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SUMMARY
The adult subventricular zone (SVZ) is a neurogenic niche that continuously produces newborn neurons. Here we show that serine race-

mase (SR), an enzyme that catalyzes the racemization of L-serine to D-serine and vice versa, affects neurogenesis in the adult SVZ by con-

trolling de novo fatty acid synthesis. Germline and conditional deletion of SR (nestin precursor cells) leads to diminished neurogenesis in

the SVZ. Nestin-cre+mice showed reduced expression of fatty acid synthase and its substratemalonyl-CoA, which are involved in de novo

fatty acid synthesis. Global lipidomic analyses revealed significant alterations in different lipid subclasses in nestin-cre+mice. Decrease in

fatty acid synthesis was mediated by phospho Acetyl-CoA Carboxylase that was AMP-activated protein kinase independent. Both L- and

D-serine supplementation rescued defects in SVZ neurogenesis, proliferation, and levels of malonyl-CoA in vitro. Our work shows that SR

affects adult neurogenesis in the SVZ via lipid metabolism.
INTRODUCTION

Adult neurogenesis is the production of newneurons in the

subventricular zone (SVZ) of the lateral ventricles and the

sub granular zone of the hippocampus in the brain (Kem-

permann, 2006; Ming and Song, 2011; Tong and Alvarez-

Buylla, 2014). Newborn neurons in the SVZ migrate along

the rostral migratory stream (RMS) and eventually differen-

tiate into olfactory bulb (OB) interneurons feeding the

precursor cell population (Lim and Alvarez-Buylla, 2016).

Recent work has shown that adult neurogenesis depends

on metabolic control of fatty acid synthesis (Knobloch,

2017; Knobloch et al., 2013). Defects in fatty acid meta-

bolism play a crucial role in the quiescent and proliferative

behavior of neural progenitor cells (Clemot et al., 2020;

Knobloch et al., 2017). Serine racemase (SR) is a pyridoxal

phosphate (PLP)-dependent enzyme that synthesizes

D-serine from L-serine and vice versa (Wolosker et al.,

1999a, 1999b). D-serine functions as a neurotransmitter

during brain development (Schell et al., 1997). SR-deficient

mice show NMDA receptor hypofunction and is consid-

ered a model for schizophrenia (Balu et al., 2013; Basu

et al., 2009); however, little is known of D-serine’s func-

tions outside the NMDA receptor. D-serine regulates prolif-

eration and differentiation of neural stem cells (NSCs) from

postnatal mouse forebrain (Huang et al., 2012). D-serine

has been implicated in adult hippocampal neurogenesis,

with exogenous treatment of D-serine increasing the den-

sity of NSCs, transit amplifying progenitors and increased

survival of newborn neurons (Sultan et al., 2013).We inves-

tigated themetabolic role of SR inNSCs from the adult SVZ.
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We hypothesized that SR may influence metabolism in the

SVZ due to L- and D-serine synthesis and transport via the

astrocyte-neuron shuttle (Wolosker et al., 2017; Ehmsen

et al., 2013).

Using lipidomic analysis and biochemical approaches,

we show that the SVZ of nestin-cre+ mice have significant

alterations in the different classes of lipids, decreased

expression of fatty acid synthase (FASN) and malonyl-

CoA, a precursor for de novo fatty acid synthesis. Our

work also shows that SR mediates its effects in the SVZ

via activation of acetyl-CoA carboxylase (ACC). SR may in-

fluence lipid metabolism by regulating astrocytic L-serine

and consequently neuronal D-serine synthesis in NSCs.

These findings may have therapeutic implications in the

treatment of disorders of adult neurogenesis like schizo-

phrenia and Alzheimer’s disease (Le Douce et al., 2020;

Moreno-Jimenez et al., 2019; Schoenfeld and Cameron,

2015; Yun et al., 2016).
RESULTS

Lack of SR leads to defects in adult SVZ neurogenesis

and proliferation

SR is a PLP-dependent enzyme, which racemizes D-serine in

neurons from L-serine in astrocytes (Wolosker et al., 1999b,

2017). We determined neurogenesis in the SVZ of adult

wild-type (WT) and SR�/� mice (Figures 1A, 1B, S1A and

S4D). We monitored BrdU incorporation in age-matched

WT and SR�/� mice for 14 days (Doetsch et al., 1999). Our

data showed significantly reduced incorporation of BrdU
uthor(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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in SR�/� mice (Figures 1B and 1C). Quantitative analysis

showed 4-fold reduction in BrdU-positive cells in SR�/�

mice (Figure 1C). Glial fibrillary acidic protein (GFAP)-posi-

tive staining (mature astrocytes) was decreased in the SVZ

of SR�/� mice (Figure 1B).

The neuroblast assay serves as an in vitromodel of neuro-

genesis (Azari and Reynolds, 2016; Azari et al., 2012). To

determine neurogenesis in vitro, we performed the neuro-

blast assay. NSCs were isolated from the SVZ of age-

matched adult WT and SR�/� mice and grown as adherent

monolayer cultures for 10–12 days (Walker and Kemper-

mann, 2014). After 4 days inmedia with reduced and even-

tually no growth factors, neuroblasts were observed above a

layer of astrocytes (Figure S2A) (Azari and Reynolds, 2016).

We examined BrdU incorporation in NSCs as an indicator

of cell division. BrdU incorporation in NSCs from WT

and SR�/� SVZ showed 4-fold lower incorporation in

SR�/� (*p = 0.0084) (Figures 1D and S2D).

Neuroblasts (type A cells) migrate rostrally and differen-

tiate to OB interneurons. We determined the expression of

b-III Tubulin (marker for immature neurons) and

NEUROD1 (marker for neuroblasts). b-III Tubulin staining

inNSCswas reduced in SR�/� mice (Figure 1E). Quantitative

analysis showed 5-fold reduction of b-III tubulin positive

staining in SR�/� mice (*p < 0.001) (Figure S2B). A similar

trend was observed with NEUROD1 (*p < 0.001) (Figures 1F

and S2C).We examined the differentiation of NSCs to astro-

cytes and neurons. GFAP expression was reduced in SR�/�

mice (Figure S1C). NEUN expression (marker for newborn

post mitotic neurons) was also reduced in SR�/� NSCs (Fig-

ure S1D). Gene expression for markers of proliferation in

the OB, Sox2, and Mash1 showed 2-fold reduction in SR�/�

mice (Figures 1G and 1H). To substantiate our findings, we

determined and observed reduced expression of DLX2 in

SR�/�NSCs (Figures 1I and S6A).We also observed increased

expressionofOLIG2 in SR�/�NSCs (Figures 1I and S6B), sug-

gesting a propensity for oligodendrocyte differentiation

(Wang et al., 2020). We determined the expression of Ki67

in primary neurons derived from NSCs. SR�/� neurons ex-

pressed 2-fold lower levels of Ki67 (Figure S1B). To determine

theeffectsofSVZneurogenesisonolfactorybehavior,weper-

formedolfactorybehavior test inage-matchedWTandSR�/�
Figure 1. Lack of Serine Racemase leads to defects in adult SVZ n
(A) Expression of SR in WT and SR�/� mice SVZ lysates.
(B) WT and SR�/� SVZ lateral ventricle showing BrdU incorporation (
(C) Quantitative estimation of BrdU+ cells.
(D–H) BrdU incorporation in NSC from WT and SR�/� SVZ. Inset shows
and (F) NEUROD1 in NSCs from WT and SR�/�mice after differentiation
WT and SR�/� mice. Error bars represent SD. Data are representative
mice/experiment.
(I) Expression of DLX2 and OLIG 2 in NSC lysates.
(J) Mouse olfactory behavior test in age-matched WT and SR�/� mice
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mice (Witt et al., 2009). In thenovelodor test,wedetermined

the amount of time the mice spent locating and sniffing

the novel odor. WT mice spent a shorter time exploring

and sniffing the novel odor compared with SR�/� mice

that took approximately eight times longer (*p < 0.001) (Fig-

ure 1J). Collectively, these results show that SR�/�mice have

defects in adult SVZ neurogenesis and proliferation in vitro

and in vivo.

Conditional deletion of SR leads to defects in adult

SVZ neurogenesis and proliferation

We conditionally deleted Srr in nestin precursor cells (nes-

tin-cre+) to elucidate its function in neural progenitor cells

(Bernal and Arranz, 2018; Wiese et al., 2004). Our rationale

was 2-fold first, D-serine the product of Sr may control

neuronal development and generation of newborn neu-

rons (Schell et al., 1997). Second, neuronal D-serine

synthesis dependent on astrocytic L-serine may influence

proliferation and metabolic homeostasis. SR expression

was reduced in the brains of nestin-cre+ mice compared

with age-matched SRflox/flox (Figure 2A). We ascertained

levels of neurogenesis in the SVZ of adult mice by

monitoring BrdU incorporation (Doetsch et al., 1999).

BrdU imaging showed 1.5-fold reduced incorporation in

nestin-cre+ mice (Figures 2B and 2C). Expression of Ki67,

a proliferative marker for early adult neurogenesis, showed

approximately 2-fold decreased expression in the SVZ of

nestin-cre+ mice (Figures 2D and 2E) (Kee et al., 2002).

We monitored expression of MCM2 (DNA Replication

LicensingFactor;marker forproliferationofmitoticprogen-

itor cells) in the SVZ. We observed approximately 3-fold

reduction of MCM2 expression in nestin-cre+ mice

(Figures 2F and S7F). Prominin 1 is a marker for NSCs in

the adult SVZ (Faigle and Song, 2013). Prominin 1 expres-

sion was reduced 4-fold in nestin-cre+ mice (Figures 2G

and S7G). We determined expression of mCD24 (glycosyl-

phosphatidyl inositol membrane anchored glycoprotein)

that regulates the proliferation of committed neuronal

precursors in the SVZ and is a negative regulator of cell pro-

liferation (Belvindrahet al., 2002;Doetschet al., 1999).Nes-

tin-cre+ mice showed 3-fold higher expression of mCD24

(Figures 2J and S4E). SRY-box 2 (SOX-2) is a transcription
eurogenesis and proliferation in vivo

red) and GFAP expression (green). Scale bar, 100 mm.

incorporation of BrdU in NSCs (red). Expression of (E) b-III Tubulin
. Relative mRNA levels of (G) Sox2 and (H)Mash1 in olfactory bulb of
of three independent experiments and tissues pooled from n = 5–6

. N = number of mice.
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factor essential for self-renewal anddifferentiationofneural

progenitor cells (Pevny and Nicolis, 2010). SOX-2 expres-

sion in the SVZ was 3-fold lower in nestin-cre+ mice

(Figures 2H and S7I). Expression of polysialylated specific

antigen-neuronal cell adhesion molecule (PSA-NCAM)

(Figures 2I and S7H) and GFAP (Figure S5C) was 6- and

5-fold lower in nestin-cre+ mice. We also observed reduced

PSA-NCAM expression along the RMS in nestin-cre+ mice

(Figure S5B).

We determined expression of olfactory marker protein

(OMP) present on olfactory receptor neurons and observed

2-fold decrease in nestin-cre+ mice suggesting defects in

adult SVZ neurogenesis (Figures 2K and 2L). We observed

reduced expression of proliferation marker DLX2 in the

SVZ of nestin-cre+ mice (Figures 2M and S6C). Expression

of OLIG2 (cell fate determination of motor neurons and

oligodendrocytes) was increased in nestin-cre+ mice

(Figures 2M and S6D), suggesting that conditional deletion

of Srr may increase propensity for oligodendrocyte differ-

entiation (Wang et al., 2020). Collectively our data show

that nestin-cre+ mice have defects in SVZ neurogenesis

and proliferation and support the data with SR�/� mice

(Figures 1B and 1C).

SR alters L-serine and de novo fatty acid synthesis in the

SVZ of nestin-Cre+ mice

L-serine synthesized by astrocytes regulates neuronal

development (Furuya et al., 2000; Kalhan and Hanson,

2012; Mitoma et al., 1998; Reid et al., 2018). SR racemizes

L-serine and D-serine (Wolosker et al., 1999b, 2017). We

hypothesized that deletion of Srr may have metabolic im-

plications for neuronal development. L-serine synthesis is

regulated by phosphoglycerate dehydrogenase (PGDH)

and phosphoserine phosphatase (PSPH) via the phosphor-

ylated pathway (Fell and Snell, 1988; Snell and Fell, 1990;

Yamasaki et al., 2001). STRING analysis followed by k

means clustering shows that SR interacts with PSPH and

PHGDH in both mice and humans (Figures S6E and S6F).

We determined expression of Pgdh and Psph in the SVZ

and observed decreased expression of both enzymes in nes-

tin-cre+ mice (Figures 3A, S7J, and S7K). Relative mRNA

levels showed more than 50% reduction in enzymes in
Figure 2. Conditional deletion of Srr leads to defects in adult SV
(A) Expression of SR in SRflox/flox and nestin-cre+ mice brain.
(B) BrdU incorporation (red) and GFAP expression (green) in the SVZ
(C) Quantitative estimation of BrdU+ cells counted in different high-
(D) Expression of Ki67 in SVZ.
(E–J) Densitometric analysis of blot in (D). Expression of NSC and pro
(J) mCD24 in SRflox/flox and nestin-cre+ mice. Scale bar, 20 mm.
(K) Expression of OMP in SVZ.
(L) Densitometry of OMP blot.
(M) Expression of DLX2 and OLIG 2 in SVZ.
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nestin-cre+ mice (Figure 3B). Protein expression was also

decreased in the SVZ of nestin-cre+ mice (Figure 3C),

supporting a consistent trend (Ehmsen et al., 2013). To

determine if 0.4 mM L-serine in the culture media

alters expression of PGDH and PSPH, we determined their

expression in WT and SR�/� NSCs. We found decreased

expression of both enzymes in SR�/� NSCs (Figure 3E).

FASN controls the synthesis of fatty acids by synthesizing

palmitate from acetyl- and malonyl-CoA. We observed

3-fold reduction in FASN expression in nestin-cre+ SVZ

(Figures 3D and S7E). In whole brain we observed approxi-

mately 50% lower FASN expression in nestin-cre+ mice

(Figures S2E and S2F). To confirm,we estimated FASN levels

using ELISA. We found lower expression in the brain and

significantly lower levels in the SVZ of nestin-cre+ mice

(Figures 3F and 3H). These data strongly suggest that nes-

tin-cre+ mice have defects in de novo fatty acid synthesis.

Spot 14 (thyroid hormone responsive spot14) is a regulator

of de novo lipogenesis and is involved in proliferation of

adult NSCs (Knobloch et al., 2014). It negatively regulates

malonyl-CoA, an essential substrate for FASN in de novo

lipogenesis. We observed higher expression of SPOT 14 in

nestin-cre+ mice (Figures 3G and S5A). MIG12 (Midline-

1-Interacting G12 like protein) complexes with SPOT14

to regulate ACC (Knobloch et al., 2013; Park et al., 2013).

We determined mRNA levels of Mig12 in the SVZ and

observed 10-fold higher expression in nestin-cre+ mice

(Figure 3I). We estimated levels of malonyl-CoA in the

SVZ and observed that SRflox/flox levels were 1,500 ng/mL,

while nestin-cre+ levels were 1,200 ng/mL (*p = 0.054 rela-

tive to SRflox/flox control) (Figure 3J). Levels of malonyl-CoA

suggest that de novo lipogenesis fueled by FASN and its

substrate is impaired in nestin-cre+ mice.

Global lipidomic profile altered in the SVZ of adult

SRflox/flox and Nestin-Cre+ mice

Recent evidence implicates lipids in stem cell development

and proliferation (Knobloch, 2017; Knobloch et al., 2013;

Knobloch and Jessberger, 2017; Lodhi et al., 2011). Our

rationale stems from serine metabolism regulating cer-

amide and sphingolipid levels including cell proliferation

(Furuya et al., 2000; Gao et al., 2018; Kalhan and Hanson,
Z neurogenesis and proliferation

of SRflox/flox and nestin-cre+ mice. Scale bar, 100 mm.
powered fields per section. n = 4–5 mice.

liferation markers (F) MCM2, (G) Prominin, (H) SOX2, (I) NCAM, and



A

D

E

F

G

I JH

C

B

(legend on next page)

Stem Cell Reports j Vol. 18 j 1482–1499 j July 11, 2023 1487



2012). We performed global lipidomic analysis in SVZ of

age-matched SRflox/flox and nestin-cre+mice by lipid extrac-

tion followed by UPLC-MS/MS identification (Figure 4A).

Volcano plot with fold change (mean nestin-cre+/mean

SRflox/flox) R1.5 or %0.667 and p value adjusted for false

discovery rate <0.05 (criteria for significance), resulted in

184 lipids with fold change R1.5 (red) and 312 lipids

with fold change %0.667 (blue) (Figure 4B). The different

lipid classes were identified in three tiers of MS/MS analysis

(Figure 4C). In tier one (404 features with MS/MS match

score threshold of 500), two (146 features with MS/MS

match score threshold of 100), and three (remaining fea-

tures in the lipidome database for putative mass match)

with a mass error threshold of 5.0 mDa were identified.

Out of 8,648 unique features detected, 5,262 features

(60.6%) were identified. The summed intensities showed

good stability in data acquisition (Figure S4C). Thirteen in-

ternal standards were detected in positive ionization and

12 internal standards in negative ionization (Figure 4D).

The mass error was less than 2.8–3.0 ppm. Heatmap of

the lipidomic analysis with the top 50 lipids (ranked by p

value) is shown in Figure 4E. The heatmap data show sub-

stantial downregulation of highly ranked lipids (by p value)

in the SVZ of nestin-cre+ mice. Out of the top 50 lipids, 37

were downregulated and 13 upregulated in nestin-cre+

mice compared with SRflox/flox. The identified lipids are

listed in Tables S4 and S5. Partial least squares-discriminant

analysis with variable importance in prediction scores of 15

of the most important lipids (Figure 4F, Table S1) identified

a diverse group of lipids that were significantly altered. A

caveat of nestin-cre mouse strain is the presence of meta-

bolic phenotypes (Declercq et al., 2015; Harno et al.,

2013). Nestin-cre strain show lower levels of growth hor-

mone, impaired insulin sensitivity, and impaired glucose

levels on a high-fat diet. In order to rule out confounding

effects, we estimated plasma glucose and insulin levels in

age-matched SR flox/flox and nestin-cre+ mice fed a normal

diet. Our data show no difference in plasma glucose levels

in SRflox/flox and nestin-cre+ mice (Figure 4G). Total brain
Figure 3. Serine Racemase alters L-serine and de novo fatty acid
(A) Expression of PGDH (green) and PSPH (red) in the SVZ of SR flox/fl

(B) Relative mRNA levels of Pgdh and Psph. Data are representative of
mice.
(C) Expression of PSPH and PGDH in SVZ.
(D) Expression of mouse FASN in SVZ. Scale bar, 20 mm.
(E) Expression of PSPH and PGDH in NSC lysates.
(F) Mouse FASN expression in whole brain homogenates. *p = 0.047
(G) Expression of SPOT14 in SVZ.
(H) Expression of mouse FASN in SVZ. *p = 0.05 relative to SR flox/flox

(I) mRNA levels of SPOT14 regulator Mig12 in SVZ of WT and SR�/� m
(J) Estimation of malonyl-CoA in SVZ by ELISA. *p = 0.054 relative t
dependent experiments. Tissues were pooled from n = 5–8 mice per e
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and SVZ insulin showed no differences (Figures 4H

and 4J).We determined brain insulin levels in age-matched

WT and SR�/� mice (background on which SRflox/flox mice

were generated) to rule out mice background effects.

Our data showed no difference in brain insulin in WT

and SR�/� mice (Figure 4I). We determined expression of

growth hormone in the SVZ and found no change in WT

and SR�/� mice except a modest decrease in nestin-cre+

mice (Figure 4K). Control experiments suggest that the

metabolic differences in our work are due to conditional

deletion of Srr. The lipidomics data clearly highlight major

differences among the different lipid classes in the SVZ of

nestin-cre+ mice.

Major lipid classes altered in the SVZ of nestin-cre+

mice

Global lipidomic analysis in the SVZ of nestin-cre+ and

SRflox/flox mice by UPLC-MS/MS showed significant alter-

ations in the different classes of lipids.Weplotted lipidomics

data as fold change relative to SRflox/flox (significant). The

different lipid classes were fatty acid conjugates, sphingo-

myelins, phosphatidylcholine, phosphatidic acid, ceram-

ides, sterols, carnitine, tri, di, and monoacylglycerols,

hexosylceramides, and lysophosphatidic acid. Fatty acid

conjugates are polyunsaturated fatty acids with conjugate

double bonds. Out of the three fatty acid conjugates, two

showed modest decrease in nestin-cre+ while FA 12:0; O4

showed 2-fold higher levels in nestin-cre+ mice (Figure S3A,

Table S2). L-serine availability affects the synthesis of ceram-

ides, sphingomyelin, and phosphatidylserine (Esaki et al.,

2015; Gao et al., 2018). Our data show reduction by >50%

in all the sphingomyelin species identified (Figure S3B,

Table S2). Most notable decrease was seen in sphingomyelin

38:1; O2 innestin-cre+mice. Phosphatidylcholine synthesis

was significantly reduced (>40%) in the SVZ of nestin-cre+

mice (Figures S3C, S4A and Table S2). Phosphatidic acid

(low abundance phospholipid) showed increases (R2-fold)

in PA 8:0_25:0, PA 36:1 and PA 19:2_19:2 and decrease

(R2-fold) in the remaining molecules in nestin-cre+ mice
synthesis in the SVZ of nestin-cre+ mice
ox and nestin-cre+ mice. Scale bar, 20 mm.
three independent experiments. Tissues were pooled from n = 5–8

relative to SRflox/flox.

.
ice.
o SR flox/flox. Error bars are SD. Data are representative of three in-
xperiment.
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(Figure S3D, Table S2). All identified ceramides in our screen

showed approximately 40% or higher reduction in nestin-

cre+mice (Figure S3E,Table S2). Sterol expressionwas consis-

tently increasedabove3-fold inall the identified specieswith

the exception of ST 22:1; O4 whose expression was down

10-fold in nestin-cre+ mice (Figure S3F, Table S2). Carnitine

(a branched non-essential amino acid) expression was

reduced by 50% for three of the identified four species with

the exception of CAR 24:1; O2, which was increased 2-fold

in nestin-cre+mice (Figure S3G, Table S2). Both tri and diac-

ylglycerols (synthesized from fatty acyl-CoA and glycerol 3

phosphate) were reduced by 50% or more in nestin-cre+

mice with the exception of TG 70:3, TG 75:4 (Figure S3H,

Table S2) and DG 34:1 and DG O-24:1 (Figure S3I, Table S2)

that were increased (R2.5-fold). Monoacylglycerols were

increased 2-fold in nestin-cre+ mice (Figure S3J, Table S2).

Hexosylceramides are sphingolipids with hexose ring

attached to a ceramide. Nestin-cre+mice showed consistent

downregulation (R40%) in all the hexosylceramide mole-

cules identified (Figure S3K, Table S2). Lysophosphatidic

acid (a bioactive phospholipid produced during cell mem-

brane synthesis) showed bidirectional trends with LPA 30:2

and LPA 32:3 being reduced 2-fold and LPA O-18:3, LPA

O-22:3 and LPA O-26:3 increased more than 5-fold in nes-

tin-cre+ mice (Figure S3L, Table S2). Our lipidomic screen

showed substantial alterations in most lipid classes in the

SVZ of nestin-cre+ mice.

Non-AMPK-dependent ACC control of fatty acid

metabolism in nestin-cre+ SVZ

ACC is a regulator of de novo fatty acid synthesis (Garcia and

Shaw, 2017; Steinberg et al., 2006). We observed increased

activation of phosho-ACC (Ser79) in nestin-cre+ mice

(Figures 5B and 5E). AMP-activated protein kinase (AMPK)

is a cellular sensor of nutrient availability and ATP. It con-

trols overall cellular lipid metabolism through direct phos-

phorylation of ACC1 and ACC2 at Ser 79, suppressing fatty

acid synthesis and simultaneously promoting fatty acid
Figure 4. Global lipidomic profile in the SVZ of nestin-cre+ mice
(A) Schematic of lipidomics workflow.
(B) Parametric volcano plot showing fold change against p value adj
(312 lipids), red indicates upregulation (184 lipids) of lipids. Unassi
(C) Lipid identification tier. In tier 1 (404 features), 2 (146 features)
(D) Mass error of internal standards.
(E) Heatmap of top 50 lipids ranked by p value.
(F) Plot shows partial least squares-discriminant analysis with variab
(G) Plasma glucose levels in SRflox/flox and nestin-cre+ mice.
(H and I) Insulin concentration (ng/mL) in mice whole brain homog
(J) Insulin concentration (ng/mL) in mice SVZ homogenates. Error b
(K) Expression of growth hormone in mice SVZ. Error bars represent SD
were pooled from n = 5–8 mice per experiment. For SVZ lipidomics, e
triplicate (see method for details).
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oxidation by relieving suppression of carnitine palmitoyl

transferase 1 (CPT1) (Gonzalez et al., 2020; Garcia and

Shaw, 2017). We observed more than 2-fold increased

expression of AMPK (a) in SVZ of nestin-cre+ mice

(Figures 5A and 5C). Expression of p-AMPK (Thr172) levels

were, surprisingly, 5-fold lower in nestin-cre+ SVZ, suggest-

ing a non-AMPK-dependent phosphorylation of ACC

(Figures 5B and 5D). Based on the observed trends in de

novo fatty acid synthesis, we determined expression of key

genes in the synthesis and b-oxidation pathways. Citrate

lyase (Cl) converts citrate from carbohydrate metabolism

to acetyl-CoA. We observed an 8-fold increase in Cl mRNA

expression in nestin-cre+ mice (Figure 5G). CPT1a is a key

rate-limiting enzyme in long chain fatty acid oxidation

and its activity is negatively regulated by malonyl-CoA.

We observed approximately 500-fold increase in Cpt1a

mRNA expression in nestin-cre+ SVZ (Figure 5G). ACC1 cat-

alyzes the biotin dependent irreversible carboxylation of

acetyl-CoA tomalonyl-CoA, which serves as a key precursor

in fatty acid synthesis. Our data showed 8-fold downregula-

tion of Acc1 and 4-fold upregulation of Spot14 in the SVZ of

nestin-cre+ mice (Figure 5G). We determined mRNA levels

of key genes involved in the b-oxidation pathway.

Malonyl-CoA decarboxylase (Mcd), which converts ma-

lonyl-CoA to acetyl-CoA, was downregulated by 50% in

nestin-cre+ mice (Figure 5F). Hydroxyacyl-CoA (HaCoA) de-

hydrogenase, which is involved in b-oxidation of hydrox-

yacyl-CoA to oxoacyl-CoA, was elevated 30-fold in nestin-

cre+ mice (Figure 5F). Enoyl-CoA Hydratase (Ech) catalyzes

the hydration of a double bond between the second and

third carbon atoms on 2-trans/cis enoyl-CoA thioester to

produce b-hydroxyacyl-CoA thioester. We observed >8-fold

expression of Ech in the SVZ of nestin-cre+ mice (Figure 5F).

Collectively, these data suggest that SR may alter serine syn-

thesis and availability, compromising the de novo fatty acid

synthesis pathway. A concomitant increase in b-oxidation

pathway may compensate for energy production in the

SVZ of nestin-cre+ mice (Figure 5H).
usted for false discovery rate. Blue circles indicate downregulation
gned lipids are shown in gray.
, and 3 (remaining features).

le importance in prediction scores of 15 most important lipids.

enates.
ars represent SD. NS = nonsignificant.
. Data are representative of three independent experiments. Tissues
ach genotype comprised tissues from 5 to 8 mice and injections in
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L- and D-serine rescue defects in adult SVZ

neurogenesis and proliferation in vitro

In order to rescue defects in adult SVZ neurogenesis and

proliferation in nestin-cre+ and SR�/� mice, we performed

experiments in adherent NSCs treated with exogenous

L-serine (0.6 mM) and D-serine (0.1 mM) individually

and in an equimolar racemic mixture (0.1 mM each). Since

neurobasal media contains basal L-serine concentration of

0.4 mM, and no D-serine, we used L-serine at a concentra-

tion of 0.6 mM. Control was media containing 0.4 mM

basal L-serine with no exogenous L- and/or D-serine. We

determined incorporation of BrdU in WT and SR�/�

NSCs. SR�/� NSCs show significantly reduced incorpora-

tion of BrdU (Figure 6A). However, exogenous L- and

D-serine increased the number of proliferating cells incor-

porating BrdU in SR�/� NSCs (Figures 6B, 6C, 6F). L- and

D-serine treatment showed comparable BrdU incorpora-

tion in SR�/� NSCs. We also performed rescue of SOX2 in

NSCs and observed lower expression of SOX2 in SR�/�

NSCs (Figure 6D). Treatment with equimolar L- and

D-serine, showed increased expression of SOX2 in both

WT and SR�/� NSC (Figures 6D and S7B). We observed

decreased NEUN expression in SR�/� control NSCs, but

upon treatment with equimolar mixture of L- and

D-serine, NEUN expression was higher than WT. We also

observed that treated WT NSCs showed increased NEUN

expression compared with control (Figures 6E and S7A).

Nestin-cre+ mice showed increased expression of AMPK-a

(Figure 5A). To determine if L- and/or D-serine alters levels

of AMPK-a, we determined its expression in a rescue exper-

iment. SR�/� NSCs grown in presence of L- and D-serine

(0.6 mM and 0.1 mM, respectively) showed decreased

expression of AMPK-a compared with untreated controls,

indicating that AMPK-a expression is regulated by L- and

D-serine. Interestingly, D-serine appeared to have a more

potent effect on AMPK-a expression compared with

L-serine (Figure 6G).

L- and D-serine rescue defects in de novo fatty acid

synthesis and differentiation

To determine if L- and D-serine regulate PSPH, we treated

NSCs with L- and D-serine (0.6 mM and 0.1 mM, respec-
Figure 5. Expression of AMPK-a, phospho-AMPK, phospho-ACC, a
(A) Expression of AMPK-a in the mice SVZ.
(B) Expression of p-ACC and phospho-AMPK in mice SVZ.
(C) Densitometry of AMPK-a blot shown in (A).
(D) Densitometry of p-AMPK blot in (B).
(E) Densitometry plot of p-ACC blot in (B).
(F) Relative mRNA levels of Mcd, HaCoA, and Ech in the SVZ of mice.
(G) Relative mRNA levels of Cpt1a, Acc1, Spot 14, and Cl in SVZ of m
pendent experiments. RNA was isolated from n = 5–8 mice per genot
(H) Schematic of SR-mediated phosphorylation of ACC.
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tively). Expression of PSPH was decreased in SR�/� NSCs

(Figure 7C). Treatment with D-serine showed modest in-

crease in PSPH compared with L-serine in SR�/� NSCs and

a decrease in WT. The magnitude of decrease was greater

in WT NSCs, while the increased expression in SR�/�

NSCs was smaller compared with untreated controls (Fig-

ure 7C). These data suggest that L- and D-serine regulate

expression of PSPH via a feedback mechanism (Fell and

Snell, 1988; Snell and Fell, 1990). Our data on NSCs from

SR�/� showed differences in GFAP expression during differ-

entiation (Figure S1C), suggesting that defects in adult

neurogenesis in SR�/� mice may result from defects in

astrocytic differentiation (Doetsch, 2003). To determine

mature astrocytic differentiation, expression of GFAP was

examined. Results show decreased expression of GFAP in

differentiating SR�/� NSCs under control conditions (Fig-

ure 7A). Treatment with equimolar racemic mixture of L-

and D-serine (100 mM) showed increased GFAP expression

in SR�/� and modest increase in WT NSCs (Figures 7B and

S7C). Similar rescue of NCAM expression (Figure S4B) was

observed in WT and SR�/� NSCs treated with L- and

D-serine (Figure S7D). Rescue of NCAM expression was

greater in WT and SR�/� NSCs treated with L-serine than

D-serine (Figure S7D). To determine if levels of malonyl-

CoA can be rescued with similar treatment, NSCs grown

under control conditions showed approximately 2-fold

lower levels in nestin-cre+ compared with SRflox/flox, while

treatment with exogenous L- and D-serine showed 2-fold

and higher levels of malonyl-CoA in both SRflox/flox and

nestin-cre+ NSCs. The magnitude of increase was greater

with L-serine than D-serine (Figure 7D). These data show

both L- and D-serine treatment rescue defects in astrocytic,

neuronal differentiation and malonyl-CoA levels.

Model of SR mediated metabolic control of adult SVZ

neurogenesis

We present a simplified summary elucidating the role of SR

in mediating adult SVZ neurogenesis via lipid metabolism

(Figure S6G). SR controls the availability of L-serine and

D-serine via the neuron-strocyte shuttle (Wolosker et al.,

2017; Ehmsen et al., 2013). Availability of L- and D-serine

affects the synthesis of lipids by activation of ACC by an
nd fatty acid metabolism enzymes

ice. Error bars represent SD. Data are representative of three inde-
ype in each experiment.
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unidentified kinase. Overexpression of Spot14 and Mig12

in nestin-cre+ and SR�/� SVZ regulates the catalytic activity

of ACC (Knobloch et al., 2013; Park et al., 2013). Activation

of ACC by phosphorylation at Ser 79 leads to inhibition of

de novo fatty acid synthesis by decreasing levels of malonyl-

CoA and FASN. Reduction in de novo fatty acid synthesis af-

fects the formation of newborn neurons in the SVZ (Type A

and B cells) and their proliferation, due to loss of their

membrane microenvironment (Clemot et al., 2020; Kno-

bloch et al., 2017).
DISCUSSION

Homeostatic energy changes in the neurogenic niches

appear to influence the proliferative properties of adult

NSCs. Lipid metabolism plays a major role in adult neuro-

genesis (Clemot et al., 2020; Knobloch et al., 2013;

Knobloch and Jessberger, 2017). D-serine functions as a

co-agonist at the NMDA receptor (Balu et al., 2013; Snyder

and Kim, 2000). D-serine also mediates adult hippocampal

neurogenesis (Sultan et al., 2013) and is involved in prolif-

eration and differentiation of NSCs (Huang et al., 2012).

D-cysteine, synthesized by SR plays a role in neurodevelop-

ment (Semenza et al., 2021).

Conditionally deleting Srr elicits global changes in lipid

profile in the adult SVZ. Our results indicate that SR acti-

vates ACC at Ser 79 by an unknown kinase (non-AMPK

dependent) and at the tertiary level by affecting polymeri-

zation and catalytic activity of ACC due to its interaction

with SPOT14 and MIG12 heterocomplex (Knobloch

et al., 2013).While L-serine influences cellular proliferation

and 1C metabolism, the role of D-serine in mammalian

metabolism is unknown.

Lipid rafts are enriched in cholesterol and sphingolipids

and involved in stem cell maintenance (Lingwood and

Simons, 2010). Our lipidomics data show significant alter-

ations in important lipids in nestin-cre+ SVZ. SR interacts

with PSD95 and stargazin in activation of AMPA receptor

(Ma et al., 2014). Deletion of Srrmay impact neuronalmeta-

bolismdue to serine availability and alteration inmembrane

signaling pathways. Downregulation of sphingomyelins,

ceramides, hexosylceramides, and phosphatidylcholines, a
Figure 6. L- and D-serine rescue defects in SVZ neurogenesis and
(A) BrdU incorporation in WT and SR�/� NSCs treated with 10 mM Brd
(B) BrdU incorporation in cells treated with 0.6 mM L-serine.
(C) BrdU incorporation in cells treated with 0.1 mM D-serine.
(D) Expression of SOX2 in control (top) and NSCs treated with equimo
(E) Expression of NEUN in differentiating neurons in control (top) an
(F) Number of BrdU-positive cells per high-powered field in NSCs from W
bars represent SD.
(G) Expression of AMPK-a in WT and SR�/� NSCs.
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constituent of cell membranes, was seen in nestin-cre+

SVZ. This affects proliferative properties of adult stem cells

due to loss of membrane microenvironment.

Deletion of Srr downregulated PGDHand PSPH indicating

alterations in serine levels. L-serine is a precursor for the syn-

thesis of phosphatidylserine, sphingosine, and ceramide

(Esaki et al., 2015). Our lipidomics data reveal 2-fold lower

levels of a C22 ceramide species Cer22:0_21:0; O3 in nestin-

cre+ SVZ. Reduction inC16, C18, C20, C22, andC24 acyl chain

ceramide species were reported in mouse embryonic fibro-

blasts under L-serine deprivation (Esaki et al., 2015). Marked

reduction in sphingomyelins, ceramides, and hexosylcera-

mides in addition to other lipids was observed under

L-serine deprivation in nestin-cre+ SVZ. Deletion of Srr re-

sults in significant reduction of D-serine synthesis (Balu

et al., 2013; Basu et al., 2009).D-serine levels inbothneurons

and glia are dependent on PGDH, with lower expression

leading to decrease in not only L-serine but also D-serine

(Ehmsen et al., 2013; Esaki et al., 2015). Altered levels of L-

andD-serinemay locally affect cellularmetabolism and syn-

thesis of lipid precursors like sphingosine affecting the

microenvironment of NSCs. Deficits in NSC malonyl-CoA

was rescued by L- and D-serine. Rescue experiments showed

metabolic compensation, resulting in restored expression of

NCAM, SOX2, GFAP, and NEUN respectively.

BrdU incorporation identifies new neurons. SR�/� and

nestin-cre+ mice show reduced incorporation of BrdU.

Endogenous proliferation marker Ki-67 was also decreased

in nestin-cre+ SVZ and in SR�/� primary neurons, high-

lighting their quiescent nature.

While we observed defects in astrocyte and neuronal dif-

ferentiation, oligodendrocytedifferentiation (OLIG2expres-

sion)was enhanced both in SVZ and inNSCs. Deletion of Srr

protected against cerebral ischemia and excitotoxicity in

mice (Mustafa et al., 2010). Our observations highlight a

role for SR inmyelination repair with implications formulti-

ple sclerosis and in stroke post recovery (Jia et al., 2019).

Hematopoietic stem cells rely on fatty acid oxidation for

maintenance of the stem cell pool (Ito et al., 2012). While

D-amino acids comprise peptidoglycans in prokaryotes,

their function inmammals is unknown. SR phosphorylates

ACC at Ser79, inhibiting synthesis of malonyl-CoA leading

to decreased fatty acid synthesis. Interestingly, our data
proliferation in vitro
U for 18 h at 37�C.

lar mixture of L- and D-serine (100 mM) (lower panel).
d mixture of L- and D-serine (bottom). Scale bar, 100 mm.
T and SR�/�mice SVZ. An average of 4–5 fields were counted. Error
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Figure 7. L- and D-serine rescue defects
in de novo fatty acid synthesis and differ-
entiation
(A) Expression of GFAP (red) in differenti-
ating NSCs from WT and SR�/� mice.
(B) Expression of GFAP in differentiating
NSCs from WT and SR�/� mice cultured in
the presence of equimolar mixture of
L-serine and D-serine (100 mM). Scale bar,
20 mm.
(C) Expression of PSPH in NSCs treated with
L-serine and D-serine.
(D) Levels of malonyl-CoA (ng/mL) in NSCs
cultured from SRflox/flox and nestin-cre+
mice in the presence of 0.6 mM L-serine and
0.1 mM D-serine. Error bars represent SD.
Data are representative of three indepen-
dent experiments. Tissues for each experi-
ment were pooled from n = 5–8 mice per
genotype.
also showed that activation of ACC is independent of

AMPK. While nestin-cre+ mice showed increased expres-

sion of AMPK dependent on L- and D-serine, it did not un-

dergo activation by phosphorylation at Thr 172, suggesting

that SR may activate additional hubs independent of

AMPK. We have yet to identify the kinase responsible for

ACC activation. Our data show that increased expression

of SPOT14 and Mig12 in nestin-cre+ SVZ may regulate the

catalytic activity of ACC due to its effect on ACC polymer-

ization (Knobloch et al., 2013; Park et al., 2013).

Alterations in SVZ fatty acid synthesis affect the NSC

microenvironment and their stemness, resulting in

reduced newborn neurons and quiescence. We speculate

on possible connections between serine and lipid meta-

bolism. Glutamate is a known activator of ACC (Brownsey

et al., 2006). Due to structural similarities with glutamate,

serine may serve as an activator of ACC. PLP is a structural
analog of citrate, which also regulates ACC. PLP inhibits

both isoforms of ACC (Brownsey et al., 2006). In the

absence of SR, excess unbound PLPmay inhibit the activity

of ACC, thereby regulating fatty acid synthesis.

In summary, SR plays a role in lipid-mediated adult

SVZ neurogenesis via regulation of ACC. Deletion of Srr

alters levels of L- and D-serine impacting proliferative

properties in NSCs. Metabolic control of neurogenesis

by supplementation of L- and D-serine may prove benefi-

cial in Alzheimer’s disease and schizophrenia that have

an underlying component of adult neurogenesis (Le

Douce et al., 2020; Schoenfeld and Cameron, 2015; Yun

et al., 2016).
EXPERIMENTAL PROCEDURES

See supplemental information for detailed protocols.
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Materials availability
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Data and code availability

The lipidomics data are available at the National Metabolomics

Data Repository (NMDR), the Metabolomics Workbench, https://

www.metabolomicsworkbench.org where it has been assigned

Study ID ST002705. The data can be accessed directly via its Project

DOI: https://doi.org/10.21228/M82H8Q. This work is supported

by NIH grant U2C-DK119886 and OT2-OD030544 grant.
Generation of nestin-cre+ SR mice
Nestin-cre+ mice were generated by breeding SRflox/flox mice (Basu

etal., 2009)withnestin-cremiceobtainedfromJackson labs (number

003771). All animal experiments were approved by the Institutional

Animal Care and Use Committee at the Johns Hopkins University

School of Medicine.
BrdU (bromodeoxyuridine) labeling
Eight-week-old WT and age-matched SR�/� mice were adminis-

tered 1 mg/mL BrdU (BromodeoxyUridine) in water by means of

a water bottle within the cage for 14 days (ad libitum).
Micro dissection of adult mouse brain SVZ
Mice brains were dissected, removed, and kept in sterile PBS. The

Petri dish was placed under a dissecting microscope with light

source at low magnification on the ventral surface and the olfac-

tory bulbs were removed by holding the cerebellum. The brain

was then rotated onto the dorsal aspect and using a sterile blade

a coronal cut was made at the level of the optic chiasm (Walker

and Kempermann, 2014).
Adherent monolayer stem cell culture
The NSC adherent monolayer culture system is a valuable tool for

determining the proliferative and differentiative potential of adult

neural stem cells in vitro. Cell culture and differentiation of precur-

sor cells in adherent monolayer cultures was followed as per the

protocol of Walker and Kempermann (2014).
Neuroblast assay
Neuroblasts (Type A cells) were visualized after plating the cells ob-

tained from dissociation of adherentmonolayer cultures following

accutase treatment. The dissociatedmonolayer cells were plated in

a 15-mm 24-well plate at 2–3 3 105 cells/mL in complete NSC me-

dium supplemented with 20 ng/mL EGF and 10 ng/mL b-FGF.
Mouse FASN ELISA
Mouse FASN (fatty acid synthase) expression inmice brain and SVZ

was measured quantitatively using a mouse FASN ELISA kit.
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Mouse malonyl-CoA ELISA
Estimation of mouse malonyl-CoA in SVZ lysates was measured

quantitatively using a mouse malonyl-CoA ELISA kit.

Quantitative lipidomic analysis
Quantitative lipidomic analysis on SVZ tissue from SRflox/flox and

nestin-cre+ mice was performed at The Metabolomics Innovation

Center University of Alberta, Canada.

Analysis of gene expression
RNAwas isolated from SVZ ofWTand SR�/�, SRflox/flox, and nestin-

cre+mice using an RNA isolation kit. Gene expression studies were

performed using the SYBR green method.

Rescue in monolayer adherent cultures
Rescue experiments in adherent monolayer cultures were per-

formed by isolating NSCs from the SVZ of age-matched adult

mice. The cells were grown in culture for 7–10 days, following

which differentiation was induced by gradual removal of growth

factors as mentioned in Walker and Kempermann (2014).

Time spent sniffing novel odor
Mouse olfactory behavior was tested in age-matchedWT and SR�/�

mice. Mice (n = 20–25 per group) were collected and brought to

the behavior suite and the mice were placed in clean cages with

new bedding.

Blood glucose estimation
Blood glucose level was monitored by tail bleed using Contour

glucometer and Contour blood glucose test strips. Blood glucose

measurements were obtained from tail veins at indicated time

points post injection.

Insulin ELISA
Quantitative estimation of insulin from brain homogenates and

SVZ of age-matched WT, SR�/�, SRflox/flox, and nestin-cre+ mice

was performed using the Ultra Sensitive Mouse Insulin ELISA

Kit.

Statistics
Statistical tests were computed using KaleidaGraph (Synergy Soft-

ware, Reading, PA). Data are represented as mean ± SD. Unpaired

Student’s t test was used for pairwise comparison with a fixed con-

trol condition. For multiple pairwise comparisons with different

control and treatment conditions, one-way ANOVA analysis fol-

lowed by Tukey’s post hoc test was used. Values with p < 0.05

were considered significant.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2023.05.015.

AUTHOR CONTRIBUTIONS

R.R. conceived, designed, and performed all experiments and

analyzed all the data. R.R. wrote, edited, and revised the

mailto:robinroychaudhuri@gmail.com
https://www.metabolomicsworkbench.org
https://www.metabolomicsworkbench.org
https://doi.org/10.21228/M82H8Q
https://doi.org/10.1016/j.stemcr.2023.05.015
https://doi.org/10.1016/j.stemcr.2023.05.015


manuscript. H.A. performed stem cell differentiation experiments.

All authors reviewed the manuscript.

ACKNOWLEDGMENTS

The authors acknowledge Barbara Smith at The Johns HopkinsMi-

croscopy Core Facility for confocal imaging, Lauren Albacarys for

performing olfactory behavior tests, Dr. Paul Kim for initial tech-

nical assistance, and Evan R. Semenza for helpful discussions.

The authors acknowledge Prof. Peixin Yang at the University of

Maryland School of Medicine, Department of Obstetrics, Gynecol-

ogy and Reproductive Sciences for contributing reagents during

revision. The work was funded by grant P50 DA044123 from

NIDA to S.H.S.

CONFLICT OF INTERESTS

The authors declare no competing interests.

Received: February 1, 2022

Revised: May 21, 2023

Accepted: May 22, 2023

Published: June 22, 2023
REFERENCES

Azari, H., and Reynolds, B.A. (2016). In vitro models for neurogen-

esis. Cold Spring Harbor Perspect. Biol. 8.

Azari, H., Sharififar, S., Fortin, J.M., and Reynolds, B.A. (2012). The

neuroblast assay: an assay for the generation and enrichment of

neuronal progenitor cells from differentiating neural stem cell

progeny using flow cytometry. J. Vis. Exp.

Balu, D.T., Li, Y., Puhl, M.D., Benneyworth, M.A., Basu, A.C., Ta-

kagi, S., Bolshakov, V.Y., and Coyle, J.T. (2013). Multiple risk path-

ways for schizophrenia converge in serine racemase knockout

mice, a mouse model of NMDA receptor hypofunction. Proc.

Natl. Acad. Sci. USA 110, E2400–E2409.

Basu, A.C., Tsai, G.E.,Ma, C.L., Ehmsen, J.T.,Mustafa, A.K., Han, L.,

Jiang, Z.I., Benneyworth, M.A., Froimowitz, M.P., Lange, N., et al.

(2009). Targeted disruption of serine racemase affects glutamater-

gic neurotransmission and behavior. Mol. Psychiatr. 14, 719–727.

Belvindrah, R., Rougon, G., and Chazal, G. (2002). Increased neu-

rogenesis in adult mCD24-deficient mice. J. Neurosci. 22,

3594–3607.

Bernal, A., and Arranz, L. (2018). Nestin-expressing progenitor

cells: function, identity and therapeutic implications. Cell. Mol.

Life Sci. 75, 2177–2195.

Brownsey, R.W., Boone, A.N., Elliott, J.E., Kulpa, J.E., and Lee,W.M.

(2006). Regulation of acetyl-CoA carboxylase. Biochem. Soc. Trans.

34, 223–227.
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