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            Abstract
Docosahexaenoic acid (DHA) is an omega-3 fatty acid that is essential for normal brain growth and cognitive function1,2,3,4. Consistent with its importance in the brain, DHA is highly enriched in brain phospholipids5,6,7. Despite being an abundant fatty acid in brain phospholipids, DHA cannot be de novo synthesized in brain and must be imported across the bloodâ€“brain barrier, but mechanisms for DHA uptake in brain have remained enigmatic. Here we identify a member of the major facilitator superfamilyâ€”Mfsd2a (previously an orphan transporter)â€”as the major transporter for DHA uptake into brain. Mfsd2a is found to be expressed exclusively in endothelium of the bloodâ€“brain barrier of micro-vessels. Lipidomic analysis indicates that Mfsd2a-deficient (Mfsd2a-knockout) mice show markedly reduced levels of DHA in brain accompanied by neuronal cell loss in hippocampus and cerebellum, as well as cognitive deficits and severe anxiety, and microcephaly. Unexpectedly, cell-based studies indicate that Mfsd2a transports DHA in the form of lysophosphatidylcholine (LPC), but not unesterified fatty acid, in a sodium-dependent manner. Notably, Mfsd2a transports common plasma LPCs carrying long-chain fatty acids such LPC oleate and LPC palmitate, but not LPCs with less than a 14-carbon acyl chain. Moreover, we determine that the phosphor-zwitterionic headgroup of LPC is critical for transport. Importantly, Mfsd2a-knockout mice have markedly reduced uptake of labelled LPC DHA, and other LPCs, from plasma into brain, demonstrating that Mfsd2a is required for brain uptake of DHA. Our findings reveal an unexpected essential physiological role of plasma-derived LPCs in brain growth and function.
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                    Figure 1: Localization of Mfsd2a in the bloodâ€“brain barrier and neuronal deficits in Mfsd2a-knockout mice.


Figure 2: Brains of Mfsd2a-knockout mice are DHA-deficient.


Figure 3: Cell-based transport assays of radiolabelled LPCs.


Figure 4: Uptake of radiolabelled LPCs by brain is decreased in Mfsd2a-knockout mice.
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Extended data figures and tables

Extended Data Figure 1 Mfsd2a is highly expressed in endothelium of micro-vessels in brain.
a, Expression of Mfsd2a in endothelium is co-localized with glucose transporter Slc2a1 (Glut1). Arrowheads show endothelial cells in blood brain vessels. b, Mfsd2a is highly expressed in micro-vessels in brain, shown here are sections in dentate gyrus regions. c, Mfsd2a and the pericyte marker PDGFRÃŸ co-localize in brain microvasculature. d, Mfsd2a is not expressed in pericytes. Yellow and red arrowheads indicate endothelial cells and a pericyte, respectively. Similar expression pattern of Mfsd2a is found in endothelium of micro-vessels in brain of monkey. e, Mfsd2a is highly expressed in micro-vessels and is co-localized with glucose transporter Slc2a1 (Glut1) in brain, shown here are sections in cerebellum of P4 monkey. f, g, Expression of Mfsd2a in endothelium in of brain micro-vessels. Shown is the hippocampal region. The marker for astrocytes is GFAP. KO, knockout; WT, wild type.


Extended Data Figure 2 Localization of Mfsd2a at the bloodâ€“brain barrier of E15.5 fetus and lipid analysis.
a, Mfsd2a (red) is highly expressed in micro-vessels and is co-localized with glucose transporter Slc2a1 (Glut1, green) in fetal brain. Scale bars 100 Âµm. b, Placental and fetal weights. Placentas and fetuses from two HET pregnant mice (E18.5) crossed with a Mfsd2a-knockout male were collected and weighed. There were no significant differences in placental and fetal weight between HET (n = 7) and knockout (n = 11) mice. c, Tail suspension was used to test for the presence of the paw-clasping phenotype of 10-week-old wild-type and knockout mice. d, Mass spectrometry measurement of phospholipids in the E18.5 fetal brain of wild-type (n = 6) and knockout (n = 5) mice showed that fetal brains of knockout mice had significantly reduced DHA levels, whereas AA levels were increased. ***Pâ€‰<â€‰0.001 (see Source Data accompanying this figure for the full data set).

Source data



Extended Data Figure 3 Mfsd2a-knockout mice exhibit microcephaly.
a, A representative image of brains of two 8-week-old wild-type and knockout littermates. b, The brain weight of knockout (n = 4) mice is significantly lower than that of wild-type (n = 4) littermates. c, Gross morphology of brains and sagittal sections of brains. Sagittal brain sections of 8-week-old wild-type and knockout mice were stained with NeuN to visualize neuronal cells and Mfsd2a polyclonal antibody to visualize expression of Mfsd2a. Mfsd2a is shown to be widely expressed in brain. Scale bars, 1 mm. d, Haematoxylin and eosin (H&E) staining of hippocampus region of 8-week-old wild-type and knockout mice, indicating a smaller hippocampus in knockout mice. Scale bars, 500 Âµm. ***Pâ€‰<â€‰0.001. Data are expressed as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 4 Mfsd2a-knockout mice exhibit deficits in learning and memory, and severe anxiety.
aâ€“d, The Y-maze test (a, b) and novel-object recognition test (c, d) were used to assess spatial learning, short-term memory (STM) and long-term memory (LTM) of the wild-type and knockout mice, respectively. Knockout mice exhibited significantly decreased total arm entries in a Y-maze test for spatial working memory. Knockout mice showed significantly reduced preferences for novel objects in novel-object recognition tests, indicative of defects in short-term memory and long-term memory, respectively. Train, the training period. eâ€“l, Zero-maze tests (eâ€“h) and lightâ€“dark box tests (iâ€“l) were used to assess anxiety of the wild-type and knockout mice, respectively. Knockout mice showed decreased transitions and head dips into open arms during Zero-maze test for anxiety behaviours. Knockout mice showed decreased entry into light box and increased latency to enter light box during lightâ€“dark box tests for anxiety. mâ€“o, Open-field test for activity. Knockout mice showed reduced travel distance in the open-field test for locomotor activity. During the open-field test, knockout mice had no vertical activity indicative of motoric dysfunction, and decreased time spent in the centre, indicative of reduced exploration compared to wild-type mice. The increased time spent in the corners of the open field suggests that knockout mice were more anxious than wild-type mice, and are congruent with our results from the Zero-maze and lightâ€“dark box tests. Wild-type mice (n = 11â€“13) and knockout mice (n = 8â€“10). ***Pâ€‰<â€‰0.001, **Pâ€‰<â€‰0.01, *Pâ€‰<â€‰0.05. Data are expressed as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 5 Human and mouse Mfsd2a transport LPCs but not unesterified fatty acids.
a, Thin-layer chromatography (TLC) analysis of phospholipids and neutral lipids of HEK293 cells transfected with mouse Mfsd2a and human Mfsd2a after overnight incubation with 100 ÂµM [14C]DHA. Std, unesterified [14C]DHA. Experiments were repeated three times with triplicates. b, TLC analysis of phospholipids and neutral lipids of HEK293 cells transfected with mouse Mfsd2a and mutants after overnight incubation with 100 ÂµM [14C]oleate. The TLC protocol used was described in the Methods. CE, cholesteryl ester; PC, phosphatidylcholine; PE, phosphatidylethanolamine; TAG, triglyceride. c, Localization of Mfsd2a, D92A and D96A at the plasma membrane (red). d, Western blot analysis of expression of Mfsd2a, D92A and D96A in HEK293 cells post 24 h transfection. e, Biological incorporation of radiolabelled LPC [14C]DHA into PC. f, Biological incorporation of radiolabelled LPC[14C]oleate into PC. Cells expressing human (e, f) or mouse (f) Mfsd2a were incubated with LPC [14C]DHA or 50 ÂµM LPC [14C]oleate. Lipids were extracted from cells after 30 min incubation with LPC [14C]DHA and 120 min incubation LPC [14C]oleate and analysed using TLC method for resolving PC and LPC. Experiments were repeated two times with triplicate. g, h, Dose-dependent transport of LPC [14C]DHA (g) and LPC [14C]oleate (h) by human Mfsd2a (hMfsd2a) and empty plasmid (mock) expressing HEK293. These experiments were performed in triplicate. i, Time-dependent transport of 50 ÂµM LPC [14C]oleate. Mouse Mfsd2a (wild-type) and mutant constructs D92A and D96A were tested for uptake of radiolabelled LPCs at indicated times. This experiment was performed in triplicate. j, Increased net uptake of LPC ligand in cells expressing mouse Mfsd2a. TLC analysis of phospholipids of HEK293 cells transfected with mouse Mfsd2a and mutants after 1 h post incubation with 100 ÂµM unlabelled LPC oleate. Shown numbers are fold changes of PC levels relative to mock. Experiments were repeated three times with duplicates. k, Transport activity of mouse Mfsd2a (wild-type), D92A, D96A, and mock expressing cells was not significantly different at indicated pHs. This experiment was performed in triplicate. l, Activity of Mfsd2a is sodium- but not lithium-dependent. Data were expressed as fold change of Mfsd2a expressing cells compared to corresponding mock cells treated with the same conditions. This experiment was performed in triplicate. m, Transport activity of Mfsd2a is not BSA-dependent as LPC palmitate solubilized in either ethanol or micellular form was transported by Mfsd2a, albeit to a lower level than with BSA. This experiment was performed in triplicate. Data are expressed as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 6 Competition assay to determine the ligand structures of Mfsd2a.
All competition assays were performed using 25 ÂµM LPC [3H]palmitate as ligand with or without tenfold molar excess (250 ÂµM) of the indicated competitors. a, The structures of the lipid competitors used in b and c. b, Competition assays with indicated acyl chain LPCs. c, Competition assay with indicated headgroups. Assays were stopped after 30 min of incubation. Competitive activity was expressed as percent to control (activity of Mfsd2a without competitor). 6:0, hexanoate; 8:0, octanoate; 10:0, docanoate; 12:0, laurate; 14:0, myristate; 16:0, palmitate; 18:0, stearate; 18:1, oleate; GPC, alpha-glycerylphosphocholine; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPS, lysophosphatidylserine. d, Representative structures of bioactive lipid competitors used in e and f. e, Competition assay with lysophospholipid forms of plasmalogens and platelet activating factor (PAF). This experiment was performed together with b, so that the control and mock shown in b can be used for reference. f, PAF and lysosphingomyelin (lysoSM) also showed strong competition, whereas sphingosine 1-phosphate (S1P) did not compete for LPC [3H]16:0 uptake. Competitive activity was expressed as percent to control (activity of Mfsd2a without competitor). g, Representative structure of non-biological lysophospholipid analogues foscholine-16 (Miltefosine) with an alkyl chain of 16 carbons. h, Competition assays of indicated foscholines with LPC [3H]palmitate. Assays were stopped after 15 min of incubation. Competitive activity was expressed as percent to control (activity of Mfsd2a without competitor). Foscholine with alkyl chain length of 8 (Fos-8), 10 (Fos-10) and 12 (Fos-12) carbons did not compete, whereas foscholine with an alkyl chain length of 16 carbons (Miltefosine) showed strong competition with LPC [3H]16:0. These experiments were repeated two times with triplicates. ***Pâ€‰<â€‰0.001. Data are expressed as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 7 Mfsd2a transports TopFluor LPE.
Thin-layer chromatography (TLC) analysis of phospholipids of HEK293 cells transfected with mouse Mfsd2a and mutants after 30 min post incubation with 25 ÂµM TopFluor LPE. a, TLC analysis of phospholipids. b, Quantification of intensity of PE band from TLC plate. PE, phosphatidylethanolamine; LPE, lysophosphatidylethanolamine. Experiments were repeated two times with duplicates. Data are expressed as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 8 Brain uptake of unesterified [14C]DHA was not reduced in Mfsd2a-knockout mice.
Male mice aged 7 weeks old were intravenously injected with 1 mmol of [14C]DHA-BSA complex. Brain, liver and heart were collected 2 h post injection for lipid extraction and DPM quantified using scintillation counting. aâ€“c, Uptake of unesterified [14C]DHA in the wild-type and knockout brain, heart and liver were expressed as DPM per g. dâ€“f, Level of uptake of DHA in aâ€“c was converted into nmol per g. gâ€“i, A comparison between the absolute amount of DHA uptake in the form of LPC DHA (converted from Fig. 4 into nmol per g in 2 h) and unesterified DHA (taken from dâ€“f above) in brain, heart and liver of wild-type mice. The same amounts of LPC DHA and DHA were injected in mice. The amount of LPC DHA uptake was far greater than unesterified DHA uptake by wild-type brain. ***Pâ€‰<â€‰0.0001, *Pâ€‰<â€‰0.05. Data are expressed as meanâ€‰Â±â€‰s.e.m. (wild-type, n = 5; knockout, n = 5).


Extended Data Figure 9 Brain uptake of TopFluor LPC was reduced in Mfsd2a-knockout mice.
This experiment was carried out as described for NBD LPC in Fig. 4. a, structure of TopFluor LPC. b, HEK293 cells expressing wild-type Mfsd2a showed significantly enhanced uptake activity to TopFluor LPC compared with mock (empty plasmid), D92A and D96A mutant expressing cells. c, TLC analysis showed that TopFluor LPC was bio-incorporated into PE. Experiments were repeated two times with duplicates. d, Quantification of PE band from the TLC plate shown in c. e, Brain uptake of TopFluor LPC was decreased in knockout mice. Male mice (wild-type, n = 3; knockout, n = 3) aged 7 weeks old were intravenously injected with 300 Âµg TopFluor LPCâ€“BSA complex. f, Fluorescence from 10 brain sections of wild-type and knockout mice was quantified and expressed as fluorescence intensity per pixel. ***Pâ€‰<â€‰0.001. Data are expressed as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 10 Dietary DHA supplementation failed to rescue Mfsd2a-knockout phenotypes.
Heterozygous female mice were gavaged with 100 Âµl DHA oil (containing 26% DHA triglyceride and 6% EPA, total omega-3 is 35%) every 2 days for 2 weeks before conception in crosses with heterozygous males. During gestation, pregnant mice were continued on gavages of DHA every 2 days. Gavages of mothers continued during breastfeeding and pups were weaned onto normal diet at 3 weeks of age and gavaged every 2 days with DHA for 8 weeks. a, Brain weight of adult wild-type (n = 4) and knockout (n = 4) mice aged 8 weeks after treatment with dietary DHA oil. Knockout mice brains were still significantly smaller. bâ€“e, DHA treatment of knockout mice did not reduce the strong anxiety phenotype as determined using the lightâ€“dark box test. To investigate why dietary DHA failed to rescue knockout phenotypes, we tested the hypothesis that uptake of maternally derived DHA (in this case the DHA delivered to the mother via gavage) might not get into the brain of knockout mice during brain development. To test this possibility, pregnant HET mothers intercrossed with knockout fathers were gavaged at E17.5â€“E19.5 with [14C]DHA and uptake into fetal brains was quantified. Note that heterozygous mice do not exhibit detectable phenotypes, have similar DHA to wild type (not shown) and are thus similar to wild type. The rationale for using HET and knockout intercrosses was to increase the yield of knockout mice in this study. The data shown in f indicate that brains of knockout mice exhibited an 80% reduction in the uptake of [14C]DHA relative to HET mice with the same mothers (n = 4 wild-type, n = 6 knockout). Therefore, Mfsd2a expressed during fetal development is important for DHA transport into brain. *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001. Data are expressed as meanâ€‰Â±â€‰s.e.m.
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Building the bloodâ€“brain barrier
The bloodâ€“brain barrier serves a vital function in maintaining the necessary environment for brain function but is an inconvenient obstacle to brain-directed therapeutics. Two papers published in this issue of Nature report the involvement of Mfsd2a, a member of the major facilitator superfamily regarded previously as an orphan transporter, in two aspects of bloodâ€“brain barrier function. David Silver and colleagues identify Mfsd2a as the major transporter for uptake of the omega fatty acid docosahexaenoic acid (DHA) into the brain. Mfsd2a is exclusively expressed in the endothelium of the bloodâ€“brain barrier, and Mfsd2a-knockout mice have reduced levels brain DHA, neuronal loss and reduced brain size and function. Chenghua Gu and colleagues find a role for Mfsd2 as a regulator of bloodâ€“brain barrier development and function: the barrier becomes 'leaky' in Mfsd2a-deficient mice, possibly a result of increased transcellular vesicular transport.
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