Act (TSCA) (i.e., Frank R.
Lautenberg Chemical Safety for the 215t Century Act of 2016), which promotes replacing
animal use in toxicity testing (Congress, 2016). Applications of human cell-based /n vitro
models, including complex co-cultures, engineered micro-tissues, and more recently
microphysiological systems, provide new ways to study the human NVU at multiple levels
of biological organization from molecular to physiological. These models help reveal the
underlying complexity of diverse cellular interactions that comprise an integrated system. In
order to integrate the findings from these models with meaningful predictions, establishing a
foundation of molecular signaling underlying BBB development is warranted.

Here, we address two perspectives of BBB development and DNT: 1) embryological
(formation of brain microvasculature through angiogenesis); and 2) teratological (AOPs for
developmental disruption). We limit this review to the molecular biology underlying BBB
formation and approaches for assessing chemical effects on human BBB development and
function. For reviews on BBB formation and maintenance, see (EK et al., 2012; Engelhardt
and Liebner, 2014; Obermeier et al., 2013).

BBB formation

BBB development is evolutionarily conserved in chordates (Bundgaard and Abbott, 2008),
therefore providing a window into human development through animal models (Figure 2). In
mammals, BBB formation and differentiation begins during the early embryonic period, and
although it is functional shortly after it is formed (Daneman et al., 2010; Ek et al., 2012;
Saunders et al., 2009), mature cell types such as astrocytes and myelinated neurons do not
appear until soon after birth (Obermeier et al., 2013) (Figure 3). Embryologically, the BBB
originates from the perineural vascular plexus (PNVP) surrounding the neural tube (Figure
1B). Its foundation advances in a multi-step process that is orchestrated by cellular
interactions within the developing NVU and closely integrated with the nascent central
nervous system (CNS). Here, we focus on the developing BBB beginning with an
evolutionary perspective, then dive into the cellular and molecular underpinnings of each
stage of BBB formation and maturation. An understanding of this complex biological
process informs hypothesis development for BBB-specific chemical disruption.
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2.1. The BBB is evolutionarily conserved

2.2.

An evolutionary perspective offers several insights into human BBB development: the
selective advantage of a barrier system to support increasingly complex CNS development;
the stepwise advancement of an increasingly complex NVU architecture; and the nature of
signaling systems that coordinate its morphogenesis and differentiation (Figure 2).

The earliest anatomical notion of a structural BBB appears in Cephalopods (e.g., cuttlefish,
octopus, squid), the only members of the phylum Mollusca that have a closed circulatory
system (Abbott et al., 1992) (Figure 2). While it might be tempting to speculate that a closed
circulatory system is the major selective pressure underlying microvascular specialization in
the primitive brain, this is not a prerequisite. Insects, for example, lack microvasculature
extending into the brain but possess a layer of perineurial and subperineurial glial cells in an
extracellular matrix that encapsulates the entire nervous system, forming a physiological
barrier with the hemolymph (Hindle and Bainton, 2014). In Drosophila, ectoderm-derived
subperineurial glia are the primary contributors to the barrier function of the
microvasculature by the time rudimentary organ systems have formed (Hindle and Bainton,
2014). Similarly, ectoderm-derived glial cells likely formed the primitive BBB in an
archetypical chordate species, which has been maintained in modern cartilaginous fish (i.e.,
sharks, skates, and rays; class Chondrichthyes) and vertebrate fish (i.e., sturgeon; class
Actinopterygii) (Bundgaard and Abbott, 2008). In sturgeon, for example, multiple layers of
glia joined by gap junctions surround the brain microvasculature as a physiological barrier to
the passive diffusion of substances ordinarily able to cross endothelial cells, which lack tight
junctions (Bundgaard and Abbott, 2008).

Interestingly, the most primitive vertebrates (i.e., lamprey and hagfish; class Agnatha) have
endothelial cell tight junctions that form a physiological barrier similar to the BBB found in
higher vertebrates. This observation led Bundgaard and Abbott (2008) to propose that a
mesoderm-derived BBB provided enough selective advantage to have arisen independently
multiple times throughout evolution (convergent evolution) (Bundgaard and Abbott, 2008)
resulting in the Vertebrate (with the exception of elasmobranchs and sturgeon) BBB that is
characterized by tight junctions between endothelial cells in capillaries feeding the brain
(Bundgaard, 1982; Bundgaard and van Deurs, 1982; Fleming et al., 2013). Notably, the
appearance of this version of the BBB in Teleosts coincided with evolutionary arrival of T
and B lymphoid cells, which may reflect a selective pressure to restrict these potentially
harmful cells from accessing the CNS (Zhu et al., 2014). Moreover, this shared biology
supports the relevance of using vertebrates including rodents and zebrafish to study the
potential effects of chemical exposures on human BBB development. Indeed, these animal
models have homologous counterparts for most of the proteins important in BBB
development (Figures 2 and 4).

BBB ontogeny begins during neurulation

Vasculogenesis, or de novo vasculature formation from angioblast precursors, sets the stage
for BBB development by establishing the PNVP in the head mesenchyme surrounding the
neural tube (Hogan et al., 2004). Once a PNVP is established, the distinct process of
angiogenesis, blood vessel sprouting from established vessels, is responsible for BBB
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capillary formation and invasion of the rudimentary brain (Hogan et al., 2004). The nutrient
supply provided by these microvessels facilitates brain growth through the proliferation and
migration of neuroprogenitor cells (NPCs) in the neural tube.

2.2.1. Vasculogenesis establishes the PNVP—The primitive vasculature derives
from yolk sac blood islands, which form on mouse embryonic day 7.5 (E7.5) (Palis et al.,
1995) and harbor hemangioblasts (angioblast precursors) and megakaryocytes (Baron et al.,
2012) (Figure 3). Blood vessels of the PNVP form by E8.7 in mouse (Duan et al., 2003)
when endothelial cell precursors that express VEGFR2 (KDR) are recruited from the
adjacent lateral plate and pre-somitic mesoderm via a hypoxia-induced VEGFA gradient
generated within the neuroepithelium (Hogan et al., 2004). Notably, the ectoderm-derived
VEGFA signal is somewhat unique, as vasculogenesis is induced by endoderm-originated
signals in other parts of the body (Goldie et al., 2008; Pardanaud et al., 1989). By E8.5 -
E9.5, endothelial cells are present (Palis et al., 1995) and circulation has begun (Baron et al.,
2012). Altogether, the developmental period encompassing the very first events of neural
cell fate determination concomitant with PNVP formation takes place from E7.5 to E9.5 in
the mouse (Baron et al., 2012). Although the corresponding period of human development
based on physical landmarks is days 17-21 (GD17-21 (Hill, 2016), the formation of the
human PNVP (or PCAP; pial capillary anastomotic plexus) is in place by human gestational
weeks 6 to 7 (Marin-Padilla, 2012) (Figure 3).For a more detailed review of vasculogenesis,
see (Coultas et al., 2005).

2.2.2. Angiogenesis gives rise to the BBB—Angiogenesis is the process that
establishes the BBB as specialized endothelial cells of the newly formed brain
microvasculature. This process begins at gestational week 8 in humans (Marin-Padilla,
2012)) and peaks at gestational week 35 in humans (Mito et al., 1991). In contrast, the
process begins at E9.75 in mice (Fantin et al., 2013) and peaks shortly after birth in rodents
(Robertson et al., 1985). Similar to vasculogenesis, angiogenesis proceeds when a hypoxic
microenvironment causes the closing neural tube to express VEGFA in a gradient that
induces the growth of capillaries toward the neuroectoderm (Raab et al., 2004).

Consistent with the brain’s anteroposterior patterning, capillary growth and invasion of the
nearby neural tissue is directed in a predictable spatial pattern driven by the interplay of
several signaling pathways, including Wnt/B-catenin signaling, Notch, and VEGF
(Hellstrom et al., 2007; James et al., 2009; Stenman et al., 2008). The locations at which
capillaries arise and enter the rudimentary brain are conserved and capillaries invade the
hindbrain before colonizing the forebrain (James et al., 2009; Raab et al., 2004). This pattern
is consistent with concentrations of growth signals (e.g., Wnt, BMP, FGF), which are
generally higher in the hindbrain (Gilbert, 2013). Following hindbrain invasion, growing
capillaries ingress at lateral and ventral regions of the neural tube following a VEGF
(specifically, heparin binding isoforms VEGF164 or VEGF188) gradient in areas specified
by the absence of suppressive signals such as VEGFR1 (FLT1) (James et al., 2009). Dorsal
sites are subsequently populated by migrating angioblasts (James et al., 2009). Upon
endothelial cell invasion into the developing brain through angiogenesis, the BBB is found
to be a functional unit able to selectively transport molecules into the developing brain
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(Morris et al., 2017). This occurs due to the interaction of all cell types of the NVU.
Regardless of the cell types present in the developing neuroepithelium, the initiation of
circulation is critical in the mammalian embryo as nascent capillaries formed through
angiogenesis deliver oxygen, nutrients, and hormones to allow continued growth of the
embryonic brain.

2.3. Cell biology informs NVU models

Endothelial cells forming the microvasculature of the brain acquire their unique barrier
characteristics through interactions and molecular signaling events originating from
additional cell types of the NVVU. These barrier characteristics distinguish endothelial cells
of the brain from vascular endothelium in the rest of the body and include tight junctions,
absence of fenestrations, expression of specialized transporters, and close association with
other cell types comprising the NVU (Obermeier et al., 2013). Molecular markers of
endothelial cell barrier properties include tight junction markers: occludin (OCLN), claudins
(CLDN), and ZO-1 (TJP1); adherens junction markers: PECAM and VE-cadherin (CDH5);
and the transporter, GLUT1 (SLC2A1) (Daneman et al., 2009) (Figure 4). Barriergenesis, or
the establishment of barrier characteristics within or between endothelial cells, generally
proceeds in three overlapping phases in pace with neurogenesis and brain growth:
angiogenesis, differentiation, and maturation. These phases not only overlap temporally
within the brain as a whole, but also spatially at the cell level and physiologically at the
molecular level. Although some cells of the NVU do not appear in a mature form (e.g.,
astrocytes) until after birth, the interaction of these cell types during neural angiogenesis
gives rise to a BBB that is functional nearly as soon as it is formed (Ek et al., 2012;
Saunders et al., 2009) based on the establishment of tight junctions by mouse E11 (rat E12)
(Daneman et al., 2010 ). Although the human gestational age that corresponds to this stage
of rodent development is approximately 33 days (Carnegie stage 13-14; (Hill, 2016)), rodent
and human developmental trajectories are not identical (Xue et al., 2013). In contrast to
rodents, tight junctions definitively appear later in human fetal brains at 14 weeks of
gestation (Virgintino et al., 2004) (Figure 3).

The dynamic events of barriergenesis are interwoven, wherein certain cell types and
molecular events emerge more prominently at different phases of BBB development. With
this in mind, key BBB-specific molecular events existing within or between the five NVU
cell types are discussed below with each cell listed under the phase during which it has the
most prominent role. This approach is for clarity and the reader should keep in mind that
each cell of the NVU is involved to some extent in all phases of barrier formation.
Additionally, the presentation of the cells and molecular events in the current section allows
for their inclusion in the /n vitroand in silico models being built for toxicity screening
applications.

2.3.1. Endothelial cells—Brain angiogenesis commences around mouse E9.5 (in
humans, this process does not begin until fetal week 8 (Marin-Padilla, 2012)) when
specialized endothelial cells (ECs) branch off from vessels of the PNVP to form capillaries
that invade nearby burgeoning neural tissue (Raab et al., 2004). The growing vessel is
composed of EC-tip cells located at the leading edge and EC-stalk cells that form the vessel
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body. EC-tip cells are distinguished by PDGFB and PECAML1 expression (Gerhardt and
Betsholtz, 2003), and filopodia rich in VEGFR?2 that lead the growing capillary bud by
extending and migrating along a VEGFA gradient produced by the neuroectoderm
(neuroepithelial cells) in the ventricular zone of the neural tube (Figure 4) (Gerhardt et al.,
2003; Raab et al., 2004). The function of the EC-tip cells is to lead vessel growth, which is
driven by EC-stalk cell replication (Gerhardt et al., 2003).

EC-tip cell phenotype is controlled by communication with EC-stalk cells via a Notch
intracellular domain (NICD)-mediated feedback loop that directs crosstalk between the
VEGF and DII4/Notch signaling pathways (Hellstrom et al., 2007) as a reversible cell-fate
switch (Hayward et al., 2008). During vessel outgrowth, EC-tip cells with low NOTCH
levels sustain their phenotype by producing more VEGFR2 in response to VEGFA.
Meanwhile, stalk cells maintain their phenotype when NOTCH receptors bind DLL4 ligand
on EC-tip cells resulting in suppressed VEGFR2 or increased secretion of the soluble decoy
receptor, VEGFR1 (Hayward et al., 2008). Taken together, the key role of VEGFR2 in
directing tip and stalk cell responses positions it as a pivotal receptor whose expression can
be modulated to control the direction of capillary growth and facilitate arborization and
refinement of the nascent microvessels (Figure 4).

While VEGF and Notch are key signaling pathways driving endothelial cell phenotype,
several other proteins expressed or secreted by endothelial cells are also critical to
angiogenesis, including NRP1, TIE2 (TEK), and matrix metallopeptidases such as MMP9.
NRP1 is a VEGFR2 co-receptor that is not only expressed in tip and stalk cells, but also
neuroprogenitor cells (NPCs), radial glia, and macrophages (Gerhardt et al., 2004; Kawasaki
etal., 1999). NRP1 is required for lateral capillary branching and mediates macrophage-
associated anastomosis of capillaries beginning at E10 in mice (Fantin et al., 2010; Gerhardt
et al., 2004). Importantly, NRP1 expression by ECs also drives NPC differentiation (Tata et
al., 2016). TIE2 is another receptor tyrosine kinase that is not only expressed by stalk cells,
but also macrophages (Fantin et al., 2010). TIE2 differentially regulates angiogenesis in
response to angiopoietins secreted by endothelial cells or pericytes (Aguilera and Brekken,
2014; Jeltsch et al., 2013). Generally, ANG1 is anti-inflammatory and stimulates sprouting,
while ANG?2 is pro-inflammatory and represses sprouting (Augustin et al., 2009). In addition
to receptor expression, ECs also secrete MMP9, which not only promotes extracellular
matrix remodeling to facilitate vessel outgrowth, but also recruits NPCs to sites of injury or
inflammation (Wang, L. et al., 2006) and reduces pericyte recruitment to endothelial cells
(Aguilera and Brekken, 2014). Taken together, NRP1, TIE2, and MMP9 have key roles in
BBB development.

2.3.2. Microglia—Macrophages are well-known for their role as inflammatory cells of
the innate immune system that support tissue development, homeostasis, repair and
immunity (Wynn et al., 2013). Microglia are a unique population of CNS-resident
macrophages in terms of their developmental origins and in some species, migration of these
cells to the neuroepithelium coincides with the maturing circulatory system. As reviewed
below, these specialized macrophages of the CNS contribute to BBB formation through
vascular remodeling of invading blood vessels and through local surveillance at the site of
the NVU in the brain.
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2.3.2.a Microglial cell lineage arises from theyolk sac: Microglia originate as primitive
macrophages from early erythro-myeloid progenitors generated in the yolk sac of mice from
E8.0 (for review, see (Hoeffel and Ginhoux, 2015)). These cells infiltrate the mouse brain
from E8.5 to E9.5 at the time circulation commences (Ginhoux et al., 2010) and populate the
mesenchyme and neuroepithelium by E10.5, which corresponds with brain infiltration as
early as gestational week 4.5 in humans (Ginhoux et al., 2010; Monier et al., 2007). In
zebrafish, microglia that originate in the rostral blood island (RBI; a region analogous to the
mouse Yyolk sac) (Xu et al., 2015) and differentiate in the yolk sac (Herbomel et al., 1999)
enter the brain by 2.5 days post fertilization (dpf) from the ventral surface and follow lateral
or midline paths towards the optic tectum (Xu et al., 2016) in a pattern similar to blood
vessel invasion of the neuroepithelim described above. However, in this model, initial
recruitment signals arise from apoptotic neurons in a circulation-independent manner. This
is inconsistent with observations in the mouse model showing a link between microglia
invasion at E9.5 and the beginning of circulation (Ginhoux et al., 2010), but may reflect
differences in developmental timing and pathways between the two species (Xu et al., 2016).

Importantly, their yolk sac origin distinguishes these microglia from the circulating
myelomonocytic macrophages from fetal liver or bone marrow-derived microglia that may
infiltrate the brain at later stages upon inflammation (Ginhoux et al., 2010; Ginhoux et al.,
2013) (for review, see (Ginhoux et al., 2016)). Monier et al. (2007) used human
histopathology data to detect microglia in the cerebral cortex at the earliest age represented,
4.5 weeks gestation. These authors also demonstrated that macrophages first enter the
developing brain near the ventricular zone where they are most abundant in the area of rapid
neurogenesis around gestational weeks 9-11 before migrating peripherally by 12-13 weeks.
At 10.5 weeks, microglia accumulated between the cortical plate and subplate where they
appeared to proliferate. Although no contact was evident between microglia and endothelial
cells at 11 weeks, they were closely associated by embryonic week 23.5 (Monier et al.,
2007).

2.3.2.b. Microglia havearolein microvascularization of the

neuroepithelium: Microglia colonization coincides with CNS vascularization during
embryonic development (Earle and Mitrofanis, 1998), and microglia release soluble factors
that stimulate the growth of blood vessels (Rymo et al., 2011). Embryonic microglia that are
critical for BBB angiogenesis are characterized by TIE2 and NRP1 (Fantin et al., 2010) and
express known macrophage markers such as CX3CR1, CD11b/c, and CD45 by E11.5
(Dudvarski Stankovic et al., 2016). Fantin et al. (2010) observed in mice that TIE2-
expressing monocytes/macrophages in the brain peak in numbers at E11.5 concomitant with
the fusing of sprouted capillaries (i.e., anastomosis) to form the subventricular vascular
plexus (Fantin et al., 2010). During this time, macrophages associate closely with the
filopodia of EC-tip cells and mediate anastomosis, as demonstrated by a significantly
reduced number of intersected vessels in macrophage-deficient mutants. Macrophages that
modulate anastomosis express CSF1-R and are recruited from the head mesenchyme by
CSF1, a macrophage chemoattractant that is expressed in the hindbrain by mesenchymal
cells at this time (Fantin et al., 2010). Notably, CSF1 is the primary chemoattractant that
induces macrophage infiltration into the brain, in contrast to VEGF164, which induces
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chemotaxis of macrophages from a monocyte lineage (Barleon et al., 1996). Although CSF1
is the primary chemoattractant for brain infiltration, it is not the only identified CSF1-R
ligand. For example, IL34 is a CSF1-R ligand that is more abundant than CSF1 in the brain
(Ginhoux et al., 2010; Greter et al., 2012; Wei et al., 2010), and may have a role in microglia
differentiation (Wang et al., 2012b) and maintenance (Greter et al., 2012).

While CSF1 has a role, the molecular signals underlying macrophage-endothelial
interactions are not fully characterized. Rymo et al. (2011) observed bidirectional
communication between blood vessels and microglia in a mouse retina model; namely,
microglia were attracted to growing blood vessels and in turn promoted angiogenesis via an
unidentified soluble factor other than VEGFA in a contact-independent manner (Rymo et al.,
2011). Thus, direct cell-cell contact may not be required for microglia-mediated
anastomosis. Additional studies in the retina model indicate that VEGFC produced by
macrophages may enhance Notch signaling to promote branching by VEGFR3 (FLT4)-
expressing tip cells (Tammela et al., 2011). Microglia may also secrete soluble VEGFRL, the
VEGFA decoy receptor that stalk cells produce to maintain their phenotype and direct vessel
growth; however, this is based on CD11b+ monocytes in a retina model (Stefater et al.,
2011).

2.3.2.c. Microdlial activation isaresponseto thelocal environment: Microglia respond
to environmental stimuli by adopting physical states ranging from a ramified ‘surveying’
phenotype (expressing long, branching processes) to an ameboid, ‘perturbed’ phenotype
suited to phagocytosing apoptotic cells and debris (Hanisch and Kettenmann, 2007;
Ransohoff and Perry, 2009; Zanier et al., 2015). Because microglia can express a range of
these features at any given time, one must be cautious to avoid oversimplifying their
activation states using obsolete, dichotomous terminology (e.g., M1 versus M2) (Ginhoux et
al., 2016; Martinez and Gordon, 2014; Ransohoff, 2016).

Here, we refer to microglia based on function. Although a ramified surveying phenotype is
important for BBB maintenance, ameboid microglia are prevalent during early embryonic
development, reflecting an activated and rapidly proliferating state. Ameboid microglia
documented in humans as early as gestational week 4.5 transition to a ramified surveillance
phenotype as they migrate distally from the ventricular zone (Monier et al., 2007). It is
tempting to speculate that these microglia may be in a proangiogenic and/or
immunosuppressive activation state. Confirmation of activated microglia requires staining
for secreted cytokines: immunosuppressive microglia secrete 1L4, IL10 and TGF@, which
suppress the effects of proinflammatory cytokines on CXCLS8; while proinflammatory
microglia secrete IL1b and TNFa, which in turn promote secretion of CXCL8 (IL8) (Ehrlich
etal., 1998).

A growing body of evidence supports the notion that microglia are regulators of the dynamic
BBB at the site of the NVU throughout development and into adulthood (Bolton et al., 2017;
Schafer and Stevens, 2010; Squarzoni et al., 2014; Stolp and Dziegielewska, 2009). Their
role in mediating neuroinflammation contributes to diseases and pathological conditions in
the brain (da Fonseca et al., 2014). Based on the integral role of microglia in the function of
the NVU, chemical disruption of macrophage/microglia sensing is predicted to disrupt brain
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angiogenesis and BBB development (Bolton et al., 2017). For example, microglia activation
can modulate barrier induction through IL1B, which suppresses Shh signaling in astrocytes
in vitroresulting in loss of the barrier markers, claudin 5, occludin, and ZO-1 (Wang et al.,
2014).

2.3.3. Radial glia

2.3.3.a. Radial glia provide a scaffold for sprouting angiogenesis: Radial glia are NPCs
that give rise to neurons, oligodendrocytes, and astrocytes (Hartfuss et al., 2001) (Figure 3).
These cells have bilateral processes that span the rudimentary brain from the ventricle to pial
surfaces (Figure 1B) (Kriegstein and Alvarez-Buylla, 2009; Rakic, 1972), and which guide
tip cells along an orthogonal path toward the ventricle during NRP1 mediated sprouting
angiogenesis (Gerhardt et al., 2004). Several studies suggest that this subset of radial glia are
astrocyte precursors (Engelhardt and Liebner, 2014; Gerhardt et al., 2003; Gerhardt et al.,
2004; Hartfuss et al., 2001; Molofsky et al., 2012). For example, mature astrocytes are
known to provide a scaffold for migrating tip cells in the retina model (Engelhardt and
Liebner, 2014; Gerhardt et al., 2003; Gerhardt et al., 2004). Radial glia that differentiate into
astrocytes express BLBP, GLAST, and RC2 (Molofsky et al., 2012). Radial glia subsets that
express a similar phenotype (RC2/BLBP) also serve as scaffolds for migrating neurons
during embryonic neurogenesis (Hartfuss et al., 2001). These markers are consistent with
markers that characterize astrocytes at later stages (i.e., GLAST, BLBP, and GFAP). More
recently, ALDH1L1 was identified as an early (E9.5) radial glia marker in cells that become
astrocytes (Cahoy et al., 2008; Molofsky et al., 2012). Taken together, the radial glia that
guide growing capillaries are likely precursors to the astrocytes that first appear in the
newborn NVU (Figure 1B).

2.3.3.b. Radial glia expansion precedes neurogenesis: Neuroepithelial cell expansion
prior to the onset of cortical neurogenesis (mouse E10.5 (Haubensak et al., 2004); human
gestational week 6 (Howard et al., 2006)) leads to a robust base population of radial glia in
the ventricular zone of the neural tube, subjacent to the developing brain ventricles (Dwyer
et al., 2016; Paridaen and Huttner, 2014). While some radial glia cells proliferate via
symmetric division, others undergo asymmetric division to give rise to the differentiated
neurons, basal/intermediate progenitor cells, and glia in the brain (Morest and Silver, 2003;
Paridaen and Huttner, 2014). Mitotic spindle orientation determines whether these cells will
generate identical or differentiated daughter cells based on the inheritance of apical plasma
membrane proteins, which modulates Notch signaling (Gotz and Huttner, 2005; Paridaen
and Huttner, 2014).

2.3.3.c. Neurogenesis establishesfour cortical layers. Radial glia proliferation and
differentiation drives cortical layer development. Differentiated daughter cells (Chenn and
McConnell, 1995) migrate soon after they are born along the parent cell’s process in an
orthogonal path between the ventricle and outer cortex (Boulanger-Weill et al., 2017; Noctor
et al., 2001). Intermediate/basal progenitor cells that express TBR2 (Bulfone et al., 1999)
migrate to the subventricular zone, which is formed by the expansion of intermediate
neurons and glia between rat E15 and E17 (Noctor et al., 2008) (mouse E13.5 — 15.5 (Hill,
2016)) or human gestational week 11.5 (Hansen et al., 2010). Meanwhile, radial glia on the
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apical side of the ventricular zone give rise to neurons that migrate to the outermost layer of
the developing brain in a pattern that builds the cortical layers from the “inside out” with the
ventricular zone forming first, followed by the subventricular zone, intermediate zone, and
cortical plate (Paridaen and Huttner, 2014). The four layers are established by the
completion of cortical neurogenesis at rat E20 (Noctor et al., 2008) (mouse E18.5 (Hill,
2016). In humans, this timepoint corresponds well with the peak density of progenitor cells
in the subventricular zone at 16 — 19 gestational weeks (Malik et al., 2013). In a process
unique to primates, this initial growth phase is followed by a substantial increase in brain
surface size during mid-gestation (human weeks 13 to 17) when non-epithelial radial glia-
like cells proliferate in the outer subventricular zone (Hansen et al., 2010). Altogether, radial
glia, intermediate basal neurons, and cortical neurons interact with invading endothelial cells
to form and maintain the developing BBB.

2.3.4. Pericytes—Pericytes are mural cells that promote the formation of barrier
properties, which are evident in mouse endothelial cells as early as E10 (Armulik et al.,
2010; Bauer et al., 1993; Gaengel et al., 2009; Gerhardt and Betsholtz, 2003; Winkler et al.,
2011). Pericytes are derived from the neuroectoderm in the forebrain or mesoderm in the
mid- and hindbrain (reviewed in (Winkler et al., 2011); Figure 3). Although forebrain
pericytes have unique origins in the neural crest, mesodermal derived pericytes express
VEGFR2 (Gerhardt and Betsholtz, 2003; Korn et al., 2002). Pericyte precursors in the
rudimentary forebrain express PDGFRB and NG2 by E11.5 in mice, and are first detected
associated with endothelial cells in the mouse brain at E9.0-9.5 (Bauer et al., 1993;
Yamanishi et al., 2012). In comparison, the pericyte marker, PDGFRB, appears in human
fetal brains as early as 8-10 weeks gestation (Maxwell et al., 1998) and pericytes associate
closely with endothelial cells by 11 weeks (Allsopp and Gamble, 1979; Papageorghiou et al.,
2014). The endothelial cell-pericyte association is evidenced by a common basement
membrane between the two cell types interrupted only by direct intercellular contacts in the
form of peg-socket junctions (Armulik et al., 2010)Allsopp, 1979 #506}. The basement
membrane is composed mainly of agrin, fibronectin, and laminin, and as developmental
markers are less detectable in the mature NVU once astrocytic endfeet ensheath the common
basement membrane surface (Barber and Lieth, 1997; Krum et al., 1991).

2.34.a. Pericytesorchestrate barrier induction: Pericytes are distinguishable at the
earliest stages of BBB development at least a week before astrocytes appear in mice and
have key roles in both angiogenesis and BBB differentiation (Daneman et al., 2010). These
roles include scaffolding, spatially specific angiogenesis suppression to modulate vesicular
outgrowth, tight junction induction, and suppression of fenestration formation (Daneman et
al., 2010; loannidou et al., 2006; Virgintino et al., 2007). Daneman et al. (2010)
demonstrated that pericytes form a seal over endothelial cells that is required for tight
junction formation (measured by increased transendothelial electrical resistance (TEER) and
limited entry of 3 kDa dextran into the brain), but not for expression of the tight junction
markers occludin and claudin 5 (Daneman et al., 2010). However, mutants lacking pericytes
exhibited increased expression of /cam1, Alcam, and Lgals3in blood vessels. These
leukocyte adhesion molecules facilitate interaction of immune cells and the
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microvasculature; thus, pericytes likely have a role in coordinating immune surveillance by
microglia during barriergenesis (Daneman et al., 2010).

Angiopoietins are additional proteins expressed by pericytes that link microglia to
barriergenesis as ligands of the TIE2 receptor that is expressed on macrophages and other
NVU cells (Armulik et al., 2010; Dumont et al., 1993). Angiopoietins are key pericyte
markers associated with barrier induction (Daneman et al., 2010). Increased expression of
Angpt2 (AngZ2) and reduced expression of Angpt1 (Angl)in pericyte mutants supports the
hypothesis that pericytes reduce endothelial cell permeability. As noted above, ANG1 and
ANG?2 are TIE2 receptor ligands with complementary functions (Figure 4). While ANG1
decreases permeability by inducing tight junction formation via occludin and ZO-2 (TJP2)
expression (Hori et al., 2004; Lee et al., 2009), ANG2 increases permeability following
injury, possibly by inducing apoptosis (Nag et al., 2005). Notably, TIE2 is expressed on
endothelial cells (Dumont et al., 1993), macrophages, and pericytes (reviewed in (Armulik et
al., 2010)), positioning it as a key protein for orchestrating coordinated action by these cells
during BBB development (Figure 4).

Pericytes also have a role in suppressing fenestration formation in endothelial cells of the
BBB. Mutants with reduced pericyte function have increased levels of Plvap, which is
needed for transcytosis and increases during BBB breakdown (Daneman et al., 2010).
PLVAPL (PV-1) is also required for proper fenestra formation and is the only known marker
of fenestrations (loannidou et al., 2006). Collectively, the work by Daneman and colleagues
suggests that pericytes contribute to the fenestration-poor phenotype in endothelial cells of
the BBB via suppression of PLVAP (Daneman et al., 2010; loannidou et al., 2006). Thus,
pericytes are essential to induce the BBB phenotype by initiating tight junction formation
and decreasing fenestrations, thereby decreasing transcytosis in endothelial cells (Armulik et
al., 2010). Ultimately, endothelial cells initiate pericyte-mediated barriergenesis by
recruiting pericytes to growing microvessels.

2.34.b. Recruitment and differentiation follows cues from endothelial cells: Pericytes
or their precursors are recruited by EC-tip cells that express PDGFBB homodimer during the
earliest stages of angiogenesis (Ozerdem and Stallcup, 2003; Winkler et al., 2011). Although
the PDGF signal induces pericytes to proliferate /7 vivo and attach to endothelial cells
(Lindblom et al., 2003; Winkler et al., 2011), the presence of PDGFRB-positive cells (i.e.,
pericytes) in PDGF knockouts suggests that PDGF is not the primary signaling pathway that
contributes to initial pericyte differentiation (Lindahl et al., 1997). Rather, evidence suggests
that TGFBL1 signaling is the primary pathway that orchestrates pericyte differentiation and
behavior, placing it at the overlapping interface of angiogenesis and BBB differentiation
(Figure 4).

TGFB1 is implicated in pericyte differentiation by studies showing induction of smooth
muscle cells/pericytes (a-SMA-positive cells) from the neural crest (Chen and Lechleider,
2004; Gaengel et al., 2009). Both endothelial cells and pericytes express TGFB1 and its
receptor, TGFBR2 (Winkler et al., 2011). Endothelial cells induce pericytes by secreting
TGFB1, which activates TGFBR?2 in pericytes, leading to the establishment of adherens
junctions (N-cadherin) between the two cell types in a NOTCH-mediated process (Figure 4)
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(Lietal., 2011; Winkler et al., 2011). Pericyte attachment to endothelial cells suppresses
angiogenesis followed by SMAD-mediated BBB differentiation and maturation (e.g.,
establishment of tight junctions) via the TGFBR2-ALK5-SMAD?2/3 pathway (Winkler et al.,
2011).

TGFBL1 signaling in pericytes is also closely regulated by GPR124 (ADGRAZ2), which is
induced by TGFB1 and also regulates expression of TGFB1-dependent genes, supporting a
complex regulatory role between GPR124 and TGFB1 signaling. GPR124 is expressed in
both endothelial cells and pericytes and is required for brain angiogenesis at mouse E10.5
(Anderson et al., 2011). In sum, TGFB1 induces pericyte-mediated BBB differentiation
leading to angiogenesis suppression and likely directs pericyte migration, whereas GPR124
regulates these processes (Anderson et al., 2011). In addition to its modulatory role on
TGFB1 signaling, GPR124 also promotes angiogenesis by inducing Wnt (7a and 7b)/p-
catenin signaling (Zhou and Nathans, 2014).

2.34.c. Pericytesinfluence vascular remodeling and stabilization: Wnt signals are
highly expressed in the neuroepithelium during early angiogenesis and Wnt/p-catenin
signaling is essential for vasculature formation in the developing brain (Stenman et al.,
2008), but not the rest of the body (Daneman et al., 2009). Wnt/B-catenin signaling impacts
the activity of multiple receptors through p-catenin complexes (see review by (Dejana,
2010)). For example, in the presence of Wnt ligand, p-catenin upregulates Notch signaling
in endothelial cells in vivo in favor of the stalk cell phenotype (Corada et al., 2010). This
process is regulated in part by NRARP, a Wnt cofactor and negative feedback transcription
regulator, which also increases p-catenin signaling via LEF1 (Phng et al., 2009). Thus, as
angiogenesis proceeds along a Wnt gradient, Notch signaling can be limited while Wnt
signaling is promoted in stalk cells, thereby facilitating vessel stabilization and coordinating
the sprouting of new vessel junctions (Phng et al., 2009). GPR124 promotes Wnt signaling
through its role as a Wnt ligand-specific coactivator of the receptor/coreceptor pair, FZD4/
LRP5 (Figure 3) (Zhou and Nathans, 2014).

GPR124 activates the Wnt/FZD4/B-catenin pathway /n7 vitroin a manner that mimics
TSPAN12 activation of the Norrin (NDP)/FZD4/B-catenin pathway (Zhou and Nathans,
2014). TSPAN12 is a Norrin ligand-specific coactivator of FZD4/LRP5 that is also
expressed in the brain and important for BBB function (Chen et al., 2015; Junge et al.,
2009). Zhou et al. (2014) proposed that this functional redundancy during early CNS
development (i.e., before mid-gestation (Ye et al., 2011)) increases the signal to noise ratio,
thus ensuring sufficient Wnt signaling to induce BBB characteristics in endothelial cells,
including GLUT1 (Wnt/p-catenin) and claudin 3 (B-catenin) (Daneman et al., 2009; Kuhnert
et al., 2010; Liebner et al., 2008; Zhou and Nathans, 2014). Norrin also induces Wnt
signaling via FZD4 in vivo, leading to formation or reinforcement of barrier characteristics;
namely, more GLUTL, more claudin 5, and less PLVAP by postnatal day 60 in mice (Wang
et al., 2012a), although this has not been directly demonstrated in embryonic brains and may
therefore be more prominent during the later stage of BBB maturation or maintenance. Zhou
et al. (2014) also suggested that coactivators such as GPR124 allow endothelial cells to
discriminate from among multiple Wnt sources, thereby allowing some specificity in
reaction to Wnt signaling. This may have a role in how Wnt induces angiogenesis and
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barrier characteristics in endothelial cells. Taken together, GPR124 is a key molecule that
modulates BBB development via TGFB1 and Wnt/p-catenin signaling (Figure 4).

2.3.5. Astrocytes

2.3.4.a. Astrocyte precursors characterize the embryonic NVU: Although mature
astrocytes are part of the adult NVU, they are not detected in the human fetal cortex until
approximately 30 weeks of gestation (Roessmann and Gambetti, 1986). Induction of the
brain microvascular endothelial cell phenotype occurs in the absence of mature astrocytes,
underscoring the likelihood that the earliest BBB differentiation signals derive from
pericytes or radial glia subsets that will mature into astrocytes shortly before or after birth
(Lippmann et al., 2012). An example of an early differentiation signal is the expression of
RALDH1 (ALDH1AZ1,; the enzyme needed to synthesize retinoic acid) by radial glia, which
may impact barriergenesis by modulating Wnt signaling (Mizee et al., 2013). Notably,
endothelial cells express retinoic acid receptor beta (RARB) as early as 10 weeks gestation
in human brains (Bonney et al., 2016; Mizee et al., 2013).

Astrocyte precursors may also induce barrier maturation through Shh signaling (Alvarez et
al., 2011). Mouse primary astrocytes reduce BBB permeability and upregulate tight junction
protein (ZO-1, occludin, and claudin 5) expression in co-cultured mouse primary
microcapillary brain endothelial cells via Shh signaling (Wang et al., 2014). Furthermore,
Shh knockout significantly reduces tight junction marker (ZO-1, occludin, and claudin 5)
expression in E13.5 mice, implicating Shh in barrier formation /n vivo (Alvarez et al., 2011).
The same study reported reduced astrocyte association with endothelial cells and reduced
tight junction markers at postnatal day 19 in Shh™~ mice (Alvarez et al., 2011). Moreover,
Shh is expressed in astrocyte precursors (GFAP+ cells) from human fetuses as early as age
16-22 weeks, and Shh from astrocyte conditioned medium enhances tight junction protein
expression in addition to increasing TEER in co-cultured microvascular brain endothelial
cells (Alvarez et al., 2011).

2.3.5.b. Matureastrocytes appear in the cortex during late gestation: Mature
astrocytes (Lippmann et al., 2012) are first detectable by immunohistochemical staining for
GFAP in the human fetal brain stem at 15 weeks gestation, followed by detection in the
cortex by 30 weeks (Roessmann and Gambetti, 1986). In comparison, GFAP mRNA is first
detected in the mouse hindbrain at E16 and is fully distributed in the brain by postnatal day
5 (Landry et al., 1990). TGFBR2-expressing radial glia differentiate into astrocytes in
response to TGFB1 during barrier maturation (Stipursky et al., 2014), although this doesn’t
take place in humans until after birth (Daneman, 2012). Notably, TGFBL1 signaling is also
responsible for pericyte-endothelial cell communication during BBB maturation (Li et al.,
2011).

Astrocytes are key components of the mature NVU that comprise the majority of cells in the
brain, supporting a role in NVU maturation via endfoot-localized secretion of key growth
factors, extracellular matrix, and cytokines at sites of contact with the endothelial cell-
pericyte basement membrane (Wiese et al., 2012). Astrocyte endfeet reinforce the BBB
through many of the same signaling pathways previously described for barrier induction,
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including Shh, VEGF, ANG1, ANG2, FGF, GDNF, and RA, among other BBB-reinforcing
signals (Alvarez et al., 2013). For example, they secrete GDNF, a ligand for GDNF receptors
(GFRAL) expressed by endothelial cells, which induces/reinforces tight junctions (lgarashi
etal., 1999). Astrocytes also secrete the matrix glycoprotein, tenascin C (TNC), which may
influence BBB maturation based on its prominent role in maintaining proper balance among
neurons, astrocytes, and oligodendrocytes in the cortex (Irintchev et al., 2005) while
modulating astrocyte proliferation and axon elongation (Nishio et al., 2003; Wiese et al.,
2012). Astrocytes are also the primary source of triiodothyronine (T3; thyroid hormone) in
the brain, which requires T3 for proper development (Zoeller and Crofton, 2000). Astrocytes
use type 2 deiodinase (D2; DIO2) to convert circulating thyroxine (T4) to T3, which is
delivered to neurons via endfeet contacts (Morte and Bernal, 2014). By postnatal day 15 in
mice, 50% of the T3 is delivered to the brain via astrocyte endfeet (Morte and Bernal, 2014).
Taken together, presence of endfeet connections, peripheral contact between neurons and the
endothelial cell-basement membrane sheath, and microglia of the intact NVU are all likely
indicators of close communication between the NVVU and the rest of the brain that is
essential for BBB maturation (Figure 1A).

2.4. Maturation reinforces barrier characteristics—It is important to keep in mind
that BBB ‘maturity’ is not synonymous with BBB function (EK et al., 2012; Saunders et al.,
2009; Saunders et al., 2012). If the physical and physiological characteristics of the adult
NVU are used to define maturity, then the human brain is not technically mature until a
person is at least 20 years old (Semple et al., 2013). For example, while some BBB barrier
functions are present shortly after vessel formation (Bauer et al., 1993), other aspects of
BBB maturation such as mature astrocytes do not appear until birth or shortly thereafter in
the mouse (Roessmann and Gambetti, 1986) when they differentiate from radial glia
precursors (Stipursky et al., 2014). Furthermore, the human NV U is less mature at birth
when astrocyte endfoot connections cover only 61% of the brain microvasculature (El-
Khoury et al., 2006) compared to 89% coverage observed in a single adult specimen
(Virgintino et al., 1997). For comparison, coverage in the mouse newborn is 64% versus
98% in adults (Saunders et al., 2016). Despite the differences between the neonatal and adult
NVU, the BBB is already functional as early as human embryonic week 14 (Andrews et al.,
2017; Virgintino et al., 2004) based on the presence and corresponding performance of tight
junctions in mammalian models (Daneman et al., 2010). Overall, maturation occurs
throughout life as the early, functional NVVU adapts to life-stage specific needs of the
embryo, fetus, neonate, juvenile, and adult (Ek et al., 2012; Saunders et al., 2009; Saunders
etal., 2012).

BBB maturation is the process by which nascent BBB characteristics are reinforced through
enhanced intercellular communication among the cells of the NVU, some of which
differentiate into mature phenotypes (e.g., radial glia subsets become astrocytes) during this
period. Accordingly, many of the same signaling cues (e.g., ANG1/TIE2) that induce
differentiation are also important during maturation, which commences shortly after
angiogenesis is complete (Winkler et al., 2011). The most distinguishing physical feature of
the BBB is tight junctions. After initial formation, tight junction properties are reinforced by
expressing additional marker proteins. Thus, in addition to early tight junction makers (i.e.,
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claudins, occludin, and ZO-1), other tight junction markers such as Z0-2, ZO-3 (TJP3), and
cingulin appear as the maturation process progresses (Wolburg and Lippoldt, 2002).

2.4.1. Fluid-flow shear forces enhance barriergenesis—In addition to molecular
signaling, physical factors such as shear stress have been identified as critical to
barriergenesis and maturation of the BBB. Shear stress results from the force applied to
endothelial cells by the flow of blood through the microvasculature. Here, ‘shear’ refers to
fluid sliding along the luminal edge of the cells, more so than perpendicular pressure on the
vessel wall (Cucullo et al., 2011). Evidence exists that shear stress contributes to barrier
integrity by inducing integrins and adhesion molecules that are important in tight junction
formation (Tzima et al., 2005). Notably, VE-cadherin (CDHS5), but not N-cadherin, mediates
tight junction formation in response to shear stress (Coon et al., 2015). Shear stress enhances
endothelial cell function through induction of transporter and enzyme expression (Cucullo et
al., 2011; Desai et al., 2002). Evidence indicates that endothelial cells cultured in the
presence of shear stress develop tighter barriers indicated by higher TEER levels (Wolfe and
Ahsan, 2013).

2.4.2. BBB molecular transport is both active and passive—The BBB is
designed to block unwanted substances from entering the brain while allowing access to
nutrients or hormones (e.g., glucose, amino acids, thyroid hormone) (Laterra J, 1999). These
functions are achieved through physical barriers, and passive, facilitative, or active
transporters. Generally, higher water-octanol partition coefficients are associated with more
chemical entry into the brain (Laterra J, 1999). Highly lipophilic compounds like nicotine
and ethanol easily diffuse across the plasma membrane of barrier endothelial cells, and gases
readily diffuse through the barrier (Laterra J, 1999). Whereas water flows freely along
osmotic gradients through aquaporin channels, large water-soluble (polar) substances
generally cannot cross without a transporter (Laterra J, 1999). Also, some smaller water-
soluble substances that would otherwise gain access bind with plasma proteins, resulting in a
complex that is too large to diffuse through the barrier (Laterra J, 1999). Membrane-bound
transporters mediate passage of targeted nutrients and other substances with low lipid
solubility to the brain (Laterra J, 1999). Transporters known as carrier proteins may either
passively allow transport along a concentration gradient (i.e., facilitated diffusion) or use
energy in the form of ATP to transport molecules against a gradient. Active transport allows
for an appropriate level of nutrients within the brain (influx), and either concentration of, or
removal of, toxicants. Below we briefly summarize key transporters and barrier properties
representing minimum requirements that we believe are necessary for BBB models. For a
more detailed discussion on solute movement across the BBB, the reader is referred to the
following detailed reviews: (Golden and Pollack, 2003; Pardridge, 2012; Sanchez-
Covarrubias et al., 2014; Scherrmann, 2002). BBB transporters and metabolizing enzymes in
the BBB have also been reviewed (Ek et al., 2012; Morris et al., 2017). The transport of
chemicals across the BBB serves as a primary component of characterizing the
pharmacokinetics of potential neurotoxicants, specifically, local metabolism at the site of the
barrier and distribution of xenobiotic to the neural compartment.
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2.4.3. Influx transporters provide materials required for growth—Transporters
allow entry of a variety of ligands including nutrients (e.g., glucose), hormones (e.qg, insulin,
leptin, thyroid hormone (T4)), enzymes, growth factors, and blood plasma proteins (e.g.,
transferrin) (Ek et al., 2012). In addition, these transporters can facilitate the distribution of
xenobiotics to the brain for both pharmaceuticals (Ouzzine et al., 2014; Pardridge, 2012) and
environmental toxicants (Ek et al., 2012; Jiang et al., 2010; Liu et al., 2006). An
understanding of these transporters will allow for a more complete characterization of
chemical and nutrient pharmacokinetics within the brain.

While facilitated diffusion allows for the energy-independent entry of nutrients such as
amino acids into the brain, active transport requires energy to move molecular species
against their concentration gradient in order to reach the brain. For example, glucose serves
as the primary energy source for the brain and requires specialized active influx transporters
to move glucose from an area of low concentration (the blood) to an area of much higher
concentration (the brain) (Ek et al., 2012). Glucose is transported into the brain via GLUT1
(SLC2A1) (Dick et al., 1984). Neonates use glucose, lactate, and ketone bodies as energy
sources, while adults on a typical diet only use glucose (Vannucci and Simpson, 2003).
However, children with GLUT1 deficiency respond well to a ketogenic diet, which shifts the
primary energy source back to ketone bodies (Klepper et al., 2005).

GLUT1 is essential for embryonic survival and development (Moley, 2001; Wang, D. et al.,
2006), consistent with 64% conserved amino acid sequence similarity in the lamprey, the
earliest appearing vertebrate with an endothelial BBB, compared to the human protein
(Figure 2). GLUTL levels in rat and rabbit brains increase after birth until they reach adult
levels (Cornford and Cornford, 1986; Vannucci, 1994). This peak in GLUT1 expression
coincides with an increased rate of glucose transport into the brain as animals age (Cornford
and Cornford, 1986; Cremer et al., 1979). Despite similarities in transport rates, there appear
to be species differences in GLUT1 affinity for glucose. In rabbits, GLUT1 affinity for
glucose is higher at birth than in adulthood (Cornford and Cornford, 1986). In contrast,
GLUT1 affinity for glucose is similar in adult humans and preterm infants. However,
maximal velocity (Vmax) Was reduced in the preterm infants, reflecting a decreased
expression of luminal transporters (Powers et al., 1998). This decreased rate of glucose
transport could result in a population susceptible to environmental toxicants that specifically
target GLUTZL, further inhibiting the rate of glucose uptake into the brain.

Although species differences exist with respect to glucose transport and affinity, neonatal
rabbit and rat studies consistently demonstrate higher transport rates for arginine, choling,
and adenine compared to adults. This increased amino acid uptake reflects a greater need for
these nutrients during development (Banos et al., 1978; Braun et al., 1980; Cornford and
Cornford, 1986). The higher transport rates in neonates support the tenet that the BBB is
functional at birth and uniquely responsive to the nutritional needs of the brain at this stage
in development (Braun et al., 1980; Ek et al., 2012; Saunders et al., 2012). The importance
of nutrition in the developing brain is further evidenced by the link between SLC7A5
(LAT1) mutation and autism in humans (Tarlungeanu et al., 2016). Although this example
has a genetic basis, the function of SLC7AS5 could also conceivably be altered through
chemical exposure. In addition to altering transporter function, chemicals can also utilize
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functioning transporters to enter the brain. For example, equilibrated nucleoside transporter
1 (ENTL) encoded by the SLC29A1 gene, represents a similar nutrient transporter expressed
in the BBB and mediates the transport of nucleosides into the brain (Ek et al., 2012). Using
results from the 2016 ToxCast data release, 53 ToxCast chemicals were identified as active
at this molecular target (Richard et al., 2016) indicating the need to investigate chemical
induced perturbations to transporters necessary for essential nutrient uptake.

In addition to chemical induced transport inhibition, transporters including GLUTZ1, amino
acid transporters, DMT1, and OATP2, can also move neurotoxicants into the brain (e.g.,
arsenic, lead, and valproic acid) (Ek et al., 2012). For example, human or rat GLUT1
injected into frog oocytes transports arsenic trioxide (Liu et al., 2006) and methylated
arsenic (Jiang et al., 2010), suggesting that this toxicant crosses the BBB via GLUT1.
Additionally, although there is evidence that lead in the form of PbOH+ can passively
diffuse across the BBB (Bradbury and Deane, 1993), it may also attach to amino acids
thereby gaining access through amino acid transporters (Ek et al., 2012). Furthermore, /n
vitro studies using HUVEC cells demonstrate that the iron transporter, DMT1, also
transports lead across the BBB, particularly when iron levels are low (Wang et al., 2011). A
third example comes from recent research suggesting that the thyroid hormone transporter,
OATP2, may transport valproic acid into rat brain microvascular endothelial cells (Guo and
Jiang, 2016). All three examples represent cases where influx transporters, both active and
passive, represent key areas of research for xenobiotic distribution to the brain.

2.4.4. Efflux transporters protect the brain from xenobiotics—Efflux
transporters aim to remove molecular species from the brain back into circulation. In the
case of environmental toxicants, rates of transport out of the brain serve as a key
pharmacokinetic variable for understanding distribution to the brain. For example, in
addition to using influx transporters, lead can also enter the brain through calcium ion
channels by mimicking calcium ions (Kerper and Hinkle, 1997). However, because of this
similarity to calcium ions, lead can also be actively exported via the plasma membrane
calcium ATPase (Bradbury and Deane, 1993). Additionally, a group of efflux transporters
including ATP-binding cassette (ABC) proteins functions to remove both metabolic wastes
and xenobiotics representing a wide range of structures from the brain (Hartz and Bauer,
2010; Higgins, 1992; Montanari and Ecker, 2015).

A key member of the ABC transporters, P-glycoprotein (P-gly, ABCB1, MDR1), is a
selective efflux transporter that is abundant in the BBB and serves a prominent role in
removing xenobiotics (Hartz and Bauer, 2011). P-gly is not only located at the plasma
membrane, but also other sites including the nuclear envelope, nucleus, and mitochondria,
underscoring its importance in cellular toxicity protection (Babakhanian et al., 2007).
Notably, P-gly expression and activity is induced by TNFA, further underscoring the
importance of this growth factor in BBB differentiation and maturation (Hartz and Bauer,
2010). Mrd1a (P-gly transcript) is expressed by E10.5 in mouse brain endothelial cells (Qin
and Sato, 1995). While P-gly is one of the most prominent and arguably most important
efflux transporters regarding toxicity testing, multidrug resistance proteins, BCRP and other
efflux transporters are also active at the BBB (Golden and Pollack, 2003). The expression of
efflux transporters is responsive to a variety of stimuli, including growth factors secreted by
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NPCs and astrocytes, in addition to oxidative stress, inflammation, and the presence of
xenobiotics (Strazielle and Ghersi-Egea, 2015).

Transporters are present and presumably functional at the earliest stages of BBB
development because this is the time that nutrients including glucose, amino acids and their
building blocks (choline, purines, nucleosides) are in high demand (Abbott et al., 2010;
Saunders et al., 2012). Interestingly, although P-gly is present in the developing brain, its
expression is lower in newborns compared to adults (Gazzin et al., 2008). Selective transport
at different life stages may be the predominant underlying cause of age-based differences in
BBB permeability. Changes in barrier transporter selectivity during maturation have led
some to interpret increased prevalence of certain substances on the inside of the barrier as an
indication of an ‘immature’ BBB; however, evidence supports the assertion that the BBB
selectively and deliberately transports some of these substances to meet developmental
needs specific to the fetus, neonate, child, and adult (Ek et al., 2012; Saunders et al., 2012).

2.4.5. Metabolizing enzymes transform chemicals at the site of the BBB—In
addition to selective transporters, metabolizing enzymes within NVU cells provide a source
of fuel (e.g., through glycolysis), metabolize chemicals to an inactive or easily excreted form
(Pardridge, 1983), or in some cases bioactivate a chemical into a more toxic form (e.g.,
metabolism of 7,12-dimethylbenz(a)anthracene by endothelial cells in the choroid plexus
(Granberg et al., 2003) or glucuronidation of morphine to the active metabolite, morphine-6-
B-D glucuronide (Ouzzine et al., 2014)). Some of these enzymes serve as extra protection by
inactivating xenobiotics that escape exclusion via efflux transporters (Engelhardt and
Liebner, 2014). The predominant phase | xenobiotic metabolizing enzymes expressed within
brain microvascular endothelial cells include CYP1B1 and CYP2U1 (Dauchy et al., 2008;
Shawahna et al., 2011), while at least one study reported that the predominant phase 11
enzyme is GSTP1 (Shawahna et al., 2011).

To assess the metabolic capacity of the BBB, recent studies have shifted attention to
investigating phase | and phase Il metabolism at the site of the barrier. To assess cytochrome
P450 metabolism, Hellman et al. (2017) utilized an ex vivo locust model to investigate local
phase | metabolic rates of selected pharmaceuticals at the site of the BBB (Hellman et al.,
2016). While this invertebrate model does not have an endothelial cell based physical
barrier, the authors demonstrated CYP activity through xenobiotic metabolism. Even though
these CYP enzymes are not identical to human CYPs expressed in barrier endothelial cells,
we may expect a similar outcome in the vertebrate BBB based on amino acid sequence
similarities between other insect and human metabolizing enzymes (e.g., ALDH1A1) of the
BBB (Figure 2). In addition, phase Il metabolism such as glucuronidation by UDP-
glucuronosyltransferases (UGT) has been demonstrated in rat brain (Ghersi-Egea et al.,
1988). A complete review of UGT metabolism by Ouzzine and coworkers demonstrated that
numerous xenobiotics are metabolized through UGT enzymes, contributing to the local
detoxification and altered pharmacokinetics at the target tissue of interest (Ouzzine et al.,
2014). This understanding of the metabolic component of xenobiotic pharmacokinetics will
play an important role in understanding the amount of chemical that reaches the brain
following environmental exposure. While CYP1B1 has endogenous substrates such as
estradiol and retinol (Nebert and Dalton, 2006), its expression is also increased as a result of
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AHR activation by xenobiotics such as TCDD or diesel exhaust particles (Jacob et al.,
2011). This increased expression is presumably so that CYP1B1 can inactivate the
xenobiotic, and has implications for BBB metabolism based on the high expression of
CYP1BL1 in brain microvessels (Dauchy et al., 2008). Notably, CYP1B1 also has a direct
role in BBB formation beyond that of xenobiotic metabolism. It is highly expressed in both
pericytes and endothelial cells and promotes angiogenesis (Tang et al., 2009) and pericyte-
mediated vessel stabilization in mouse retinas (Palenski et al., 2013).

2.5. Section 1 summary

The first section of this review covered the molecular events that contribute to BBB
development. While it is evident that the signaling events within or between all five cell
types of the NVVU are important for this process, key proteins with prominent roles in
endothelial cells, microglia, pericytes, and radial glia (precursors to astrocytes and neurons)
are candidate targets of toxicants that may perturb early BBB formation or function. With
this in mind, we highlighted a shortlist of candidate targets and the key cells in which they
have prominent roles during early BBB development. The manual selection of these
candidate targets was based on the literature evidence that they are required for early BBB
formation, yet they may not be critical for angiogenesis. The list includes TIE2 (TEK)
(endothelial cells, microglia, and pericytes); NRP1 (endothelial cells, microglia, and radial
glia); CSF1-R (microglia); and GPR124 (ADGRA?2) (pericytes). These receptors (yellow
highlights) and other key signaling molecules implicated in BBB development are
summarized in Figure 4. Although this is not an exhaustive list, they may be molecular
initiating events useful in building adverse outcome pathways for developmental BBB
disruption, identify biomarkers for /in vitro HCI, and build /n sifico models of NVU
development and BBB formation.

3. Adverse outcome pathways for developmental BBB disruption

One way to begin utilizing this large amount of information surrounding the developing
BBB is through adverse outcome pathway (AOP) development. Here, a BBB-specific AOP
would allow for an increased ability to screen chemicals from a potential BBB molecular
initiating event (MIE) to determine how the resulting tissue-level perturbations resolve as
neurological adverse outcomes. This focus on BBB formation from the perspective of DNT
entails identifying impacts on brain development and function (i.e., adverse outcomes)
following gestational exposure to compounds that target cell types responsible for BBB
development and maturity (i.e., the developing NVU). These adverse outcomes (AOs) may
be a result of tissue-level direct effects (e.g., reduced vessel branching) or indirect effects
such as localized inflammation. AQs in the form of teratogenic effects (e.g., microcephaly)
are most likely to be associated with toxicant exposure during early gestation when brain
patterning is established. Furthermore, altered intercellular signaling for cell types of the
NVU may result in AOs that are neurobehavioral in nature, possibly with accompanying
lesions that are only detectable at the molecular or cellular level (Stolp and Dziegielewska,
2009; Theoharides and Zhang, 2011). Accordingly, AOPs for BBB disruption should include
MIEs at all stages of BBB formation (i.e., angiogenesis, differentiation, and maturation),
KEs including cellular responses that occur during gestation or postnatally, and AOs such as
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neurobehavioral impairments that manifest during early childhood. Taken together, a
complete prediction of BBB disruption will comprise a network of integrated AOPs
including many events for which there is currently no data.

The BBB is formed by multiple developmental processes, including angiogenesis. Thus an
AOP for developmental BBB disruption will necessarily share many features with the
angiogenesis AOP previously developed (Knudsen and Kleinstreuer, 2011). The challenge,
however, will be to distinguish MIEs and KEs underlying BBB formation, differentiation,
and function, that are distinct from basic angiogenesis. One approach to meeting this
challenge is to focus on the cells of the NVU that have unique roles during BBB formation
(e.g., pericytes and microglia) and identify receptors specific to BBB development (e.g.,
GPR124 (ADGRAZ2)), but not absolutely essential for angiogenesis (e.g., VEGFA).
Accordingly, the molecular signals specific to BBB differentiation and function may have
effects on cells of the NVVU that are likely subtler than angiogenesis disruption and do not
necessarily lead to obvious birth defects. A preliminary framework for BBB developmental
disruption is shown in Figure 5. What follows is a review of current methodologies available
for use in developing robust AOPs specific to BBB development for chemical safety and
screening purposes.

3.1. Classification models help predict putative BBB disruptors

Classification models serve to link putative chemical disruptors to their adverse outcome
through MIEs and connected key events (KEs) (Villeneuve et al., 2014a, b). Upon
establishment of an AOP of developmental BBB disruption, the classification of potential
MIE disrupting chemicals constitutes the next step in predicting BBB-specific chemical
disruptors. To create the necessary linkage between chemical and /n vivo effect, our group
has previously used ToxRefDB as a source of phenotypes of interest (e.g., reproductive
toxicity) on which to anchor classification models (Kleinstreuer et al., 2011; Leung et al.,
2016b; Sipes et al., 2011). In the case of BBB development, there is insufficient information
in ToxRefDB to link disrupted BBB formation, a phenotype not represented in the database),
to chemical exposures (Knudsen et al., 2009).

While we may hypothesize that neurological changes may follow BBB disruption, there are
too many assumptions surrounding this research gap to start with neurobehavioral outcomes
as the AO for our classification model. Therefore, although neurobehavioral changes are
ultimately the AO of interest in light of children’s environmental health, there is a huge
‘black box’ in place of a link between early key events and many adverse
neurodevelopmental outcomes (Bal-Price et al., 2015; Shafer et al., 2005). This is true for
the relationship between disrupted BBB development and adverse neurobehavioral
outcomes. Here we propose a framework of how an AOP of BBB disruption may lead to
neurobehavioral changes; however, this is speculative until more data is available linking the
various key events represented in the framework (Figure 5).

A manageable first step is to focus on the first part of the overall AOP by identifying MIEs
that lead to BBB disruption; however, this is still a new area of research with not enough
data on the effects of chemical exposures on BBB development. Although DNT compounds
are known (Aschner et al., 2017; Corada et al., 2010; Kadereit et al., 2012; Mundy et al.,
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2015), there is little direct evidence in the literature that neurotoxicity follows BBB
disruption. In this case, the paucity of evidence does not mean there is no association
between DNT and BBB disruption, but rather the studies to determine this have not yet been
conducted. This is a rather new field that will offer key insights as more sophisticated
organotypic culture models of the NVU are built (Saili et al., 2017). Moreover, in vivo
models and translational human studies promise to advance the field. For example, a recent
study demonstrated that reduced BBB expression of the amino acid transporter, SLC7AS5,
leads to autism-like behaviors in rats and mutation in this gene was more common in
children with autism (Tarlungeanu et al., 2016). SLC7AS5 disruption through exposure to
diesel exhaust particles (Le Vee et al., 2016), serves as an example of a primary effect of this
amino acid transporter and is a promising MIE for an AOP of BBB disruption. In addition, a
chemical exposure representing a secondary effect on the BBB is methylglyoxal, which
leads to formation of advanced glycation endproducts (AGEs) that disrupt the BBB (Hussain
et al., 2016). Peripheral methylglyoxal exposure could potentially elicit these effects without
crossing the BBB by inducing circulating macrophages to release high mobility group box 1
protein (HMGBL1) into the serum (Wang et al., 1999; Yang et al., 2015). In this case,
HMGB1 acts as a cytokine and binds AGE receptors (RAGES) on circulating macrophages
or endothelial cells of the BBB (Kokkola et al., 2005). While endothelial cell binding may
have direct effects on BBB permeability, the inflammatory signal may also be transduced
across the BBB leading to abluminal effects on the NVU such as perturbed microglia that
enhance a localized neuroinflammatory response and neural damage.

Until a broader base of empirical data is established, classifying developmental
neurovascular toxicity associated with BBB disruption will require a nuanced and manually
curated AOP-based approach that relies upon an integration of the literature (summarized in
the biowiring diagram in Figure 4) and associated AOPs (outlined in Figure 5); and a non a
priori, phenotype-based approach previously demonstrated by our group for identifying
signatures of developmental toxicity (Kleinstreuer et al., 2011; Leung et al., 2016b; Sipes et
al., 2011). In this case, the phenotypes of interest representing disrupted BBB development
can be observed using /in vitro NVU models (e.g., organotypic culture models (Saili et al.,
2017; van der Helm et al., 2016)), or a combination of neurogenesis and angiogenesis assays
used to screen a representative suite of ToxCast chemicals (Belair et al., 2016; Nguyen et al.,
accepted) . Once a classification model of developmental neurovascular toxicity is built, one
can use it to predict putative BBB toxicants.

AOQPs built upon MIEs and signaling pathways that underlie proper BBB development can
guide /n vitro testing for links between molecular events and cellular activity (KEs)
(Villeneuve et al., 20144, b). This approach will require a leap from typical R&D testing,
which has employed BBB models primarily to test whether chemical exposure impacts
permeability (Banerjee et al., 2016; Kaisar et al., 2017). Tight junction-dependent
permeability is most often quantified by TEER measurements and whether representative
hydrophilic compounds (e.g., dextrose or dyes) cross the barrier (Appelt-Menzel et al.,
2017). These measurements are compared to the qualitative or quantitative expression of
tight junction proteins (e.g., ZO-1), which are determined through histology or gene
expression assays, respectively (Appelt-Menzel et al., 2017). Other features of the BBB that
are often studied include the abundance or function of selective transporters (e.g. P-gly or
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BCRA), which are measured by rates of ligand transport, immunohistochemical markers, or
transporter-specific gene expression (Abbott, 2013; Appelt-Menzel et al., 2017; Shawahna et
al., 2011). Although these parameters are molecular in nature, it is difficult to derive
information other than permeability effects using currently available models (Appelt-Menzel
etal., 2017).

In vitro models allow for rapid screening using human cells

Ideally, BBB-based AOPs will prove useful for identifying DNT-specific cellular and tissue
level KEs that may be associated with developmental BBB disruption. /n7 vitro BBB models
for DNT testing should therefore provide a platform for obtaining more than just the
classical measurements of BBB function. An optimal /n vitro BBB model should allow us to
map perturbations of molecular endpoints to higher level features of NVU development such
as inter-cellular contact and communication. To this end, 3D organotypic culture models are
likely to provide the data needed to ascertain these subtle changes to BBB formation
following chemical insult (Saili et al., 2017; van der Helm et al., 2016). For example, an
ability to track dynamic cell-cell interactions in real-time could allow us to answer whether
chemical exposure disrupts pericyte-endothelial cell association, impairs the formation of
contacts between astrocytic endfeet or neuron synapses and endothelial cells/pericytes, or
promotes association of microglia with endothelial cells. Additionally, the use of
multicellular NVU models will facilitate studies of the role of microglia in orchestrating
adaptive responses to toxicant exposures (Achyuta et al., 2013). Therefore, a useful OCM
will allow us to explore not just whether, but also how these processes occur.

The ability to answer these types of questions using NVU models will begin to shed light on
the molecular targets of BBB toxicants. As these targets are identified, we can begin to link
KEs by shared MIEs, which one day may contribute to understanding the mechanisms
underlying childhood neurobehavioral diseases putatively linked to misregulated BBB
development and function or neuroinflammation (Bal-Price et al., 2015; Bolton et al., 2017;
Hanamsagar and Bilbo, 2016). Thus, mechanistic data obtained from a 3D, organotypic
culture model of the NVU would both complement and validate molecular endpoint data
from /n vitro screening assays (i.e., ToxCast (Richard et al., 2016)) that comprise molecular
signatures of toxicity for putative developmental BBB toxicants. Several state-of-the-art
NVU models that may be adapted to accomplish these goals have been described within the
last decade (e.g., (Adriani et al., 2016; Brown et al., 2015; Herland et al., 2016; Kim et al.,
2015; Sellgren et al., 2015; Shao et al., 2016)). For reviews, see (Helms et al., 2016) and
(Saili et al., 2017).

Based on the shortlist of key proteins from the biowiring diagram in this review (Figure 4);
TIE2 (TEK), NRP1, CSF1-R, and GPR124 (ADGRAZ2) are candidate biomarkers
(measurable via HCI) whose activation may serve as MIEs following chemical exposures.
For example, to test the hypothesis that a given chemical reduces BBB integrity via a
microglia-mediated neuroinflammatory response, one could expose a 3D, organotypic
culture model of the NVU to the chemical and measure these receptors in endothelial cells,
pericytes, and/or microglia; in addition to assessing putative key events including expression
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changes in tight junction markers, inflammatory cytokines, and the extent to which pericytes
and microglia associate with the endothelial cells.

In vivo models provide valuable links to adverse outcomes

Once a link between chemical exposure, MIEs, and KEs is established, one can test the
hypothesis that BBB disruption leads to DNT by exposing model organisms to putative BBB
disrupting compounds, assessing for signs of BBB disruption /17 vivo, and testing for
associated neurobehavioral impairments. Many of the tests needed to establish connections
between KEs can be conducted in mammalian models typically used for neurobehavioral
testing (e.g., mice and rats) (Cory-Slechta et al., 2001; Fang et al., 2010). Although mouse
models offer the advantage of shared homology with most human proteins implicated in
BBB development (Figure 2); other vertebrate models such as embryonic zebrafish (Bugel et
al., 2014) are a potentially useful tool for studying the BBB /n vivo.

Zebrafish offer several advantages for AOP development (Perkins et al., 2013). Zebrafish
share protein sequence homology for many of the key receptors implicated in BBB
development (Figure 2), and use of this model facilitates reduction of the number of animals
used in toxicity research (Perkins et al., 2013). Moreover, a recently developed transgenic
zebrafish that expresses fluorescent GLUT1 as a marker of the BBB (Umans et al., 2017)
could be used to screen for putative BBB disrupting chemicals similar to the approach that
was used by Tal et al. (2017) to identify angiogenesis inhibitors from the ToxCast library
(Tal et al., 2017). Furthermore, this model also offers /n vivo visualization (e.g. pericyte-
endothelial cell interaction (Ando et al., 2016)) and could be used to measure tight junction
formation as a further indicator of BBB integrity (Jeong et al., 2008), in addition to
locomotor (Irons et al., 2013), learning (Saili et al., 2012), and social behavior (Qin et al.,
2014) tests to potentially link KEs to neurobehavioral AOs.

In silico models simulate the in vivo NVU

In addition to investigating molecular and cellular effects of toxicant exposure, in7 vitro
platforms that capture embryonic BBB development or represent all cells of the NVU are
valuable for informing “virtual tissue models’ (VTMs) of BBB development. VTMs are
computational representations of tissue development (e.g., angiogenesis (Kleinstreuer et al.,
2013), genital tubercle fusion (Leung et al., 2016a), or palate fusion (Hutson et al., 2017)),
which can be interrogated by simulated toxicant exposure, as long as the molecular targets
of the toxicant have been identified (e.g., through ToxCast testing).

VTMs represent novel possibilities for the future of developmental toxicity testing, which in
an effort to replace and reduce the use of animals (NRC, 2007), may one day rely heavily on
simulations to identify priority chemicals for subsequent testing in living systems. Although
the ultimate goal is to build models representing /n vivo systems, sophisticated /n vitro
models will serve as simplified templates on which to base /n sifico models. Therefore,
similar to /n vitro models, good /n sifico NVU models should not only allow for real-time
observations of intercellular actions leading to NVU/BBB development, but also
characterization and quantification of the molecular signaling events underlying cellular
behavior. Here we can incorporate the shortlist of hypothesized key receptors in BBB
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development from Figure 4 (i.e., TIE2 (TEK), NRP1, CSF1-R, and GPR124 (ADGRAZ2))
into these models. A successful virtual NVU model will predict developmental
misregulation that recapitulates /n vivo observations when key parameters are interrogated
with chemical toxicity profiles derived from the AOP-based classification model. Moreover,
in sifico models offer the opportunity to test whether ‘cybermorphs’ missing any of our
shortlist of key proteins exhibit aberrant BBB development.

Limitations and future directions

In developing adverse outcome pathways for BBB development, numerous limitations exist
to allow for a complete understanding of the links between disrupted BBB development and
neurobehavioral changes (i.e. the ‘black box”). The foremost consideration is that
neurobehavioral symptoms of disorders such as ASD are difficult to connect to an
underlying pathophysiological change. For example, an autism diagnosis is currently based
on observable behaviors, not on anatomical or molecular level pathophysiology. However, as
this relatively new field of research grows, candidate gene expression-level biomarkers (e.g.,
SLC7A5 mutation (Tarlungeanu et al., 2016)) are being identified. Interestingly, at least two
of the recently identified autism candidate genes, NRP1 and MMP2 (Diaz-Beltran et al.,
2017), are integral to BBB development (Figure 4).

An additional limitation is how the BBB itself is characterized following chemical insult. As
described above, BBB permeability of circulating chemicals into the brain serves as the
primary indicator of disruption. However, several pharmacokinetic parameters have been
shown to be affected by xenobiotic exposure such as local rates of metabolism and influx/
efflux active transport in addition to simple permeability. In addition, local xenobiotic
metabolism may play a role in altering the pharmacokinetics of certain xenobiotics
traversing the BBB. While studies have begun to characterize these phase | and phase Il
metabolizing enzymes, additional mammalian and human cell line studies will provide a
more complete metabolic characterization of the BBB to determine the overall distribution
of chemicals to the brain.

Taken as a whole, these pharmacokinetic properties of the BBB will allow for a more
accurate representation of the local chemical flux across the barrier and the
pharmacodynamic consequences from these local chemical concentrations. Another
limitation to keep in mind is that there are many differences in the timing of BBB formation
events between rodents (a primary source of data on BBB development) and humans (see
Figure 3). Awareness of this discrepancy should help researchers focus on the strengths of
existing animal model data (describing molecular interactions and sequences of events
during early embryonic development), while protecting against overpredicting human
outcomes.

While the majority of this AOP section has focused on establishing potential MIEs of BBB
development, future work utilizing /n vitro, in vivo, and in silico methods will allow for a
complete description of how each MIE is translated as various cell-, tissue-, and organ-
specific key events to arrive at the adverse outcome.
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4. Closing remarks

This review aims to set the stage for /n vitro and in silico modeling of the BBB from a
children’s environmental health perspective. While BBB patterning is established within the
first trimester and the BBB is arguably functional by human embryonic week 14 (Andrews
etal., 2017; Virgintino et al., 2004), BBB maturation continues beyond birth and the brain,
including the NVU, is not mature until a person reaches their early 20s. This highlights cells
of the NVU as potential targets whose disruption could lead to altered BBB differentiation at
earlier stages of development or misregulated intercellular communication at later stages, all
of which could underlie the etiology of persistent AOs such as neurobehavioral effects.
Approaching BBB research from a children’s environmental health context will require
technological advances that facilitate studying the BBB as a target organ of toxicity, while
moving beyond traditional BBB research methods that either overlook or mischaracterize the
unique features of the developing BBB. As others have demonstrated, the developing BBB is
not ‘leaky,” but rather uniquely suited to respond appropriately to the microenvironment in a
developmentally appropriate manner (Ek et al., 2012; Saunders et al., 2016; Saunders et al.,
2009). Combining this perspective with the vision of the NVU as a target organ of interest
supported by a clear outline of the signaling events and timing underlying BBB formation,
differentiation, and function promises to advance the field to identify putative BBB toxicants
that may contribute to the etiology of childhood neurobehavioral disorders.
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Figure 1: Neurovascular unit (NVU).
A) NVU showing endothelial cells (red), pericytes (light purple), astrocytes (bright purple),

neurons (dark purple), and microglia (orange); color coded to match Figure 3. B) Neural
tube, perineural vascular plexus (PNVP), neural crest, and neural ectoderm. Transverse
section at mouse Thieler Stage (TS) 16 (E10).
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Figure 2: Phylogeny of the BBB.
Primary amino acid sequence similarity for 86 proteins implicated in BBB development (see

figure 4) was determined for species representing classes that appear at different times
throughout evolutionary history: (Mammalia: Homo sapiens, Pan troglodytes, Mus
musculus, Actinopterygii (ray-finned fish): Danio rerio, Chondrichthyes (cartilaginous fish):
Callorhinchus milii;, Leptocardii (earliest vertebrates): Branchiostoma belcherr,
Branchiopoda (crustaceans): Daphnia magna, Insecta: Musca domestica, Hyperoartia

(invertebrate chordate): Lethenteron camtschaticum, Cephalopoda: Eteroctopus dofleini).
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Comparisons to the human protein (100%) were made by an amino acid sequence query
using the Basic Local Alignment Search Tool for proteins (BLASTp) of the National Center
for Biotechnology Information (NCBI) protein database using SeqAPASS v2.0 software
(https://seqapass.epa.gov/seqapass) (LaLone et al., 2016), which facilitates consistent
comparisons of amino acid sequence similarity across multiple species. For proteins with
multiple isoforms, SeqgAPASS best practices were used to select the most representative
NCBI protein accession number for the BLAST; and full sequence lengths (rather than
functional domains) were used. A beta testing version of ToxPi software v2.0 provided by
David Reif (NCSU) was used to produce the sequence similarity ToxPis using the ‘single’
clustering algorithm (Reif et al., 2010). For each protein, the % similarity to the human
protein (100%) is represented by the length of pie slice (i.e., shorter pie slices represent
lower similarity; or absence of a slice indicates no sequence similarity). Slices are arranged
from highest to lowest % similarity in the mouse compared to humans (i.e., red slices have
the highest similarity and light purple slices represent the lowest similarity). The type of
BBB (glial or endothelial) is indicated on the dendrogram at the node representing a
common ancestor with the same type of BBB. The symbols listed in the ‘protein’ key
correspond to standard NCBI gene names. NCBI protein database accessed between 6/27/17
and 7/27/17.
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Figure 3: Timeline of NVU development.
The boxed area indicates mouse Thieler Stages (TS) 9 (E6.5) to 27 (newborn). The section

above the box roughly indicates the corresponding human Carnegie Stages (CS) and
gestational days (GD) beginning at human CS 6-7 (GD14 -16). Neurons, oligodendrocytes,
astrocytes, and forebrain pericytes derive from neural ectoderm (purple); while endothelial
cells, mid- and hindbrain pericytes, and microglia derive from mesoderm (red).
Vasculogenesis begins during mouse TS 12 (E8.5), angiogenesis/invasion occurs at TS 15
(E9.5), lateral branching and tight junctions are present by TS 16 (E10), and anastomosis
and microglia peak at TS 19 (E11.5).
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Figure 4: Control network for neurovascular development.
Biowiring diagram with representative signaling pathways, receptors, and ligands that are

important for blood-brain barrier (BBB) development. Large rectangles are cells (color-
coded to match Figures 1 and 2): stalk and tip endothelial cells (red); pericyte, radial glia/
NPC, neuron, astrocyte, head mesenchyme (purple); microglia (orange). Yellow highlights
represent key receptors hypothesized to mediate developmental NVVU toxicity. Molecule
abbreviations are standard human NCBI gene symbols (see Table 1 for names).
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An adverse outcome pathway (AOP) for BBB development should include the proposed

molecular initiating events (MIEs), key events (KEs), and adverse outcomes (AOs) resulting

from embryonic or fetal exposure to a putative BBB disrupting compound. The list of

potential MIES/KEs included here encompasses molecules important for BBB development
(summarized in Figure 4). Perturbation of these molecules is indicated by A to indicate that

any change (either an increase or decrease in expression) could potentially lead to BBB
disruption. These molecular events underlie the function of the cells of the NVU. Altered

cellular function is expected to impact NVU and/or brain development and function, leading

to adverse outcomes such as neurodevelopmental toxicity and neurobehavioral disorders.
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