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Brain L-serine is critical for neurodevelopment and is thought to be synthesized solely
from glucose. In contrast, we found that the influx of L-serine across the blood-brain
barrier (BBB) is essential for brain development. We identified the endothelial Slc38a5,
previously thought to be a glutamine transporter, as an L-serine transporter expressed
at the BBB in early postnatal life. Young Slc38a5 knockout (KO) mice exhibit devel-
opmental alterations and a decrease in brain L-serine and D-serine, without changes
in serum or liver amino acids. Slc38a5-KO brains exhibit accumulation of neurotoxic
deoxysphingolipids, synaptic and mitochondrial abnormalities, and decreased neurogen-
esis at the dentate gyrus. Slc38a5-KO pups exhibit motor impairments that are affected
by the administration of L-serine at concentrations that replenish the serine pool in the
brain. Our results highlight a critical role of Slc38a5 in supplying L-serine via the BBB
for proper brain development.

D-serine | deoxysphingolipids | serine metabolism | synaptopathy

L-serine is important for the production of key metabolites and plays a role in several
cellular processes, including sphingolipid production, folic acid cycle, and protein synthesis
(1). L-serine also acts as a trophic factor that promotes neuronal survival and dendrito-
genesis (2). Brain L-serine is synthesized in astrocytes from glucose through the phospho-
rylated pathway by the sequential reactions of three enzymes: 3-phosphoglycerate
dehydrogenase (Phgdh), phosphoserine aminotransferase (Psatl), and phosphoserine
phosphatase (Psph) (1). Loss-of-function mutations in any of these enzymes lead to intel-
lectual disability and microcephaly in children, along with a reduction in the CSF serine
(1). Similarly, mutations in the L-serine transporter Slc1a4 promote intellectual disability,
motor impairment, and postnatal microcephaly (3).

Astrocytic L-serine is exported to neurons in a process known as the serine shuttle (4),
where it is converted to D-serine by the neuronal serine racemase (5). D-serine is a phys-
iological coagonist of N-methyl-D-aspartate receptors (NMDARs) and is required for
synaptic plasticity and learning and memory (6).

L-serine is often indispensable to cells with high metabolic rate (7). Brain metastases are
particularly sensitive to inhibition of the serine synthesis pathway (7). Like cancer cells, the
developing brain exhibits fast growth and high metabolic requirements (8). However, it is
not known how the developing brain adjusts its metabolic requirements for serine.

The influx of L-serine from the blood into the brain occurs through the blood—brain
barrier (BBB), a specialized structure composed of endothelial cells connected by junctions
that prevent paracellular transport of substances (9). We now found that young mice import
blood L-serine through the BBB at a rate 10-fold higher than older mice, suggesting that
the blood is an important source of serine during development. We identified Slc38a5 as a
brain microvessel-specific transporter that transports L-serine through the BBB in the early
postnatal period. Slc38a5-KO mice show lower L- and D-serine levels in the brain during
the first two postnatal weeks, along with metabolic, synaptic, and mitochondrial abnormal-
ities and motor impairments. Our data suggest that the supply of blood L-serine through
Slc38a5 is essential for early postnatal neurodevelopment.

Results

Young Mice Display Higher Influx of L-serine through the BBB. We evaluated the serine
metabolism in mice at two different ages (P11 and P42) by administering stable-isotopes
i.p. and subsequently measuring the synthesis of Ser'>C; from glucose'*C, and the uptake
of Ser’C, "N into the brain (Fig. 14). To minimize peripheral conversion of serine into
glycine, mice were treated with Shin1 (Fig. 1A4), an inhibitor of the serine hydroxymethyl
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exclusively from glycolysis,
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blood serine. Contrary to
prevailing dogma, our research
indicates that an additional
supply of serine from the blood
plays a critical role in postnatal
brain development. We have
identified Scl38a5 as a major
L-serine transporter at the BBB
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L-serine from the blood into the
brain in the early postnatal
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for early postnatal brain
development and has
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serine deficiency syndromes.
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Fig. 1. Endothelial SIc38a5 is a serine transporter that plays a crucial role in postnatal brain growth. (A) Diagram of the experimental approach used in B-D.
Young (P11) and older (P42) mice were injected with 50 mg/kg Shin1 (i.p.) followed by a mix of Ser’>C,"*N (50 mg/kg) and glucose>C, (1 g/kg) every 20 min.
Mice were transcardiacally perfused with ice-cold PBS and tissue were collected for LC-MS analysis. Data are mean + SEM of 5 (P42) and 6 (P11) mice/group.
(B) Serine isotopologue distribution in the hippocampus shows higher levels of unlabeled serine (Ser) and all **C-isotopologues in P11 mice when compared to
P42 mice. Student's t test. (C) Synthesis of Ser'>C; in hippocampi of P11 and P42 mice from glucose'C,. The values were normalized by the serum glucose'C
divided by unlabeled glucose. (D) Levels of Ser">C,"*N in hippocampi of P11 and P42 mice, reflecting in vivo influx of blood Ser'>C,"*N into the brain. The values
were normalized by the serum Ser'*C,"*N divided by the sum of all other serum serine isotopomers Student's t test. (£) Slc38a5 exhibits a higher transport rate
for L-[*H]serine than L-[*H]glutamine in HEK293 cells transfected with Slc38a5. Negative controls consisted of GFP-transfected cells. Data are mean + SEM of 9
L-serine and 6 L-glutamine experiments. Student's ¢ test. (F) Confocal image showing Slc38a5 expression in endothelial cells labeled by CD31 in the neocortex
of P11 WT mice. Capillaries (c) were identified by a lumen size <10 um and venules (v) by lumen size between 10 and 50 um. The lower panels show lack of
immunoreactivity in SIc38a5-KO mice tissue. (Scale bar, 50 um.) (G) SIc38a5 is not expressed in arterioles (a) or astrocytes that are immunoreactive for Acta2
and GFAP, respectively. (H) Diaminobenzidine-peroxidase staining of Slc38a5 in the neocortex of WT mice show lower expression at P42 when compared to P11.
The staining was absent in Slc38a5-KO mice. (Scale bar, 50 um.) (/) Western blot of mouse cortical extracts shows high expression of Slc38a5 at embryonic day
17 (E17) and a progressive decline to undetectable levels in older ages. Control with Slc38a5-KO brain extract shows the specificity of the antibody. (/) Slc38a5
enrichment in brain microvessels of P1 mice. Br, brain; MV, purified microvessels; Sup, MV-depleted supernatant fraction. (K and L) Post-embedding electron
microscopy. (K) Slc38a5 labeled by colloidal gold at the luminal (arrows) and abluminal (arrowheads) membrane of endothelial cells of the neocortex of P11
mice. Quantification of the gold particles (L) at the abluminal and luminal membranes. Student's ¢ test. (M) T2-weighted MRI scans of P42 WT and SIc385-KO
mice. (N) Regional volume reductions in brain regions. Cp, caudate putamen (striatum); Hip, hippocampus; Cb, cerebellum. Data are mean + SEM of 5 mice/
group. Student’s ¢ test. (O) Brain and (P) body weight of WT and SIc38a5-KO mice determined at different ages. Data are mean + SEM of WT = 22, KO = 16 (P0);
WT =19, KO =17 (P5); WT = 22, KO = 13 (P11); WT = 10, KO = 11 (P42) mice/group. Student’s t test with Welch correction.
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transferase 1 and 2 (10). As a control, we found that Shinl does
not cross the BBB (S/ Appendix, Fig. S14), but it increases serum
L-serine levels in vivo (SI Appendix, Fig. S1B).

P11 mice have twice as much endog%enous serine (Fig. 1B, yel-
low bar, P < 0.001) and increased Ser 3CIISN (Fig. 1B, magenta
bar) in the hippocampus compared to P42 mice. We found that
the de novo synthesis of serine, as measured by the formation of
Ser"’C, from glucose'’Cy, was the same in both young and older
mice brains (Fig. 1C). Remarkably, P11 mice display a 10-fold
higher influx of Ser'>C, "N from the blood into the hippocampus
when compared to P42 mice (Fig. 1D), indicating a higher per-
meability of the BBB to serine at young age. We confirmed that
the higher levels of brain serine in P11 mice were not due to
interconversion of serine and glycine, as the ratio of Gly"’C,"°N
to SerlaCllsN was unaltered (S7 Appendix, Fig. S1C).

Slc38a5 Transporter Uses L-serine as Substrate and Is Expressed
in Brain Endothelial Cells. We investigated the potential reason
for the higher influx of blood L-serine into young mice brains.
Through analyzing transcriptome data (11), we noticed up to 100-
fold enrichment of the Slc38a5 transporter in brain endothelial
cells in comparison to other neural cells or peripheral vessels.
While previous research has indicated that Slc38a5 functions as a
glutamine and glycine transporter (12, 13), we found that Slc38a5
is much more efficient in transporting L-serine (Fig. 1E). The
Km for L-serine (200 pM) is fivefold lower than for L-glutamine
(81 Appendix, Fig. S2 A and B) and more than 10-fold lower than
for D-serine and glycine (8] Appendix, Fig. S2 Cand D).

We found that young mice (P11) robustly express the Scl38a5
transporter in CD31 (PECAM-1)-positive brain capillaries and
venules (Fig. 1 F, Top). We confirmed the specificity of the Slc38a5
antibody by the lack of immunoreactivity in a constitutive
Slc38a5-KO mice model (Fig. 1 F, Lower). No expression of
Slc38a5 was detected in arterioles or astrocytes, identified by Acta2
and GFAD, respectively (Fig. 1G). The vascular staining for Slc38a5
was more widespread and robust in young (P11) than older (P42)
mice, particularly in small capillaries (Fig. 1 H, Left and Middle).
Western blot analysis of Slc38a5 revealed higher expression in
perinatal ages, with a subsequent decrease in older mice to unde-
tectable levels (Fig. 17). Early expression of Slc38a5 in brain
microvessels of E17 embryos was confirmed by immunostaining
(SI Appendix, Fig. S3A). In agreement with the immunohisto-
chemical localization of Slc38a5 in endothelial cells, we found a
remarkable enrichment of Slc38a5 in purified brain microvessel
fraction (Fig. 1)).

To determine the subcellular distribution of Slc38a5 in endothe-
lial cells, we conducted electron microscopy and found that
Sle38a5 is present in both the abluminal (brain-facing) and lumi-
nal (blood-facing) membranes (Fig. 1X). Slc38a5 is asymmetri-
cally expressed, with more gold particles labeling the abluminal
membrane (Fig. 17).

Slc38a5-KO Mice Display Developmental Alterations. Deletion of
the Slc38a5 gene affected postnatal brain growth. MRI indicates
that Slc38a5-KO mice had a 20% reduction in the volumes of the
striatum, hippocampus, and cerebellum (Fig. 1 M and V). Despite
maintaining normal brain and body weight until P5, the Slc38a5-
KO mice exhibited decreased brain and body weight at older
ages (Fig. 1 O and P). The body-to-weight ratio was unchanged,
indicating that both were equally affected (S7 Appendix, Fig. S3B).
Examination of the hippocampus and neocortex through Nissl
staining revealed no gross abnormalities and similar number of
Nissl bodies in the Slc38a5-KO mice (SI Appendix, Fig. S3C).
GFAP expression was the same in WT and Slc38a5-KO mice,
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indicating lack of significant astrogliosis (S/ Appendix, Fig. S3D).
There were no changes in the phosphorylation of proteins involved
in translation regulation, such as Ake, p70S6, 4EBP1, elF2a, and
others (81 Appendix, Fig. S3E). We used only males in the above
tests and in subsequent studies. Because Slc38a5 is X-linked,
controls for homozygous females would be from a different
breeding pair and not from littermates. Furthermore, Slc38a5
escapes silencing of the paternal X chromosome in 30% of cases
and is more expressed in female placental samples than in male
samples, complicating the use of female mice (14).

Slc38a5 Controls Brain Serine Levels. To determine the impact of
Sle38a5 deletion on amino acid substrates in vivo, we analyzed the
brain levels of L-serine, D-serine, L-glutamine, and other amino
acids in Slc38a5-KO mice and WT littermates by HPLC (Fig. 2
A-C). At PO age, levels of L- and D-serine were not altered in
Slc38a5-KO mice but were significantly decreased by P5 and P11
(Fig. 2 A and B). Notably, in P42 mice, which express little to
no Slc38a5 (Fig. 1 H and J), there were no differences in serine
enantiomer levels between Slc38a5-KO mice and WT littermates
(Fig. 2 A and B).

No differences were observed in brain L-glutamine content at
any age (Fig. 2C), indicating that Slc38a5 does not control brain
glutamine levels. Furthermore, HPLC analysis did not reveal
changes in other potential Slc38a5 substrates in the brain (Fig. 2D).

Lower levels of serine in Slc38a5-KO mice were not due to
changes in serine metabolic enzymes. The expression of Phgdh
and PSAT1 was unchanged in the brains of young Slc38a5-KO
mice (Fig. 2E). Serine racemase, which converts L-serine to
D-serine (5) as well as glutamine synthetase were also unaltered
(Fig. 2E).

Next, we carried out targeted metabolomics of four brain regions
as well as serum and liver (SI Appendix, Tables S1-S6). In order to
mitigate false positives and exclude biologically irrelevant changes,
we examined metabolites that exhibited alterations in at least three
brain regions and displayed a minimum change of 10%. We con-
firmed a reduction in serine levels across all four brain regions in the
Slc38a5-KO mice (87 Appendix, Fig. S4A). We also found a decrease
in threonine levels in all brain regions of Slc38a5-KO mice
(81 Appendix, Fig. S4B), whereas 2-phosphoglycerate (P2G) increased
in three brain regions (S Appendix, Fig. S4C). There were no differ-
ences between the hippocampus and other brain regions regarding
serine, threonine, or P2G levels (S Appendix, Fig. S4 A-C, Right).
Some metabolites were not pursued as they were not consistently
different than WT in more than 2 brain regions or changed less than
10%. (SI Appendix, Tables S1-S4). Moreover, no changes were
detected in the serum or liver for any of the metabolites at FDR<0.1
(SI Appendix, Fig S4D and Tables S5 and S6).

Because threonine is decreased in the brains of Slc38a5-KO
mice, we investigated whether threonine is a substrate of Slc38a5.
We found that the transport of L- [’H]threonine by ectopically
expressed Slc38a5 was five times lower than that of L- [’H]serine
(SI Appendix, Fig. SAE). In addition, the serum concentration of
serine is twice that of threonine (S8 Appendix, Fig. S4F), indicating
that threonine is probably not a physiological substrate for

Slc38a5.

Transport of Serine Enantiomers In Vivo by Slc38a5 at the BBB.
We monitored the Slc38a5-mediated transport at the BBB in vivo
by injecting radiolabeled amino acids intracardiacally (Fig. 3A).
We measured the extraction fraction (EF) of each amino acid from
the blood into the brain relative to the EF of L-glutamate that was
coinjected along with amino acids of interest. L-Glutamate is not a
substrate of Slc38a5 and its EF was used to normalize the values to
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Fig. 2. SIc38a5 regulates brain serine levels during the first two postnatal weeks without altering serum amino acid levels. Age-dependent change in L-serine
(A), D-serine (B), and L-glutamine (C) in P0-P42 mice monitored by HPLC. H, hippocampus; St, striatum. One-way ANOVA and Holm-Sidak multiple comparisons
test (PO, WT = 9 and KO = 8 mice; P5, WT =7 and KO = 6; P11 (St), WT = 17 and KO = 19; P11 (H), WT = 11 and KO = 11; P42 (St), WT = 6 and KO = 7; P42 (H),
WT =6 and KO =5). (D) Selective decrease in serine enantiomers in Slc38a5-KO mice brains (P5) compared to other amino acids. The P values were adjusted using
the two-stage step-up false discovery method of Benjamini, Krieger, and Yekutieli. The data for L-Ser and D-Ser levels were replotted from panels A and B (P5)
for comparison with other brain amino acids. (F) Western blot of serine and glutamine metabolic enzymes and quantification of the expression normalized for
actin. Phgdh, 3-phosphoglycerate dehydrogenase; SRR, serine racemase; PSAT1, phosphoserine aminotransferase 1; GS, glutamine synthetase in the striatum
of P11 mice. Data represent the mean + SEM of 4 to 10 mice/group.

account for changes in cardiac output among the mice. We found Leucine uptake was not affected in Sle38a5-KO mice (Fig. 3H),
that young Slc38a5-KO mice exhibit lower in vivo BBB transport  suggesting that there is no functional change in system L trans-
of three substrates: L-serine, D-serine, and L-glutamine (Fig. 3 porters (e.g., Slc7a5, Slc7a8), which use leucine as substrate (9).

B-D). In vivo uptake of L-threonine (Fig. 3£) or glycine (Fig. 3F) As an additional control, we monitored the EF of amino acids in
was not affected in Slc38a5-KO mice, indicating that they are not the kidneys, which do not express Slc38a5 (15). The uptake of all
physiologic substrates for Slc38a5 at the BBB. We also performed  tested amino acids was unaffected in the kidneys of Slc38a5-KO
controls, such as coinjecting L-serine with 3-O-methyl-D-glucose ~ mice (S Appendix, Fig. S6 A-H).

(30MG), which confirmed the decrease in L-serine transport via A recent study found that knockdown of Slc38a5 delays retinal
the BBB in young Slc38a5-KO mice (Fig. 3G). vessel development (16). We did not detect any change in
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Fig. 3. Slc38a5-KO mice exhibit decreased serine transport through the BBB. (A) Diagram of the experimental approach used for determining the extraction
fraction (EF) of amino acids from the blood into the brain in P11-13 mice. (B) Ratio of L-[>H]serine and L—[”C]glutamate EFs (8 WT and 7 KO). (C) Ratio of D-[°H]
serine and L-['“Clglutamate EFs (11 WT and 7 KO). (D) Ratio of L-[*H]glutamine and L-["*C]glutamate EFs (5 WT and 8 KO). (£) Ratio of L-[*H]threonine and L-['*C]
glutamate EFs (4 WT and 7 KO). (F) Ratio of [”C]glycine and L-[3H]glutamate EFs (5 WT and 5 KO). (G) Ratio of L-['“C]serine and 3-O-[Methy|—3H]D-qucose (30MG)
EFs (10 WT and 10 KO). (H) Ratio of L-[**C]leucine and [?H]I30MG EFs (6 WT and 14 KO). Data are means + SEM. Mann-Whitney U test (A-H).
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microvessel density in Slc38a5-KO mice monitored by CD31
immunofluorescence (SI Appendix, Fig. S5A). Furthermore, BBB
permeability for fluorescein (S Appendix, Fig. S5B) or 10-kDa dex-
tran (8] Appendix, Fig. S5C) was not altered in Slc3825-KO mice,
indicating that Slc38a5 deletion does not affect BBB permeability.

Slc38a5 Transporter Acutely Regulates Brain L-serine but Not
L-glutamine Levels. To investigate the role of Slc38a5 in acutely
regulating brain L-serine levels, we injected the mice with an excess
of L-glutamine to compete with serum serine for transport through
Slc38a5 (Fig. 4A4). We found that L-glutamine administration
acutely decreased the levels of brain L-serine (Fig. 44) and D-
serine (Fig. 4B) in WT but not in Slc38a5-KO mice. This suggests
that Slc38a5 plays a role in regulating the steady-state levels of L-
serine and D-serine in the brain. Conversely, we injected L-serine
at concentrations that increased brain L-serine by 30% + 8.5 (n = 8)
and found that it does not affect the levels of L-glutamine (Fig. 4C)
or its metabolite L-glutamate (Fig. 4D). Our observations indicate
that L-glutamine transport by Slc38a5 appears to be negligible for
maintaining brain L-glutamine levels but that blood glutamine
levels can be an important regulator of brain serine levels.

Lower Transport of L-serine across the BBB of Slc38a5-KO Mice
but Normal L-serine Synthesis. To examine L-serine transport via
Slc38a5 and its synthesis from glucose, we coinjected Ser?C,"°N
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with glucose’Cy in P11 WT and Slc38a5-KO mice. We found
reduced L-Ser"’C, "N influx into the hippocampus of Slc38a5-
KO mice (25% decrease, P = 0.052) (Fig. 4E). No changes
were observed in the liver Ser'”C,"°N (Fig. 4F). Furthermore,
L-serine synthesis, as measured by the formation of Ser"’C; from
glucoselSCG, was unaffected in the hippocampus (Fig. 4G) and liver
(Fig. 4H) of S1c38a5-KO mice. Conversion of serine into §lycine,
inferred by the formation of Gly"?C,"’N from Ser'’C,"N, was
notaltered in Slc3825-KO mice as well (Fig. 4/). Overall, the data
suggest that the lower brain L-serine levels in young Slc38a5-KO
mice are due to a deficiency in L-serine import and not a change
in de novo L-serine synthesis.

Accumulation of Neurotoxic Deoxysphingolipids in Slc38a5-
KO Mice. We investigated whether deletion of Slc38a5 affects the
sphingolipid pathway, which uses L-serine as a precursor to generate
sphinganine through the condensation with palmitoyl-CoA catalyzed
by serine palmitoyltransferase (SPT). Promiscuous condensation
of palmitoyl-CoA with alanine or glycine by SPT results in the
formation of highly toxic deoxysphingolipids (doxSLs), such as
deoxysphinganine (doxSA), deoxymethylsphinganine (doxmeSA),
and deoxydihydroceramide (doxDHCer) (see SI Appendix, Fig. S7
for structures) (17, 18). We found that P5 Slc38a5-KO mice
had a 40% higher brain L-alanine/L-serine ratio but a normal
glycine/L-serine ratio (Fig. 54). We hypothesized that the higher
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Fig. 4. SIc38a5 controls the steady-state levels of brain serine enantiomers independently of serine synthesis from glucose. (A and B) WT and SIc38a5-KO mice
(P11-13) were injected i.p. with L-GIn (2 mmol/kg) and 2.5 h later, striatal levels of L-Ser and D-Ser were quantified. L-GIn injection caused a decrease in brain
L-serine (A) and D-serine (B) in WT but not in SIc38a5-KO pups. One-way ANOVA and Sidak multiple comparisons test. (C and D) WT and Slc38a5-KO mice (P11-
P13) were injected with L-serine (2 mmol/kg) and processed as described in A-B. Striatal levels of L-GIn (C) and L-Glu (D) were unaltered by L-Ser injection in both
genotypes. (E-/) Serine metabolism in the brain and liver of WT and Slc38a5-KO mice (P11-P13). Animals were injected with Shin1 followed by a mix of Ser'*C,"*N
(50 mg/kg) and glucose'Cq (1 g/kg). Ser'*C,"*N and Ser'C; analyzed by LC-MS. SIc38a5-KO displayed a lower import of Ser'*C,"*N into the hippocampus (£) but
not the liver (F). The values in £ and Fwere normalized by the serum Ser'>C,"*N divided by the sum of all other serum serine isotopologues There was no change
in the synthesis of Ser'>C; from glucose'C, in either the hippocampus (G) or liver (H) of Slc38a5-KO mice. The values of Ser'>C, in G and H were normalized by
the serum glucose'C, divided by the unlabeled glucose. (/) Conversion of Ser'C,'°N into Gly'3C,"*N and was unaltered in the hippocampus of Slc38a5-KO mice.
Hippo, hippocampus. Data are means + SEM of 5 WT and 4 KO. Welch's ¢ test.
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Fig. 5. Accumulation of atypical deoxysphingolipids in Slc38a5-KO mice.
(A) Slc38a5-KO mice (P5) display higher L-Ala to L-Ser ratio in the brain, but normal
Gly to L-Ser ratio. Data are means + SEM of 7WT and 5 KO mice. One-way ANOVA
and Sidak multiple comparisons test. (B) SIc38a5-KO (P5) accumulates doxSA in
the brain but not doxmeSA. Data are means + SEM of 19 WT and 17 KO brains.
Brown-Forsythe and Welch ANOVA and Dunnett's T3 multiple comparisons test.
(C) Slc38a5-KO mice brains (P5) have higher levels of total doxDHCer species.
(D) Cigand C, were the main doxDHCer species that accumulated in the Slc38a5-
KO mice. Mann-Whitney U test adjusted by Benjamini, Krieger, and Yekutieli FDR
approach. Data are means + SEM of 19 WT and 17 KO brains.

L-alanine/L-serine ratio in Slc38a5-KO mice leads to the formation
of doxSLs by SPT. Using targeted LC-MS analysis, we found higher
levels of doxSA (Fig. 5B) in the brains of P5 Slc38a5-KO mice.
Deoxydihydroceramides (doxDHCer), which are downstream
products of doxSA, were increased in the brains of P5 Slc38a5-
KO mice (Fig. 5 C and D), mainly because of the increase in
C,5-doxDHCer, the most abundant species. On the other hand,
levels of normal sphingolipids (e.g., dihydroceramides, ceramides,
lactosylceramides, hexosylceramides, and sphingomyelin) were not

altered in P5 Slc38a5-KO mice (ST Appendix, Fig. S8).

Synaptic and Mitochondrial Abnormalities in Slc38a5-KO Mice.
Deoxysphingolipids are neurotoxic and cause synapse damage and
mitochondrial dysfunction (17, 18). We used electron microscopy to
analyze the synapses and mitochondria in the molecular layer of the
dentate gyrus (Fig. 6A), a region that has very active synaptogenesis
at P4 to P11 (19). Asymmetric (excitatory) synapses from P11
SIc38a5-KO mice (Fig. 6B) contained shorter postsynaptic densities
(Fig. 6C) and showed a significant decrease in postsynaptic density
area (Fig. 6D). The distribution of postsynaptic density length and
area were shifted toward lower values in the Slc38a5-KO mice (Fig. 6
Cand D). The active zone, containing the release-ready and proximal
vesicle pools, was smaller in Slc38a5-KO mice (Fig. 6E). Although
the density of vesicles / nm’ of active zone was unaltered (Fig. 65),
the number of vesicles/active zone (Fig. 6G) was lower due to the
smaller area of the active zones in the Slc38a5-KO.

The number of asymmetric synapses in Slc38a5-KO mice
remained unchanged (Fig. 6 H, Lef?), but we observed an increase
in the number of symmetric synapses (Fig. 6 H, Right), which are
generally considered inhibitory. The presynaptic bouton areas of
both symmetric and asymmetric synapses in Slc38a5-KO mice
were the same as in WT (S Appendix, Fig S9 A-C).

We then analyzed mitochondrial morphology by quantifying
mitochondria with degenerative changes, like electron-lucent swell-
ing of the matrix, fragmentation of the cristae, and disruption of the
outer membrane (Fig. 67, arrowheads). Deletion of Slc38a5 resulted
in a 4-fold increase in damaged mitochondria (Fig. 6/). This was

https://doi.org/10.1073/pnas.2302780120

associated with a several-fold increase in mitophagy-like events, such
as phagophore formation and mitophagosome-like structures (Fig. 6/,
red arrows, and Fig. 6/, Middle). Total number of mitochondria re-
mained unchanged in Slc38a5-KO mice (Fig. 6 /, Right). We also
detected higher levels of Rheb, a synaptic mitophagy initiator (20),
and LC3BII, a protein involved in autophagosome formation, in

brain mitochondrial fraction of Slc38a5-KO mice (Fig. 6K).

Reduced Hippocampal Neurogenesis in Slc38a5-KO Mice.
Administration of D-serine increases cell proliferation and survival
of new neurons in the adult hippocampus (21). Given the decrease
in L-serine and D-serine in Slc38a5-KO mice, we examined cell
proliferation and neurogenesis in the dentate gyrus, which has a
high rate of neurogenesis in all layers at young age (22). Slc38a5-
KO mice showed no changes in cell proliferation marker (Ki-67)
(Fig. 7 A and B) or marker for neural stem cells and astrocytes
(Sox-2) (Fig. 7 A and C). Injections of 5-ethyl-2’-deoxyuridine
(EdU) at P5 mice, which is incorporated in the DNA of newly
formed cells, revealed similar total numbers of new EdU+ cells
between WT and Slc38a5-KO mice (Fig. 7E). No differences
were observed in the generation of immature neurons, as the
colocalization of EdU with doublecortin (DCX) was unchanged in
the Slc38a5-KO mice (Fig. 7 D, F, and G). However, the number
of mature neurons (EdU+/NeuN+ cells) was lower in Slc38a5-KO
mice, indicating lower survival of newly formed neurons (Fig. 7
D, G, and H).

Why would a decrease in serine affect neuron survival and spare
dividing cells? Neurons lack the enzymes required for de novo
L-serine synthesis, such as Phgdh (5). However, we found that
Phgdh is expressed in dividing cells positive for Ki-67 and Sox-2
in the dentate gyrus (Fig. 7J). In light of their dependence on
externally supplied L-serine, newborn neurons in young brain
appear to be a cell population particularly sensitive to a decrease
in L-serine levels.

Slc38a5-K0 Exhibit Enhanced Ultrasonic Vocalizations (USVs). To
examine the impact of serine deficiency on mouse behavior, we
studied motor and nonmotor phenotypes of Slc38a5-KO mice.
We observed an increase in USVs in pups separated from their
dams and littermates. Specifically, P9 and P10 mice showed a
significant increase in call frequency (Fig. 84). Such an increase in
USVs is reminiscent of some models of autism spectrum disorders
(9). The calls were also more complex, such as composite calls,

while short calls tended to decrease (Fig. 8B).

Motor Impairments in Slc38a5-KO Mice. We evaluated motor
coordination in mouse pups through various tasks. Slc38a5-KO
mice (P5) exhibited normal righting reflex (Fig. 8C). Slc38a5-KO
mice (P11) had a longer latency to turn in the negative geotaxis
test, indicating motor coordination impairment (Fig. 8D). Slc38a5-
KO mice also had weaker grip strength, as seen in the iron mesh
inversion test (Fig. 8E). The latency to fall was shorter in the hind-
limb (Fig. 8F) and upper-limb suspension tests (Fig. 8 G), indicating
further motor coordination deficits in Slc38a5-KO mice

We evaluated the role of serine deficiency in the behavioral abnor-
malities by perinatal administration of L-serine to the dam, which
increases L-serine levels in the offspring's plasma (23). We took
advantage of the fact that Slc38a5 is not the sole serine transporter
at the BBB, as the deletion of Slc38a5 only reduces the overall brain
serine influx by 30% (Fig. 3B). This means that supplying excessive
L-serine should compensate for the loss of Slc38a5 and restore brain
serine levels, thus improving the phenotype of Slc38a5-KO mouse
pups. L-serine supplementation improved the motor coordination

deficits seen in Slc38a5-KO offspring (P11) compared to WT in
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Fig.6. Abnormal synapses and damaged mitochondria in young SIc38a5-KO mice. (A) Diagram of the ventral leaflet area of the dentate gyrus (DG) examined for
synaptic and mitochondria morphology. (B) Representative electron micrographs of WT and Slc38a5-KO mice (P14) asymmetric synapses showing the presynapse
(blue) in apposition to the postsynapse (yellow), which contains a postsynaptic density (PSD) and synaptic cleft. (Scale bar, 500 nm.) (C) Slc38a5-KO mice display
shorter PSD length and a distribution toward lower length values. Data are from 255 (WT) and 432 (KO) synapses. Mann-Whitney test and Kolmogorov-Smirnov
test for frequency distribution. (D) SIc38a5-KO mice exhibit a smaller PSD area and the distribution was skewed towards lower values. Data are from 165 (WT) and
377 (KO) synapses. Mann-Whitney U test and Kolmogorov-Smirnov test for frequency distribution. (E) The active zone area was smaller in the Slc38a5-KO mice.
Data represents 142 and 256 active zones of 3WT and 4 KO mice, respectively. Mann-Whitney U test and Kolmogorov-Smirnov test for frequency distribution.
(F) Number of vesicles at the active zone normalized by the area. Student's t test. (G) SIc38a5-KO display lower number of synaptic vesicles/active zone consisting
of the proximal and release-ready pools. Statistics and mice numbers as in E. (H) Number of asymmetric synapses compared to symmetric synapses in WT
and Slc38a5-KO mice. Data are from 3 (WT) and 4 (KO) mice. (/) Electron micrograph of Slc38a5-KO mice showing damaged mitochondria (black arrowheads)
along with normal mitochondria (white arrowhead). Middle panel shows phagophores engulfing mitochondria to form the mitophagosome-like structures (red
arrows). Right panel shows a fully formed mitophagosome-like structure containing a double membrane (red arrow). (Scale bar, 500 nm.) (/) Slc38a5-KO mice
exhibit higher number of damaged mitochondria (left graph), more mitophagosome-like structures (middle graph), but unaltered number of mitochondria (WT
=3 mice, KO =4 mice). Student’s t test. (K) Western blot of brain mitochondrial fraction of P11 mice with mitochondrial and mitophagy/autophagy markers (5
WT and 4 KO mice). Graph on the right shows the quantification of the expression normalized by the mitochondrial marker succinate dehydrogenase B (SDHB).
One-way ANOVA with Sidak’s multiple comparisons correction.
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Fig. 7. Deletion of SIc38a5 decreases neuronal survival. (A) Confocal images of the dentate gyrus of P11 WT and Slc38a5-KO mice labeled for Ki67 and Sox2.
(B and C) Quantification of cells labeled for Ki-67 (B, 6 mice/group), Sox2 (C, 6 mice/group) revealed no change in Slc38a5-KO mice. (D) Confocal images of the
dentate gyrus of WT and SIc38a5-KO mice injected with 50 mg/kg EdU at P5 and examined for colocalization of EdU and doublecortin (DCX) or NeuN at P19.
(Scale bar, 100 um.) (E and F) Quantification of cells labeled for EdU (E) (9 WT and 7 Slc38a5-KO) and positive for both EAU and DCX (F) (5 WT and 4 SIc38a5-KO)
revealed no change in SIc38a5-KO mice. (G) Confocal images of cells positive for both EAU and DCX or EdU and NeuN. (Scale bars, 5 um.) (H) Slc38a5-KO mice
exhibit a lower number of mature neurons, which are positive for both EdJU and NeuN (F, 8 WT and n = 5 Slc38a5-KO). Student’s ¢ test. (/) Phgdh expression in

Ki-67 and Sox2-expressing cells. (Scale bar, 5 um.)

some but not all tests (Fig. 8 D-G, right columns). The brain and
body weight differences between the genotypes disappeared after
L-serine treatment (Fig. 8 A and /). While L-serine supplementa-
tion decreases food intake and body weight (23), it did not nega-
tively affect Slc38a5-KO mice. The brain/body weight ratio of
L-serine-treated WT was the same as that of L-serine-treated
Slc38a5-KO and exceeded the brain/body weight of naive mice
(Fig. 8/). However, it is unlikely that changes in body weight of the
mouse pups underlie the motor improvement caused by L-serine
administration. The body weight was not correlated with the per-
formance of either WT or Slc38a5-KO mice pups in any of the
motor tests used (SI Appendix, Fig. S10).

We confirmed that administration of L-serine increased its own
levels in the hippocampus of Slc38a5-KO mice (Fig. 8K, P <
0.001). In contrast, we did not detect an increase in hippocampal
D-serine (Fig. 8L) or threonine (Fig. 8//). The latter decreased
even further with L-serine supplementation.

We also treated the dams perinatally with D-serine. We found
that D-serine failed to improve motor coordination (S/ Appendix,

https://doi.org/10.1073/pnas.2302780120

Fig. S11 A-D) or alter brain and body weight (87 Appendix, Fig
S11 E and F). D-Serine treatment effectively increased its levels
in the hippocampus of SIc38a5-KO mice (SI Appendix, Fig. S11G).
Our data are compatible with the notion that the impaired supply
of L-serine (but not D-serine or threonine) through the BBB
causes developmental and motor deficits in Slc38a5-KO mice.

Discussion

We have discovered a new pathway regulating brain development
that involves the influx of L-serine through the BBB by the
Slc38a5 transporter in young mice. Contrary to the prevailing
dogma, we found that de novo synthesis of serine from glucose is
insufficient for early postnatal brain development. L-serine supply
from the blood is essential for the production of D-serine, synaptic
and mitochondrial homeostasis, neurogenesis, and sphingolipid
metabolism. This blood-brain serine pathway is prominent in
young mice as they perinatally express the endothelial Slc38a5
transporter (S/ Appendix, Fig. S12).
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Fig. 8. SIc38a5-KO mice exhibit behavioral impairments and lower brain weight that are affected by perinatal L-serine administration. (A) Frequency of ultrasonic
vocalizations recorded after separating the pups from the dam and litter. Data are means + SEM of 9-32 mice/group. Kruskal-Wallis test with Dunn’s multiple
comparison test. (B) Classification of ultrasonic call types at P9-P10. Data are means + SEM of 18-20 mice/group. Kruskal-Wallis test with Dunn’s multiple
comparison test. (C) Righting reflex of WT and Slc38a5-KO mice at P5. Data are means + SEM of 18 (WT) and 15 (KO) mice. (D) Slc38a5-KO mice (P11) show
impaired negative geotaxis, which is prevented by perinatal L-serine administration to the dam (8 g/L in the water). Data are means + SEM of 8-14 mice/group.
Brown Forsythe and Welch ANOVA test and Dunnett’s T3 multiple comparisons test. (E) SIc38a5-KO mice (P11) show reduced grip strength but not after L-serine
administration. Data are means + SEM of 8-14 mice/group. Kruskal-Wallis test and Dunn’s multiple comparisons test. (F) SIc38a5-KO mice (P11) display lower
latency to fall in the hindlimb suspension test but not after L-serine administration. Data are means + SEM of 8-21 mice/group. Brown Forsythe and Welch ANOVA
test and Dunnett’s T3 multiple comparisons test. (G) SIc38a5-KO mice (P11) exhibit lower latency to fall in the front limb suspension test. Data are means + SEM
of 8-14 mice/group. Brown Forsythe and Welch ANOVA test and Dunnett’s T3 multiple comparisons test. (H and /) Brain (H) and body (/) weight in P11 WT and
Slc38a5-KO with and without L-serine supplementation. Data are means + SEM of 9-22 mice/group. The data on naive P11 mice in H and | were replotted from
Fig. 1 0 and P. One-way ANOVA and Sidak’s multiple comparisons test. (/) L-Ser-treated WT and Slc38a5-KO mice display increased brain/body weight. One way
ANOVA with Sidak multiple comparisons test. (K-M) Perinatal L-serine supplementation increased hippocampal L-serine (K) but not D-serine (L) in P11 SIc38a5-KO
mice. Brain levels of threonine (M) decreased significantly after L-serine supplementation in P11 Slc38a5-KO mice. Data on naive P11 mice in/and K were replotted
from Fig. 2 A and B. Data are means + SEM of 7-8 mice/group. Student’s t test. P values were adjusted for multiple comparisons using Bonferroni's method.
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We believe that our constitutive Slc38a5-KO model is suit-
able for studying brain phenotypes because 1) Slc38a5 is 40 to
6,000 times more abundant in brain vessels than in peripheral
blood vessels (11) and we found the transporter to be exclusively
expressed in brain microvessels. 2) Slc38a5-KO mice had nor-
mal brain vessel development and did not exhibit changes in
the general permeability of the BBB 3) Slc38a5 deletion did not
affect serum or liver amino acids, suggesting lack of significant
effects on peripheral tissues.

Our results show that L-serine uptake by the BBB is 10-fold
higher in young mice compared with older mice. This is probably
due, at least in part, to the transient expression of Slc38a5 in
endothelial cells, where it is present in greater abundance in the
abluminal (brain-facing) membranes. Such asymmetric localiza-
tion will enable vectorial transport by increasing the efficiency of
the flow of serine from the endothelial cell cytosol to the brain
compartment.

Sle38a5 was thought to use glutamine and glycine as substrates
(12). However, these properties have only been studied in vitro.
In contrast, our observations indicate that Slc38a5 is a preferential
serine transporter at the BBB because of the following: 1) Brain
levels of glutamine and glycine did not change in the Slc38a5-KO
mice. 2) The affinity of Slc38a5 for serine is 5 and 50 times higher
than for glutamine and glycine, respectively. 2) Slc38a5-KO mice
have lower transport of L-serine in vivo through the BBB. 3) Acute
in vivo inhibition of Slc38a5 decreased brain L-serine and D-serine
levels within 2.5 h but not L-glutamine levels. In view of this, we
conclude that L-serine is the primary physiological Slc38a5 sub-
strate at the BBB, rather than glutamine or glycine. However, our
data do not exclude the possibility that other amino acids may be
Slc38a5 substrates in other tissues (13).

Although threonine levels are lower in the brains of Slc38a5-KO
mice, we found that threonine is a poor substrate for Slc38a5 and
not transported by Slc38a5 in vivo. The improvement of the
motor phenotype of Slc38a5-KO mice by L-serine did not restore
threonine levels, which decreased even further. Of note, serine
deficiency caused by deletion of Phgdh in mice also decreases brain
threonine levels (24). On the other hand, Slc38a5-KO mice exhib-
ited an increase in P2G, a glycolytic intermediate that is an acti-
vator of Phgdh (25). Additional studies will be required to
elucidate the mechanisms underlying the changes in threonine
and P2G in Slc38a5-KO mice.

Slc38a5-KO mice had lower levels of brain D-serine. However,
it is unlikely that Slc38a5 physiologically imports D-serine directly
from the blood. The plasma concentration of D-serine (~2 uM) is
three orders of magnitude lower than the apparent affinity of Slc38a5
for D-serine (Km = 3.2 mM). The decrease in D-serine is likely due
to the decreased availability of L-serine. Brain L-serine concentration
(~1.4 mM) (5) is far below the saturation of serine racemase (Km =
10 mM) (26), so that a decrease in L-serine supply would result in
alinear decrease in D-serine production rate. Other serine-consuming
enzymes such as seryl-tRNA synthetase (Km =7 pM) (27) and serine
hydroxymethyl transferases (Km = 100-280 pM) (28) are likely to
be saturated at physiologic L-serine levels. This could explain why
the reduction of L-serine in Slc38a5-KO mice had no effect on
translational control proteins or glycine synthesis.

Accumulation of doxSLs is implicated in peripheral neuropathy
(17, 18) and macular disease (29). Both serine enantiomers promote
synapse formation and increase dendritic spines number (2, 30).
The increase in doxSLs along with the decrease in L-serine and
D-serine in Slc38a5-KO mice may work together to alter synapse
development, promote mitochondrial abnormalities, and decrease
the postnatal neurogenesis at the DG.

https://doi.org/10.1073/pnas.2302780120

In addition to the decrease in active zone and postsynaptic
density area, Slc38a5-KO mice exhibited an apparent increase
in the number of symmetric synapses, which are generally con-
sidered to be inhibitory. The proportion of synapses with asym-
metric and symmetric contacts varies at different ages, with
symmetric contacts predominating in P4-P11 and asymmetric
in older rodents (19). The higher number of symmetric synapses
exhibited in Slc38a5-KO mice is compatible with a neurodevel-
opmental delay.

Sle38a5-KO mice exhibited elevated USVs and motor impair-
ments. L-serine supplementation improved some motor impair-
ments in SLC38a5. Nevertheless, L-serine also improved the
performance of WT in the hindlimb suspension test and affected
brain and body weight, so it is likely that L-serine has a general
effect on both genotypes. On the other hand, D-serine supple-
mentation proved ineffective. These findings indicate that the
observed deficits in Slc38a5-KO mice cannot be solely attributed
to low D-serine levels. Our study underscores the key role of
blood-derived L-serine in neurodevelopment and the importance
of this new serine metabolic pathway predominantly found in
young mice.

Materials and Methods

Experimental Model. Slc38a5™ PV yice (SIc38a5-KO) were obtained
from KOMP Repository (UC Davis, Davis, CA) on a C57BI/6 genetic background
and back-crossed with C57BL/6J mice for five generations in our facility. All exper-
iments were approved by the Animal Ethics Committee of the Technion.

In Vivo Uptake of Amino Acids via the Blood-Brain Barrier. Mice at (P11-
P13) were anesthetized, and their thorax was opened. A microsyringe was pre-
filled with 5 uLof a mix of *H and ™Cisotopes and introduced into the heart apex,
and the mix was injected quickly. Ten seconds after injection, the right atrium was
cut, and the animal was quickly perfused with 4 mL of ice-cold PBS through the
heart, and the brain and kidneys were harvested. Tissues were grinded in 1 mL
of 0.1 M HCl, centrifuged for 10 min at 16,000 x g, and the supernatant was
added to scintillation vials. Determination of °H was performed in a 0-11.5 keV
window, while *C was measured at 35-156 keV. The contribution of "C to the °H
counts was calculated and subtracted from each sample. Extraction fraction (EF)
was defined as (CPM in the brain)/( CPM injected). To normalize for differences in
cardiac output, the EF of each amino acid was divided by the EF of non-Slc38a5
substrates that were coinjected.

Additional materials and methods are described in the S/ Appendix, Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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