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leaked outside the vessels in Mfsd2a2/2 embryonic brains and was found
in the cortical parenchyma (Fig. 4a) and individual parenchyma cells
(quantified as tracer-positive parenchyma cells per unit area of the developing lateral cortical plate; Fig. 4b). Furthermore, using imaging and
spectrophotometric quantification methods5, we found that the leaky
phenotype persisted in early postnatal (Extended Data Fig. 4) and adult
(Fig. 4c) Mfsd2a2/2 mice. Because the sequence of Mfsd2a has similarities to the major facilitator superfamily of transporters, and Mfsd2a
facilitates the transport of tunicamycin in cancer cell lines23, we injected
two non-carbohydrate-based tracers of different sizes to rule out the possibility that dextran leakiness is due to interactions with Mfsd2a. SulfoNHS-biotin (,550 Da) and horseradish peroxidase (HRP; ,44 kDa)
tracers exhibited the leaky phenotype in Mfsd2a2/2 mice (Extended Data
Fig. 4a, b). Moreover, a larger molecular weight tracer, 70-kDa dextran,
also displayed leakiness in Mfsd2a2/2 mice (Extended Data Fig. 4d).
In contrast to severe barrier leakage defects (Fig. 4a–c and Extended
Data Fig. 4), brain vascular patterning was similar between Mfsd2a2/2
mice and littermate controls. No abnormalities were identified in capillary density, capillary diameter or vascular branching (Fig. 4d and Extended Data Fig. 5a), in embryonic (E15.5), postnatal (P4), and adult
(P70) brains of Mfsd2a2/2 mice. Moreover, we found no abnormalities
in cortical arterial distribution in adult Mfsd2a2/2 mice (Extended Data
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BBB endothelial cells display specialized tight junctions and extremely low rates of transcellular vesicular transport (transcytosis)3. In concert with pericytes and astrocytes, this unique brain
endothelial physiological barrier seals the CNS and controls substance influx and efflux. BBB endothelial cells have lower rates
of transcytosis than endothelial cells in other organs3. Peripheral
endothelial cells display active vesicle trafficking to deliver nutrients to peripheral tissues, whereas BBB endothelial cells express
transporters to selectively traffic nutrients across the BBB4. However, it is not clear when and how these properties are acquired.
Although recent studies revealed molecular pathways involved in
the development of the embryonic BBB5–12, disruption of some
of these genes affect vascular network development, making it
difficult to determine whether barrier defects are primary or secondary to a broader vascular effect.
A limited understanding of the molecular mechanisms that control BBB formation and BBB function has hindered our ability
to manipulate the BBB in disease and therapy13. We and others
showed that the BBB becomes functional during embryogenesis
in a gradual process of endothelial differentiation. In our current
work14, we showed that examining barrier-genesis at the mole-
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The central nervous system (CNS) requires a tightly controlled
environment free of toxins and pathogens to provide the proper
chemical composition for neural function1. Endothelial cells, the
building blocks of blood vessels of the brain, are considered to be
the gatekeepers of the brain. They protect the brain by blocking
entry or promoting clearance of harmful materials. They ensure
that the brain maintains the nutrient and chemical compositions
crucial for its unique metabolic demands and for neuronal function. Endothelial cells make up what is known as the blood brain
barrier (BBB). This barrier is very efficient in preventing entrance
of drugs/therapeutics from the blood to the brain and thus poses
a major obstacle for treating brain-related diseases. Conversely,
BBB breakdown is linked to degenerative pathologies, including
Alzheimer’s disease, ALS and Multiple Sclerosis2.
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cular level is an efficient way to discover genes contributing to
specific barrier functions. With this approach we discovered a novel gene important in creating an impermeant BBB by controlling
vesicular transport across the barrier, an attractive path for drug
delivery.
In order to identify mechanisms governing the establishment of
a functional BBB, we first developed a novel tracer-injection method for embryos and demonstrated spatiotemporal developmental profiles of BBB functionality. The prevailing view has been that
the embryonic and perinatal BBB are not yet functional1. However, previous embryonic BBB functionality studies were primarily
performed by trans-cardiac tracer perfusion, which may dramatically affect blood pressure, cause bursting of CNS capillaries, and
artificially produce leakiness phenotypes1. To circumvent these
obstacles, we developed a method to assess BBB integrity during
mouse development, in which a small volume of tracer is injected
into embryonic liver to minimize changes in blood pressure (Fig.
1a). With this method we found that the mouse BBB becomes
functional at embryonic day 15.5 (E15.5 Fig. 1b). Specifically, at
E13.5 cortex a 10-kDa dextran tracer leaked out of capillaries and
was taken up by non-vascular brain parenchyma cells (Fig. 1b, top
panel). At E14.5, the tracer was primarily restricted to capillaries,
but tracer was still detected outside vessels (Fig. 1b, middle panel). In contrast, at E15.5, the tracer was confined to vessels with
no detectable signal in the surrounding brain parenchyma, similar
to the mature BBB (Fig. 1b, bottom panel). These data demonstrate that following vessel ingression into the neural tube, the BBB
gradually becomes functional as early as E15.5.
Identifying the developmental time-point when the BBB gains
functional integrity, enabled us to use that time window to profile BBB-specific genes when the BBB is actively forming. Based on
the temporal profile of BBB formation, we compared expression
profiles of BBB (cortex) and non-BBB (lung) endothelium at E13.5,
using an Affymetrix array, and identified transcripts with significantly higher representation in cortical than lung endothelium.
These transcripts included transporters, transcription factors, and
secreted and transmembrane proteins. We were particularly interested in transmembrane proteins, owing to their potential involvement in cell–cell interactions that regulate BBB formation.
One of the genes identified, Mfsd2a, had 78.8 times higher expression in cortical endothelium than in lung endothelium (fig.
2a). Both in situ hybridization and Immunohistochemistry showed
prominent expression in CNS vasculature but no detectable signal
in vasculature outside the CNS, such as in lung or liver. Moreover, both Mfsd2a mRNA and MFSD2A protein were absent in the
choroid plexus vasculature, which is part of the CNS but does not
possess a BBB1 (Fig. 2c, d, g). MFSD2A expression in CNS vasculature was observed at embryonic stages (E15.5), postnatal stages
(P2 and P5) and in adults (P90). Finally, MFSD2A protein, which is
absent in the Mfsd2a-\- mice (Fig. 2e)15, was specifically expressed
in claudin-5-positive CNS endothelial cells but not in neighbouring parenchyma cells (neurons or glia) or adjacent pericytes (Fig.
2f). Previously, MFSD2A was reported to be a transmembrane
protein expressed in the placenta and testis, which have highly
restrictive barrier properties16,17.
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immuno-electron-microscopy examination, Mfsd2a protein was found
in the luminal plasma membrane and associated with vesicular structures in cerebral endothelial cells, but not in tight junctions (Extended
Data Fig. 8). At present, it is not clear whether the reported transporter
function of Mfsd2a is related to its role in BBB formation.
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