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Abstract Myelin is a unique lipid-rich membrane structure
that accelerates neurotransmission and supports neuronal
function. Sphingolipids are critical myelin components. Yet
sphingolipid content and synthesis have not been well char-
acterized in oligodendrocytes, the myelin-producing cells of
the CNS. Here, using quantitative real-time PCR, LC-MS/
MS-based lipid analysis, and biochemical assays, we examined
sphingolipid synthesis during the peak period of myelination
in the postnatal rat brain. Importantly, we characterized
sphingolipid production in isolated oligodendrocytes. We
analyzed sphingolipid distribution and levels of critical en-
zymes and regulators in the sphingolipid biosynthetic path-
way, with focus on the serine palmitoyltransferase (SPT)
complex, the rate-limiting step in this pathway. During my-
elination, levels of the major SPT subunits increased and oli-
godendrocyte maturation was accompanied by extensive
alterations in the composition of the SPT complex. These
included changes in the relative levels of two alternative cata-
lytic subunits, SPTLC2 and -3, in the relative levels of iso-
forms of the small subunits, ssSPTa and -b, and in the
isoform distribution of the SPT regulators, the ORMDLs.
Myelination progression was accompanied by distinct changes
in both the nature of the sphingoid backbone and the N-acyl
chains incorporated into sphingolipids. We conclude that
the distribution of these changes among sphingolipid family
members is indicative of a selective channeling of the ce-
ramide backbone toward specific downstream metabolic
pathways during myelination.Bll Our findings provide in-
sights into myelin production in oligodendrocytes and sug-
gest how dysregulation of the biosynthesis of this highly
specialized membrane could contribute to demyelinating
diseases.—Davis, D. L., U. Mahawar, V. S. Pope, ]. Allegood,
C. Sato-Bigbee, and B. W. Wattenberg. Dynamics of sphingo-
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Myelin is a highly specialized membrane that wraps
around axons in the central and peripheral nervous sys-
tems, accelerating neuronal transmission and sustaining
neuronal function and viability. Loss of myelination is the
pathological basis for several devastating neurological dis-
orders, collectively known as demyelinating diseases, the
most common of which is multiple sclerosis (1). The my-
elin membrane is an extension of the plasma membrane of
specialized cells; oligodendrocytes in the CNS and Schwann
cells in the peripheral nervous system. The composition of
myelin is highly distinct from other biological membranes
with regard to both protein and lipid composition. Lipids
compose approximately 80% (by weight) of myelin, as com-
pared with 50% or less in most other biological membranes
(2). The lipid portion of myelin includes glycerolipids, ste-
rol, and remarkably high levels of sphingolipids. One re-
cent report determined that 80% of the non-sterol lipid in
myelin was sphingolipid (3). The majority of myelin sphin-
golipid is cerebroside, the term for the monoglycosylated
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ceramides glucosylceramide (GluCer) and galactosylce-
ramide (GalCer), and sulfatide, which is a sulfated galactosyl
ceramide. Myelin also contains substantial amounts of SM.
Myelin sphingolipids determine the unique physical char-
acteristics of this membrane [reviewed in (4)] and pro-
mote membrane interactions within the myelin structure
and between myelin and neurons (5-9). The importance
of myelin sphingolipids is confirmed by the observation
that mice deficient in the production of GalCer have pro-
found defects in myelination (10, 11), and deletion of sul-
fatide yields defects in myelin structure that become more
severe as mice mature (8, 12).

The production of all sphingolipids begins with the initi-
ating and rate limiting enzyme in the pathway, serine pal-
mitoyltransferase (SPT), a protein complex embedded in
the endoplasmic reticulum [reviewed in (13)]. Most com-
monly, this enzyme condenses serine with palmitoyl-CoA to
produce 3-ketodihydrosphingosine (3-KDS), an 18 carbon
precursor of all sphingolipids. It is expected that activity of
this enzyme would be a key regulatory step for sphingolipid
biosynthesis for myelin production. SPT is a multi-subunit
enzyme that has a core composed of two subunits, most
commonly SPTLC1 and -2. SPTLC2 contains the active
site of the enzyme but is not active by itself, requiring
assembly with SPTLCI for activity and stability. In the core,
dimer SPTLC2 can be replaced by a homologous subunit,
SPTLC3. SPT activity is strongly affected by accessory sub-
units. The so-called small SPT subunits, ssSPTa and -b,
strongly enhance activity of the core SPT complex. In
addition to determining the overall level of SPT activity, the
subunit composition of SPT specifies which fatty-acyl-CoA
substrates can be utilized (14). The complex formed by
SPTLC1/2/ssSPTa utilizes the 16 carbon acyl-CoA palmi-
toyl-CoA, and therefore produces 18 carbon sphingolipids,
which are the most abundant species. But SPTLC3 and/or
ssSPTh, depending on the combination, can allow the use
of both shorter and longer acyl-CoAs and therefore pro-
duce less common sphingoid bases. The functional effects
of these alterations are not yet clear, but changes in SPT
complex composition, as we find here, suggest that these
changes may fine-tune the characteristics of the sphingo-
lipid component of myelin. SPT is homeostatically regu-
lated; SPT activity is diminished when cellular sphingolipid
levels rise (15, 16). This control requires ORMDLSs, mem-
brane-bound proteins of the endoplasmic reticulum
that form stable complexes with SPT [reviewed in (17)].
Mammalian cells contain three ORMDL isoforms whose
individual functions have yet to be well characterized.
The ORMDL/SPT complex responds to ceramide levels.
One major function of this regulation may be to control
sphingolipid biosynthesis to maintain the ceramide pool
at sub-apoptotic levels.

Once SPT produces 3-KDS, this molecule is reduced to
dihydrosphingosine, which may then be acylated by one of
the six ceramide synthases to produce dihydroceramide,
which is then desaturated by ceramide desaturase to pro-
duce ceramide, the central substrate for higher order
sphingolipids [reviewed in (18)]. Each ceramide synthase
has a distinct preference for acyl-CoA substrates of differ-
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ent chain lengths, typically from 14 to 26 carbons in length,
and therefore a variety of ceramide molecular species are
produced. Ceramide is the backbone for SM, by the trans-
fer of phosphocholine from phosphatidylcholine by the
SM synthases. Important for myelin production, ceramide
is also the backbone of glycosphingolipids [reviewed in
(19)]. The synthesis of glycosphingolipids is initiated by
the transfer of either glucose or galactose to ceramide by
UDP-glucose ceramide glucosyltransferase or UDP-glycos-
yltransferase 8 (UGTS), respectively. GalCer is sulfated by
galactose-3-Osulfotransferase (Gal3st) to produce sulfa-
tide. Ceramide can also be deacylated by one of several
ceramidases to generate sphingosine [reviewed in (20)].
Sphingosine and dihydrosphingosine may be phosphory-
lated by one of the two sphingosine kinases to produce the
potent signaling molecules sphingosine- or dihydrosphin-
gosine-1-phosphate, both of which are substrates for the
only enzyme that can degrade the sphingosine backbone,
sphingosine-1-phosphate lyase [reviewed in (21)].

Here, we analyzed the well-characterized rat brain sys-
tem during the postnatal peak of myelination with respect
to levels of sphingolipids and sphingolipid metabolic en-
zymes. Importantly, for the first time, we analyzed these
components in isolated oligodendrocytes to gain direct
insight into myelin production that is not possible when
analyzing total brain samples. Our aim was to establish
the basis for elucidating the regulatory mechanisms that
determine both the timing and lipid specificity of myelin
sphingolipid production under normal physiological con-
ditions and how those mechanisms may be disturbed in
demyelinating diseases.

MATERIALS AND METHODS

Materials

The following primary antibodies were used in this study: anti-
myelin basic protein (MBP) (#MAB386), anti-MOG (#MAB5680),
anti-myelin-associated glycoprotein (#MAB1567), and anti-SPTLC2
(#ABS1641) were from EMD Millipore (Temecula, CA); anti-OR-
MDL (#NBP1-98511) and anti-GAPDH (#NB300-221) were from
Novus (Centennial, CO); anti-SPTLC1 (#611305) was from BD
Transduction Laboratories (San Jose, CA); anti-SPTLC3 (#PA5-
65493) was from Invitrogen/Thermo Fisher (Waltham, MA);
anti-proteolipid protein (PLP) (#ab28486) was from Abcam
(Cambridge, MA); anti-calnexin (#ADI-SPA-860) was from Enzo
(Farmingdale, NY). Amersham ECL Prime Western blot detection
reagent (#RPN2322) was from GE Healthcare (Marlborough,
MA). PVDF was from Bio-Rad (Hercules, CA). HRP-conjugated
secondary antibodies for mouse (#31430) and rabbit (#31460)
were purchased from Thermo Fisher (Waltham, MA), and goat
anti-rat (#112-035-003) was from Jackson Immuno Research Lab-
oratories (West Grove, PA).

Quantitative real-time PCR reagents used in this study were
from IDT (San Jose, CA) as follows: Prime Time Gene Expression
Master Mix (#1055772) and FAM-labeled PrimeTime qPCR 5’
nuclease probes for rat genome (gene identification number and
sequence information for each primer/probe set is included in
the supplemental information). Thin-wall PCR plates (#HSP9601)
and Microseal optical plate covers (#MSB1001) were from Bio-
Rad. Trizol reagent (#15596026) was from Invitrogen/Thermo



Fisher. 5PRIME heavy 2 ml-phase lock gels (#2302830) were from
VWR (Radnor, PA). The High-Capacity cDNA Reverse Transcrip-
tion Kit (#4368814) was from ABI/Thermo (Waltham, MA).

Internal standards for MS were purchased from Avanti Polar
Lipids (Alabaster, AL). Internal standards were added to sam-
ples in 10 pl ethanol:methanol:water (7:2:1) as a cocktail of 250
pmol each. Standards for sphingoid bases and sphingoid base
1-phosphates were 17-carbon chain length analogs: C17-sphin-
gosine, (2S,3R,4E)-2-aminoheptadec-4-ene-1,3-diol (d17:1-So);
Cl17-sphinganine, (2S,3R)-2-aminoheptadecane-1,3-diol (d17:0-
Sa); Cl7-sphingosine 1-phosphate, heptadecasphing-4-enine-
1-phosphate (d17:1-SolP); and Cl7-sphinganine l-phosphate,
heptadecasphinganine-1-phosphate (d17:0-SalP). Standards
for N-acyl sphingolipids were Cl2-fatty acid analogs: C12-Cer,
N-(dodecanoyl)-sphing-4-enine (d18:1/C12:0); C12-Cer 1-phos-
phate, N-(dodecanoyl)-sphing-4-enine-1-phosphate (d18:1/C12:0-
CerlP); C12-SM, N-(dodecanoyl)-sphing-4-enine-1-phosphocholine
(d18:1/C12:0-SM); and C12-GluCer, N-(dodecanoyl)-1-3-glucosyl-
sphing-4-eine.

Deuterated 1-serine (3,3-D2) (#DLM-161-PK) was from Cam-
bridge Isotope Laboratories (Tewksbury, MA) and myriocin
(#63150) was from Cayman Chemicals (Ann Arbor, MI). Percoll
(#17-0891-01) was from GE Healthcare. HBSS (#14185-052) and
DMEM/F12 (#11330-032) were from Gibco/Thermo (Waltham,
MA). Bovine pancreas DNase (DN-25) and papain (#P-4762) were
from Sigma-Aldrich (St. Louis, MO). Protease inhibitor cocktail
(Complete, EDTA-free) was from Roche (Indianapolis, IN). Un-
less otherwise indicated all remaining reagents used were from
commercial sources and readily available.

Animals

Sprague-Dawley female rats and their natural 2-day-old pups
(10 pups per litter) were obtained from Charles River Laborato-
ries (Wilmington, MA). Animals were housed under light/dark
cycle and temperature-controlled conditions and allowed food
and water ad libitum. Studies were conducted in accordance with
the National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals and under protocols approved by the Animal Care
and Use Committee of Virginia Commonwealth University, Rich-
mond, VA.

Isolation of primary oligodendrocytes from rat brain

Oligodendrocytes were freshly isolated from rat brain at vary-
ing times after birth (day 2, day 8, and day 16) using a Percoll
gradient centrifugation and differential cell attachment protocol
[adapted from (22)]. Cells isolated at postnatal day 2 are prolifer-
ating immature oligodendrocyte progenitors, while those from
8-day-old pups are postmitotic preoligodendrocytes, a develop-
mental stage that immediately precedes their differentiation into
mature myelinating cells. The majority of cells isolated from
16-day-old animals are fully differentiated oligodendrocytes.
Animals were rapidly decapitated per guidelines set forth by the
IACUC of Virginia Commonwealth University. The meninges were
removed from the dissected cerebral hemispheres, and brain
tissue was placed in ice-cold buffer A [25 mM HEPES in HBSS,
1 mg/ml glucose (pH 7.2)]. After all tissue was collected, the brains
were finely minced and then placed in buffer A containing 10 pg/
ml bovine pancreas DNase (Sigma #DN25) and 1 Unit/ml papain
(Sigma #P4762). Tissue was transferred to a sterile beaker and
then digested for 25 min in a 37°C shaking water bath set at 280
rpm. Following digestion, tissue was transferred to 50 ml conical
tubes and enzyme activity was quenched by dilution with addi-
tional ice-cold buffer A containing DNase. Samples were centri-
fuged at 50 g for 5 min at 4°C and then washed three times with
maximal volumes of cold buffer A. The washed digested tissue was
passed through a sterile nylon mesh (75 wm; SEFAR, Buffalo, NY)

to create a single cell suspension. Filtrates were diluted with buf-
fer A and then added to 15 ml Corex glass tubes containing iso-
tonic Percoll at a ratio of 1.5:1 (cells:Percoll, v/v). Tubes were
capped and then centrifuged for 15 min at 30,000 g in a JLA
16.250 fixed angle rotor (Beckman-Coulter, Brea, CA) at 4°C us-
ing a Beckman Avanti JE centrifuge. Oligodendrocytes were care-
fully isolated from the Percoll gradient, pelleted, washed once
with buffer A to remove residual Percoll, and then resuspended in
DMEM/Ham’s F12 medium containing 1 mg/ml fatty acid-free
BSA. The cells were placed in a 100 mm tissue culture-treated dish
and incubated at 37°C for 20 min to allow for differential attach-
ment of microglia and potential remaining astrocytes. After gently
swirling, the floating oligodendrocytes were pelleted and then
divided into equal aliquots for RNA and protein isolation
protocols.

Preparation of total membranes from whole rat cerebral
hemispheres

Membrane isolation used a procedure adapted from (23).
For each postnatal age group reported in this study, brains were
harvested from five rat pups and stored in separate tubes. Im-
mediately upon harvesting, the cerebral hemisphere brain tis-
sue was snap-frozen using liquid nitrogen and stored at —80°C
until time of processing. Frozen cerebral hemispheres were
placed into 5 ml ice-cold buffer A [20 mM HEPES-KOH (pH
7.0), 320 mM sucrose, 1x protease inhibitor cocktail) in a 7 ml
glass dounce tissue homogenizer (Kontes, Kimble/Chase, Rock-
wood, TN) and then homogenized using the “A” pestle (four
strokes) followed by the “B” pestle (eight strokes). Samples
were transferred to 15 ml centrifuge tubes on ice and then
centrifuged at 1,000 g for 10 min at 4°C to clear nuclei and cell
debris. Supernatants were transferred to Opti-Seal tubes (Beck-
man #361621), placed in a TLA110 rotor, and centrifuged at
417,200 g (Beckman-Coulter Optima Max XP) for 30 min at 4°C
to collect total membranes. Membrane pellets were resus-
pended in buffer A and then passaged approximately 10 times
through a 26 gauge needle. Total protein was quantitated using
the Bradford protein assay (Bio-Rad), and aliquots were stored
at —80°C until processing for Western blot, SPT activity assays,
or lipidomics analysis.

Isolation of total RNA from whole rat cerebral
hemispheres

Immediately upon harvesting, half of the cerebral hemisphere
brain tissue from each rat pup was placed into Trizol reagent and
then snap-frozen using liquid nitrogen and stored at —80°C until
time of processing. Frozen Trizol/brain tissue samples were
thawed on ice, and then transferred to a 7 ml glass dounce and
homogenized until smooth. This mixture was transferred to a
prespun 2 ml heavy phase lock gel (5PRIME), after which 200 pl
of chloroform/isoamyl alcohol (49:1, v/v; Sigma #25668) were
added and samples were vortexed vigorously. After standing at
room temperature for approximately 3 min, phases were sepa-
rated by centrifuging at 8,603 g for 15 min at 4°C. The upper
(aqueous) phase was transferred to a sterile 1.5 ml microfuge
tube, and 500 pl of isopropanol were added to each tube to pre-
cipitate RNA. RNA was pelleted by centrifugation at full speed for
20 min using a refrigerated table-top centrifuge. RNA pellets
were washed three times with 70% ethanol and then dried under
sterile conditions. Pellets were resuspended using RNase /DNase-
free water (50-100 pl depending on pellet size). RNA content
was quantitated using a NanoDrop 2000, and aliquots were pre-
pared and stored at —80°C until further use. To assess the quality
of the isolated RNA prior to use, 1 pug of each sample was re-
solved using 1% agarose gels containing 1% Clorox™ bleach
(24).
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cDNA synthesis and quantitative PCR analysis

Single-stranded cDNA was synthesized using 2 pg of total
RNA isolated from the brain tissue of individual rat pups. We
used the High-Capacity cDNA Reverse Transcription Kit
(#4368814) from ABI/Thermo Fisher per the manufacturer’s
instructions. FAM-labeled quantitative (q)PCR primer-probe
sets were designed for each gene of interest and ordered from
IDT (see supplemental information). Real-time qPCR analysis
was performed using 30-50 ng of cDNA per animal per gene
combined with PrimeTime Gene Expression Master Mix (IDT
#1055772) and a Bio-Rad CFX96 Touch real-time system. Data
were analyzed using the 27*%" method with all values normal-
ized to housekeeping genes and then set relative to day 2 gene
expression levels.

SDS polyacrylamide gel electrophoresis and
immunoblotting

All samples were run on 16% Tris-Tricine polyacrylamide gels
using standard Tris-Tricine buffer systems as detailed in (25). Pro-
teins were electrophoretically transferred to PVDF membranes
and then blocked with 5% milk in TBST for 1 h. Primary antibod-
ies were diluted at varying concentrations (1:1,000 to 1:5,000) in
solutions of 2-5% fatfree milk/TBST, depending on each anti-
body, and incubated with membranes overnight at 4°C. Mem-
branes were then washed for 15 min using TBST on a rotary
shaker four times. Then, membranes were incubated with second-
ary antibodies, diluted in 2% milk/TBST at varying concentra-
tions (1:10,000 to 1:30,000) for 2 h at room temperature or
overnight at 4°C or 2 h at room temperature or overnight at 4°C.
Blots were imaged using film and ECL Prime Western blot detec-
tion reagent (Amersham #RPN2322).

SPT activity in whole cerebral hemispheres

As a direct measure of SPT activity, we utilized a HPLC-MS
method to quantitatively measure 3-KDS generated in mem-
branes from postnatal rat brains [adapted from (26)]. Briefly, 75
ng of total membrane protein were incubated at 37°C for 10 min
in 180 pl of reaction mix (100 mM HEPES, 5 mM DTT, 5 mM
3,3-D2, 50 uM pyridoxyl 5-phosphate, 100 wM palmitoyl-CoA)
using 13 x 100 mm screw-cap Kimax glass tubes. Reactions were
quenched with 2 ml 0.5 N NH,OH and then immediately placed
in a —20°C freezer until lipid extraction could be completed. For
extraction, 250 pmol of d17:0 dihydrosphinganine were added as
an internal standard and then lipids were extracted by adding 2.5
ml of chloroform/methanol (2:1, v/v) and vortexing vigorously.
Samples were centrifuged at 4,000 g for 5 min, after which the
upper aqueous phase was removed. The lower organic phase was
then washed twice with 5 ml of water. After washing, the organic
phase was dried under nitrogen gas and then reconstituted in
500 wl of mobile phase. Fifty microliters were subjected to HPLC-
ESI-MS/MS analysis to measure the incorporation of 3,3-D2 into
3-KDS. Lipid analysis was performed using a Shimadzu Nexera
LC-30 AD binary pump system coupled to a SIL-30AC autoinjec-
tor and DGU20A5R degasser coupled to an AB Sciex 5500 quad-
rupole/linear ion trap (QTrap) (SCIEX, Framingham, MA)
operating in a triple quadrupole mode. Q1 and Q3 were set to
pass molecularly distinctive precursor and product ions (or a
scan across multiple m/z in Q1 or Q3), using N2 to collisionally
induce dissociations in Q2 (which was offset from Q1 by 30-120
eV); the ion source temperature was set to 500°C. The lipids were
separated by reverse phase LC using a Supelco 2.1 (i.d.) x 50 mm
Ascentis Express C18 column (Sigma) and a binary solvent sys-
tem at a flow rate of 0.5 ml/min with a column oven set to 35°C.
Prior to injection of the sample, the column was equilibrated for
0.5 min with a solvent mixture of 95% mobile phase A1 (CH;OH/
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water/HCOOH, 58/41/1, v/v/v, with 5 mM ammonium for-
mate) and 5% mobile phase Bl (CH;OH/HCOOH, 99/1, v/v,
with 5 mM ammonium formate), and after sample injection (typ-
ically 40 ml), the Al/Bl ratio was maintained at 95/5 for 2.25
min, followed by a linear gradient to 100% Bl over 1.5 min,
which was held at 100% B1 for 5.5 min, followed by a 0.5 min
gradient return to 95/5 Al1/B1. The column was re-equilibrated
with 95:5 A1/B1 for 0.5 min before the next run. SPT activity is
reported as picomoles of 3-KDS-D2 per milligram of total
protein.

Lipidomics analysis of sphingoid bases in cerebral
hemispheres

Extraction of sphingolipids. Samples were collected into 13 x
100 mm borosilicate tubes with a Teflon-lined cap (#60827-453;
VWR). Then, 2 ml of CH;OH and 1 ml of CHCI; were added
along with the internal standard cocktail (250 pmol of each
species dissolved in a final total volume of 10 pl of ethanol:
methanol:water 7:2:1). The contents were dispersed using an
ultra sonicator at room temperature for 30 s. This single phase
mixture was incubated at 48°C overnight. After cooling, 150 .l of
1 M KOH in CH30OH were added and, after brief sonication,
incubated in a shaking water bath for 2 h at 37°C to cleave
potentially interfering glycerolipids. The extract was brought to
neutral pH with 12 ul of glacial acetic acid; then the extract was
centrifuged using a table-top centrifuge, and the supernatant was
removed by a Pasteur pipette and transferred to a new tube. The
extract was reduced to dryness using a Speed Vac. The dried resi-
due was reconstituted in 0.5 ml of the starting mobile phase sol-
vent for LC-MS/MS analysis, sonicated for approximately 15 s,
and then centrifuged for 5 min in a table-top centrifuge before
transfer of the clear supernatant to the autoinjector vial for
analysis.

LC-MS/MS of sphingoid bases, sphingoid base 1-phosphates, and com-
plex sphingolipids. These compounds were separated by reverse
phase LC using a Supelco 2.1 (i.d.) x 50 mm Ascentis Express C18
column (Sigma) and a binary solvent system at a flow rate of 0.5
ml/min with a column oven set to 35°C. Prior to injection of the
sample, the column was equilibrated for 0.5 min with a solvent
mixture of 95% mobile phase Al (CH3;OH/water/HCOOH,
58/41/1, v/v/v, with 5 mM ammonium formate) and 5% mobile
phase B1 (CH;OH/HCOOH, 99/1, v/v, with 5 mM ammonium
formate), and after sample injection (typically 40 pl), the A1/B1
ratio was maintained at 95/5 for 2.25 min, followed by a linear
gradient to 100% B1 over 1.5 min, which was held at 100% B1 for
5.5 min, followed by a 0.5 min gradient return to 95/5 A1/BI.
The column was re-equilibrated with 95:5 A1/B1 for 0.5 min be-
fore the next run.

Analysis of GluCer and GalCer. Because GluCer and GalCer
co-elute by the above method, biological samples that contain
both can be analyzed by a separate method. Dried samples were
redissolved in CH;CN/CH3;OH/H4CCOOH (97:2:1) (v,v,v) with
5 mM ammonium acetate. The LC-Si column (Supelco 2.1 x
250 mm LC-Si) was pre-equilibrated with CH3;CN/CH;OH/
H;CCOOH (97:2:1) (v,v,v) with 5 mM ammonium acetate for
1.0 min at 1.5 ml per minute, the sample was injected, and the
column was isocratically eluted for 8 min. GluCer eluted at 2.56
min and GalCer at 3.12 min using this isocratic normal phase
system; however, column age and previous sample load can in-
fluence the retention times of HexCers by this method. Peri-
odic retention time confirmation with internal standards
allowed the monitoring of column stability and subsequent
effectiveness.



Analysis of sulfatide. In experiments where sulfatide analysis
was required, 250 pmol of the sulfatide internal standard (d18:1/
C12:0 sulfatide; Avanti Polar Lipids) were added with the other
internal standards during extraction. Sulfatides were separated by
reverse phase LC using a Supelco 2.1 (i.d.) x 50 mm Ascentis Ex-
press C18 column (Sigma) and a binary solvent system at a flow
rate of 0.7 ml/min with a column oven set to 60°C. Prior to injec-
tion of the sample, the column was equilibrated for 0.5 min with
a solvent mixture of 99% mobile phase Al (CH;OH/H,O/
HCOOH, 65/34/1, v/v/v,) and 1% mobile phase Bl (CH;OH/
HCOOH, 99/1, v/v,), and after sample injection (typically 10 ul),
the A1/B1 ratio was maintained at 99/1 for 3.0 min, followed by a
linear gradient to 100% B1 over 2.25 min, which was held at 100%
B1 for 4.5 min, followed by a 0.5 min gradient return to 99/1 Al/
B1. The column was re-equilibrated with 99:1 A1/B1 for 0.5 min
before the next run.

Sulfatides were analyzed in negative ion mode using an m/z
240.9 product ion (indicative of the sulfated galactose) for quan-
titation. Previously sulfatide standards had been used to confirm
LC retention in addition to N-acyl fatty acid product ions.

RESULTS

To form the basis for understanding the regulation of
sphingolipid metabolism during myelination in the CNS,
we utilized the well-characterized myelination program in
the neonatal rat. Rat pups were euthanized at intervals
from postnatal day 2 to postnatal day 30. To avoid litter-
specific variation, pups were selected from several litters at
each time-point. To assess the timing of myelination in this
model, we measured the protein and RNA levels of three
major myelin proteins, myelin oligodendrocyte protein
(MOG), MBP, and myelin PLP (Fig. 1). The mRNA expres-
sion for these three proteins in the rat brain becomes read-
ily detectable at about 9-10 days after birth, and continues
to rapidly increase until around 20 days of age. This pat-
tern is closely followed by the rapid and sharp accumula-
tion of the respective PLP, myelin oligodendrocyte
glycoprotein (MOG), and major splicing isoforms of MBP
protein levels. These data are consistent with previous re-
ports that myelination in the rat brain is initiated at around
postnatal day 9 and continues to increase until day 20, sub-
sequently decreasing to reach basal levels by 1 month of
age, when the initial round of myelination is essentially
complete (27, 28).

We first performed a profiling of sphingolipids in total
brain during this period of myelination. In interpreting
this data, it is important to recognize that in addition to
the initiation of myelination, the first two postnatal weeks
also include synaptogenesis and increases in neuronal,
astroglial, and microglial cells, and these will contribute
to the overall sphingolipid profile. Nevertheless, galacto-
cerebrosides and their sulfated derivative, sulfatide, are
considered to be specific oligodendroglial and myelin
components. Our analysis included only sphingolipids
containing nonhydroxylated fatty acids. However, it
should be emphasized that the contribution of hydroxyl
sphingolipids, particularly GalCer, to myelin production
and function is important and has attracted considerable
attention (29, 30).

Levels of the sulfatide, monohexosylceramides, GalCer
sulfotransferase, and ceramide galactosyltransferase in
the developing brain begin to elevate at postnatal day 5

The sulfated sphingolipid, 3-Osulfogalactosylceramide,
referred to as sulfatide, is a distinct component of my-
elin. Using MS, we measured levels of sulfatide in these
samples and found that they follow the levels of expres-
sion of the myelin-specific proteins (Fig. 2A). Levels of
sulfatide start rising above baseline at day 5, and then
rise steadily until day 25, where they plateau. This eleva-
tion is mirrored by increased expression of Gal3st, the
enzyme that produces sulfatide by sulfation of GalCer
(Fig. 2B). We also measured the combined levels of the
mono-glucosylated ceramide species (collectively known
as monohexosylceramides or cerebrosides), GluCer and
GalCer. Monohexosylceramides rise above background
at day 9 and then steadily increase with a plateau at day
25. This is similar, but slightly slower than the timing of
sulfatide production. Expression of the ceramide galac-
tosyltransferase (Ugt8) rises precipitously from day 9 to
day 15, where it plateaus. This mirrors early measure-
ment of activity and expression levels of this enzyme (31,
32). This is consistent with an increased production of
GalCer as a component of myelin as well as to fuel the
production of sulfatide.

Levels of ceramides and SMs rise moderately in the
myelinating brain; levels of S1P and dihydroS1P rise late
in the period of myelination

Ceramide is an obligate intermediate in the production
of the sphingolipid components of myelin, but is pro-
apoptotic at elevated levels (33). Itis therefore not surpris-
ing that the levels of ceramide stay relatively constant
throughout the course of myelination (Fig. 3A), rising
gradually to a plateau level at postnatal day 19 that is ap-
proximately 2-fold over that at postnatal day 2. This is
somewhat similar to other recent observations by Das-
gupta and Ray (34) using slightly different techniques.
Levels of ceramide are approximately an order of magni-
tude lower than those of the monohexosylceramides.
Levels of SM, a component of the myelin membrane, are
also relatively constant, rising less than 2-fold in total brain
lipids during the course of myelination (Fig. 3B). This is
somewhat surprising considering that SM is a significant
component of myelin. However the mass levels of SM are
high, so even moderate increases represent a significant
contribution.

Sphingosine and dihydrosphingosine are upstream me-
tabolites in the sphingolipid pathway. Sphingosine is a prod-
uct of ceramide hydrolysis by various ceramidases, whereas
dihydrosphingosine is produced early in the biosynthetic
pathway prior to ceramide synthesis. Levels of sphingosine
rise gradually during postnatal development (Fig. 3C) to
levels at postnatal day 25 that are approximately 3-fold over
those at postnatal day 2. This may reflect both the elevation
of ceramides as well as the activity of ceramidases. Levels of
dihydrosphingosine also rise during the period of myelina-
tion, but are elevated more dramatically late in the process
(Fig. 3D). Although this may be a reflection of elevated de
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novo sphingolipid biosynthesis, it is important to recognize
that these are steady-state measurements, so levels are the
result of both production and consumption of metabolic
intermediates. This flux is consistent with the observation
that the levels of the sphingosines are hundreds of fold
lower than those of the downstream sphingolipid metabo-
lites. The phosphorylated derivatives of the sphingosines,
dihydrosphingosine-1-phosphate and sphingosine-1-phos-
phate are wellstudied extra- and intracellular signaling
molecules and metabolic intermediates [reviewed in (21)].
Interestingly, levels of both of these molecules rise steadily
after birth but, in contrast to the specific myelin lipids, do not
plateau at postnatal day 25 but continue to rise (Fig. 3E, F).
The time-course of this elevation, which continues past
the peak time of myelination, may indicate that these lipids
are important players in neurodevelopmental processes
and in the mature rat brain [reviewed in (35)]. We do not
observe an increase in the phosphorylated sphingosines in
isolated oligodendrocytes during this period (supplemental
Fig. S1). However, it is notable that oligodendrocyte differ-
entiation and viability is dependent on S1P signaling (36—
39). Further study will be required to establish whether that
signaling is an autocrine effect or whether it is part of the
signaling interaction between oligodendrocytes and neu-
rons or glial cells.
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MBP with B-actin as a loading control. B: Total RNA
was isolated from the brains of postnatal rats of vari-
ous ages as indicated. RT-qPCR analysis was per-
formed and mRNA expression levels of key genes
associated with myelination were quantitated. Data
have been normalized to GAPDH expression levels
and then set relative to day 2. Shown are mean = SEM,
n = 5 animals per age group. HPRT, hypoxanthine
phosphoribosyltransferase.

25 30

Levels of the major sphingolipids in oligodendrocytes
during myelination

The measurements presented above are derived from
analysis of cerebral hemispheres during the postnatal time
window that includes the active period of myelination.
While some of the lipids and enzymes measured, such as
sulfatides and Gal3st, clearly reflect processes occurring
in the myelin-producing oligodendrocytes, other measure-
ments may include contributions from neurons, astrocytes,
and microglia, which are all proliferating and differentiat-
ing during this period [reviewed in (40)]. To address this
issue, we isolated oligodendrocytes at days 2, 8, and 16 after
birth to capture the period of peak myelination. To ensure
sufficient material for valid measurements these data are
derived from pooled oligodendrocytes isolated from the
brains of 20 rat pups. In oligodendrocytes, levels of mono-
hexosylceramides are relatively low in cells isolated from
2- and 8-day-old pups, but exhibit a dramatic elevation in
cells isolated 16 days after birth (Fig. 4). Here, we fraction-
ated the monohexosylceramides into the two major com-
ponents, GluCer and GalCer. These show similar temporal
patterns, with GluCer composing the major species. This is
interesting and surprising because GluCer is essentially ab-
sent from myelin (41). Sulfatides rise in a similar pattern as
the cerebrosides. In isolated oligodendrocytes, as in total
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Fig. 2. Mass levels of key sphingolipids and corre-
sponding sphingolipid metabolic enzymes associated
with myelination increase in the postnatal rat brain.
Total membranes were isolated from the brains of
postnatal rats of various ages as indicated. Steady state
levels of d18:1 monohexosylceramides (A) and d18:1
sulfatides (B) were quantitated using LC-MS/MS
analysis. Data are graphed as picomoles of lipid per
100 pg of total protein. C: Total RNA was isolated
from the brains of postnatal rats of various ages as in-
dicated. RT-qPCR analysis was performed and mRNA
expression levels of key enzymes responsible for the
biosynthesis of monohexosylceramides and sulfatides
were quantitated. Data have been normalized to
GAPDH expression levels and then set relative to day
2. Data are presented as mean = SEM, n = 5 animals
per age group. Ugt8, UDP-glycosyltransferase 8.
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brain, the levels of ceramides rise slowly during this time
period. However, in contrast to total brain, the levels of
SM undergo a significant elevation in oligodendrocytes as
myelination proceeds. It is important to note that during
the isolation of the oligodendrocytes it is likely that fragile
processes are sheared and lost. Consequently, it is likely that
these measurements reflect levels of lipids predominantly
in the cell body.

Activity and protein levels of SPT and associated
regulators in total cerebral hemispheres

SPT is the initiating and rate-limiting step in sphingolipid
biosynthesis [reviewed in (13)]. The core enzymatic unit
of SPT is a heterodimer consisting most often of SPTLCI1
and SPTLC2. Both subunits are required for activity,
although the active site is contained within SPTLC2. Less
commonly, SPTLC3 (also referred to as SPTLC2b) replaces
SPTLC2 in the complex. In addition, there are two smaller
subunits, ssSPTa and -b, which can profoundly affect SPT
activity and substrate specificity (14). While palmitoyl
(16:0)-CoA is the preferred substrate for SPTLC1/2/
ssSPTa, other combinations with SPTLC3 and/or ssSPTa
or -b result in a complex that can accommodate myristoyl
(14:0)-CoA and/or stearoyl (18:0)-CoA (14). SPT activity is
homeostatically regulated in response to changes in cellu-
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lar sphingolipid levels. This is mediated by small mem-
brane proteins, the ORMDLs, of which there are three
isoforms in mammalian cells [reviewed in (17)]. Given the
extent of sphingolipid biosynthesis required to produce
myelin, it is expected that the SPT complex is tightly regu-
lated during the early period of myelination. The impor-
tance of that regulation is supported by studies in mice
conditionally overexpressing the core SPT complex in my-
elin-producing cells, which demonstrate severe myelina-
tion defects (42).

SPT activity was measured in total brain membranes us-
ing a sensitive and specific MS-based assay (26). Interest-
ingly, activity increased from day 2 to day 5 after birth and
declined thereafter (Fig. 5A). This decline is surprising
considering the increase in sphingolipid synthesis that is
occurring during this time-course. Measurement of the
protein levels of the major SPT subunits revealed that
levels of SPTLC2 roughly mirror the levels of SPT activity,
while levels of SPTLC1 were relatively constant (Fig. 5B).
This is consistent with the mRNA levels of these proteins
as measured by real-time PCR (Fig. 6A, B). SPTLC3 can
replace SPTLC2 in the core SPT complex. Intriguingly, both
protein (Fig. 5B) and mRNA (Fig. 6C) levels of SLPTLC3
increase to a peak at days 12 and 15, suggesting a change in
the composition of the SPT complex during this critical
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Fig. 3. Steady state levels of d18:1 sphingolipids in the membranes of the postnatal rat brain. Total membranes were isolated from the
brains of postnatal rats of various ages as indicated in each panel. Steady state levels of total d18:1 ceramides (A), d18:1 SMs (B), d18:1 sphin-
gosine (C), d18:1 dihydro-sphingosine (D), d18:1 S1P (E), and d18:1 dihydro-S1P (F) were quantitated using LC-MS/MS analysis. Data are
graphed as picomoles of lipid per 100 pg of total protein. Data are expressed as mean + SEM, n = 5 animals per age group.

phase of myelination. Also interesting is the complemen-  increase. These subunits affect both the activity and sub-
tary change in levels of the small SPT subunits ssSPTa and -b.  strate specificity of SPT, and how this might impact SPT
ssSPTa mRNA levels decrease dramatically during the  activity during myelination is outlined in the Discussion.
phase of myelination (Fig. 6D, E), while levels of ssSPTb ~ The three ORMDL isoforms cannot be distinguished by
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Fig. 4. Steady state levels of total d18:1 sphingoid base lipids were
measured in the oligodendrocytes isolated from the brains of post-
natal rats of various ages. LC-MS/MS was used to quantitate the mass
levels of total d18:1 ceramides (CER), d18:1 SMs, d18:1 GluCERs,
d18:1 GalCERs, and d18:1 sulfatides (Sulfatide) in both the primary
oligodendrocytes isolated from the brain tissue of postnatal rats us-
ing the Percoll gradient method as described in the Isolation of
primary oligodendrocytes from rat brain section of the Materials
and Methods. Data are graphed as picomoles of lipid per 100 g of
total protein. Samples are from pooled oligodendrocytes derived
from 20 rat pups.

any available antibodies. The total level of ORMDL pro-
tein, which appears relatively constant over the time-course
measured here (Fig. 5B) therefore reflects the combined
levels of these isoforms. However, probing isoform-specific
expression at the RNA level (Fig. 7) reveals that there is a
dramatic decrease in the level of ORMDLI as myelination
progresses. ORMDL3 expression declines in a somewhat
more modest way, while ORMDL2 levels remain constant.
It should be kept in mind that activity, protein, and mRNA
measurements reflect changes in all cell types in the brain.
As described below a significantly different picture emerges
from measurements made in isolated oligodendrocytes.

Levels of sphingolipid metabolic enzymes, SPT subunits,
and ORMDL isoforms in isolated oligodendrocytes

As expected, in isolated oligodendrocytes, expression of
the genes encoding the myelination marker proteins MBP
and MOG, as measured at the protein and mRNA levels, is
virtually absent in cells isolated from 2-day-old pups, but
becomes greatly elevated as myelination progresses from 8
to 16 days of age (Fig. 8A, D). Expression of Ugt8, the gene
encoding the enzyme that produces GalCer, is virtually un-
detectable in oligodendrocyte progenitors from 2-day-old
pups but dramatically increases as more cells transition
from pre-oligodendrocytes into differentiated cells at the
beginning of the rapid period of myelination at around
postnatal day 8 (Fig. 8D). Ugt8 mRNA remains at similarly
elevated levels in cells obtained at postnatal day 16, when
the majority of isolated oligodendrocytes are almost exclu-
sively mature oligodendrocytes capable of myelination. In
contrast, mRNA levels of Gal3st, which produces sulfatide
from GalCer, are still low in cells from 8-day-old pups, but
increase by over 500-fold by the time cells are already fully
differentiated. These data confirm the expectation that the
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Fig. 5. Dynamic changes in the activity and subunit composition
of SPT in the early postnatal rat brain. A: SPT activity was measured
using an HPLC-ESI-MS/MS method combined with deuterated ser-
ine to quantitatively measure 3-KDS generated in membranes from
postnatal rat brains. Data are graphed as picomoles of 3-KDS lipid
per milligram of total protein. Data are expressed as mean + SEM,
n =5 animals per age group. B: Western blot analysis of total mem-
branes isolated from the brains of postnatal rats of various ages as
indicated in each panel. Blots were probed with primary antibodies
for the large subunits of SPT (SPTLCI-3), total ORMDL protein,
and calnexin.

majority of the changes in GalCer and sulfatide content in
the whole brain during myelination is driven by oligoden-
drocyte activity (43).

To determine whether changes in the SPT complex in
the intact brain reflect progression of the oligodendrocyte
development and myelination program, we measured the
expression levels of SPT subunits in isolated oligodendro-
cytes (Fig. 8). Levels of SPTLCI and -2 progressively increased
at both the protein and mRNA levels in oligodendrocytes as
the cells differentiate from immature oligodendrocyte pro-
genitors (day 2) into mature myelinating oligodendrocytes
(day 16) (Fig. 8A, B). This contrasts to a degree to the mea-
surements in whole brain, where levels of SPTLC1 were
constant and SPTLC2 declined over the same period (Figs.
5, 6). These data indicate that cell types other than oligo-
dendrocytes influence the measurement of these genes
in the intact brain. The increase in SPT in oligodendro-
cytes is consistent with the increased need to supply the
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mals per age group.

sphingolipids required for myelination. Interestingly, pro-  measurements has yet to be resolved. The day 8 elevation of
tein levels of SPTLC3 decline during this period (Fig. 8A), SPTLC3 somewhat parallels the measurements in whole
although there is a dramatic increase in SPTLC3 message brain, although in the brain the levels of SPTLC3 continue

levels at day 8 (Fig. 8C). The discrepancy between these two to elevate through day 15 and beyond. The expression of

514 Journal of Lipid Research Volume 61, 2020



-
-~

ORMDL1

Relative mRNA Expression X
e o o = o
-~ -] (-] (=] ~n

=
L]
I

o
(=]
1

2 5 9 12 15 19 25 30
Postnatal Age (Days)

(9]

14
ORMDL3
12
10 -

0.8 4

0.6 4

Relative mRNA Expression

2 5 9 12 15 19 25 30
Postnatal Age (Days)

-
-

ORMDL2

Relative mRNA Expression @
- -
- (<] o o N
' L 'l L '

o
N
1

o
o
1

2 5 9 12 15 19 25 30
Postnatal Age (Days)

O

14
HPRT
12
1.0 -

0.8 4

0.6

Relative mRNA Expression

2 5 9 12 15 19 25 30
Postnatal Age (Days)

Fig. 7. mRNA expression levels of the three ORMDL isoforms are dynamically regulated in the developing rat brain. Total RNA was iso-
lated from the brains of postnatal rats of various ages as indicated in each panel. RI-qPCR analysis was performed and mRNA expression
levels of ORMDLI (A), ORMDL2 (B), and ORMDL3 (C), as well as the housekeeping gene, hypoxanthine phosphoribosyltransferase
(HPRT) (D), were quantitated. Data have been normalized to GAPDH expression levels and then set relative to day 2. Data are expressed as

mean = SEM, n = 5 animals per age group.

the small subunits also reveals oligodendrocyte-specific
changes in the composition of the SPT complex (Fig. 8C).
In oligodendrocytes, the levels of ssSPTa are near baseline
at day 16. This contrasts to the decline of ssSPTa over the
entire time-course measured in whole brain (Fig. 6). ssSPTb
message is markedly elevated at day 8 and is maintained at
this level at day 16. This is qualitatively similar to what is
observed in the whole brain samples (Fig. 5). The overall
protein levels of the ORMDLSs do not dramatically change
during this period (Fig. 8A); however, measurement of
mRNA of the individual isoforms indicates that the relative
expression of the three isoforms changes significantly (Fig.
8B). Expression of ORMDLI and -2 increases during my-
elination, while levels of ORMDLS3 decline. These data indi-
cate that the overall levels of the SPT complex increase
during the peak of myelination, but that the composition of
the complex changes both with respect to the major and
minor subunits, driving changes both in the levels and mo-
lecular species of sphingolipids produced.

Levels of d16:1 and d20:1 sphingoid backbones in
oligodendrocytes during myelination

The SPTLC1/2 dimer in combination with ssSPTa
strongly prefers palmitoyl (16:0)-CoA as a substrate, and
therefore generates sphingolipids containing the dI18
sphingoid base. However other trimer combinations ex-
hibit a variety of acyl-CoA substrate preferences (14). For
example SPTLCI/3/ssSPTa can use myristic (14:0)-CoA
equivalently to palmitoyl-CoA, yielding d16 bases and
SPTLcl/3/ssSPTb can utilize either myristoyl- or stearoyl
(18:0)-CoA. Therefore, the composition of the SPT com-
plex would be expected to determine the exact molecular
species of sphingoid bases produced. To examine the im-
pact of the changes in SPT complex composition on the
utilization of either myristoyl- and/or stearoyl-CoA we ex-
amined the levels of sphingolipids incorporating d16:1 and
d20:1 sphingoid bases in isolated oligodendrocytes during
the period of peak myelination (Fig. 9). Because overall
levels of sphingolipids change during the time-course
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determinations that yielded similar results.

examined (Fig. 4), we have depicted the levels of these lip-
ids as a percentage of the major d18:1-containing sphingo-
lipids. The d16:1 sphingolipids were barely detectable in
ceramides and monohexosylceramides, but constitute a sig-
nificant fraction of SMs, although there is only a moderate
change in these levels over time (Fig. 9A). In contrast, d20:1
sphingolipids constitute a significant fraction of all sphingo-
lipids measured (Fig. 9B). Levels of d20:1 ceramide and SM
rise considerably during this period, eventually constituting
almost 8% of the totals of these lipids. The levels of d20:1
monohexosylceramides rise to the same level by day 8, but
then decline to approximately 3% of the total.
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Analysis of the molecular species of sphingolipids in
the brain and oligodendrocytes during the onset of
myelination demonstrate selectivity in the downstream
metabolism of ceramide

The fatty acids N-acylated to ceramide, and therefore in-
corporated into more complex sphingolipids, can vary
from 14 to 26 carbons and may be either saturated on
monounsaturated. The biophysical and biological proper-
ties of sphingolipids is strongly affected by the N-acyl chain
lengths of those lipids [(44), reviewed in (45)] and is
known to affect myelination (46). We found that the fatty-
acyl content of sphingolipids in total brain and isolated
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these samples are presented in the supplemental material. Single samples from oligodendrocytes isolated from 20 pups are shown.

oligodendrocytes changes dramatically during the period
of myelination (Fig. 10). For clarity we show only the 16:0,
18:0, 24:0, and 24:1 molecular species. These comprise
almost 80% or more of the total species under almost all
circumstances. The most notable exception is SM in oli-
godendrocytes, in which 18:1 comprises 30% of the total
at day 16. Overall there is a decrease in the incorporation
of the shorter chain species and an elevation of the longer
chain species as myelination progresses. However the indi-
vidual types of sphingolipids demonstrate dramatic differ-
ences in the dynamics of change and exhibit major
differences in which species predominate.

Ceramides in total brain and oligodendrocytes

In total brain samples initially (2 days after birth), the
major molecular species in ceramide are relatively short;
the combined content of 16:0 and 18:0 species constitute
approximately 90% of the total (Fig. 10A) and do not
markedly change over time. Oligodendrocytes at day 2
have a similar distribution to that of total brain with a total
of almost 80% of the ceramide species consisting of 16:0
and 18:0 (Fig. 10B). As myelination progresses there is a
marked shift increase toward longer ceramide species in
oligodendrocytes, but not in total brain. At day 8 in oligo-
dendrocytes, the combined 16:0/18:0 content has de-
creased to 58% and by day 16 to 42%. In oligodendrocytes,
but not total brain, the levels of the long chain ceramides,
particularly 24:1, are elevated. Levels of 24:1 are approxi-
mately 6% of the total at day 2 and rise to 25% by day 16.

Monohexosylceramides in total cerebral hemispheres and
monohexosylceramides and sulfatides in oligodendrocytes

The molecular species of the monohexosylceramides
are distinctly more dynamic than those of ceramide, and
although the trends are similar to those in ceramide, there
are some distinct differences. The combined 16:0/18:0

content of monohexosylceramides in total brain declines
from 87% at day 2 to 29% at day 15 (Fig. 10G). In oligoden-
drocytes, the monohexosylceramides were fractionated
into glucosyl- and GalCer. GluCer comprises approximately
80% of total monohexosylceramides (Fig. 4). The decline
of 16:0/18:0 content of oligodendrocyte GluCer follows
the trend of total brain monohexosylceramide but is even
more severe, declining from 77% at day 2 to just 11% at day
16 (Fig. 10H). Oligodendrocyte GalCer differs somewhat
from GluCer in having lower initial levels of 16:0 and
higher levels of 18:0, with a more moderate decline in the
16:0/18:0 content as myelination progresses (Fig. 10C).
The 24:1 species of both GluCer and GalCer becomes the
dominant molecular species as myelination progresses.
The molecular species incorporated into sulfatides are
generally similar to those in the GalCers (Fig. 10F).

SM in total cerebral hemispheres and oligodendrocytes

The molecular species in SM are remarkably constant
over time in total brain (Fig. 2D) and isolated oligoden-
drocytes (Fig. 2E). In both sources, shorter chain species
predominate the composition of SM. Interestingly, in
oligodendrocytes, the 18:1 molecular species, otherwise a
minor species, comprises close to 30% of the total SM con-
tent at day 16. The difference in ceramide utilization be-
tween SM and the monohexosylceramides is an indication
of selective downstream ceramide metabolism (addressed
in more detail in the Discussion).

DISCUSSION

The production of myelin by oligodendrocytes in the
CNS requires the coordinated synthesis and assembly of a
specialized set of proteins and lipids (1). Myelin is highly
enriched with a distinct set of lipids compared with other
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Fig. 10.

The molecular species of sphingolipids change dramatically over time and differ between total brain and isolated oligodendro-

cytes in the postnatal rat brain. Membranes prepared from total brain (A, D, G) or isolated oligodendrocytes (B, C, E, F, H) just prior to
myelination (postnatal day 2), early in myelination (day 9 for total brain, day 8 for oligodendrocytes), and during peak myelination (day
15 in brain, day 16 in oligodendrocytes) were analyzed by MS. For clarity, only the major molecular species (with some exceptions noted in
the Results) are shown. Ceramides (A, B), SMs (D-E), total hexosylceramides (G), GluCers (H), GalCers (C), and sulfatides (F). For total
brain n = 5; for oligodendrocytes, single samples from oligodendrocytes isolated from 20 pups are shown. For brain fractions, mean =+ stan-

dard deviation is shown.

biological membranes and contains sphingolipids that are
not found in abundance elsewhere. The molecular mech-
anisms that coordinate and regulate the production of in-
dividual lipid and protein components to produce the
optimal composition of this critical membrane is poorly
understood. This knowledge is essential for a basic under-
standing of the production of this highly specialized mem-
brane and for how dysregulation could contribute to
devastating demyelinating diseases.

Levels of sphingolipids rise in total brain and isolated
oligodendrocytes

Here we have focused on the sphingolipid components
of myelin: the sulfatides, cerebrosides, and SM [reviewed in
(47)]. We produced a detailed time course of the levels of
these lipids in total brain. The analysis of lipids in total
brain during the early postnatal peak of myelination re-
flects both myelin production and the dramatic expansion
of neuronal and glial cells. To focus on myelin production,
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we also report, for the first time, analysis of sphingolipids in
oligodendrocytes during this period. In parallel, we mea-
sured the expression of key metabolic enzymes in this path-
way, with a focus on the initiating and rate limiting step in
sphingolipid biosynthesis, SPT.

As expected, the levels of sulfatides and cerebrosides, as
well as the proximal enzymes that produce the sulfatides,
Gal3st and UGTS, rise in both the total brain and oligoden-
drocyte samples as the period of myelination progresses.
Similarly, the elevation of SM is consistent with its role as a
component of myelin. More interesting is the elevation of
ceramide levels as myelination progresses, as we find here
and as noted previously (48). Ceramide is required as a
precursor for the cerebrosides, sulfatides, and SM, but
elevated ceramide levels can also trigger apoptosis (49). As
discussed below, there are dynamic changes in the molecu-
lar species composition of the ceramides that may moder-
ate the pro-apoptotic effects of this sphingolipid.



Time- and sphingolipid-dependent changes in molecular
species during myelination

We and others observe that as myelination progresses
there is a decline in the levels of long chain (16:0 and
18:0)-containing sphingolipids (48, 50) and a correspond-
ing increase in the very long chain sphingolipids (princi-
pally 24:0 and 24:1). In our studies this is less apparent in
the total brain lipids such as ceramides and SM, but readily
seen in the myelin-enriched monohexosylceramides in to-
tal brain samples as well in all sphingolipids measured in
isolated oligodendrocytes. This shift toward longer mo-
lecular species parallels a decline in the expression of
Cers6, which produces long chain ceramides and an in-
creased expression of Cers2, which produces very long
chain ceramides (48, 51). The functional importance of
the elevated levels of very long chain sphingolipids is un-
derscored by the severe myelination defects that result
from deletion of Cers2 (46, 52). Although ceramide is
generally considered to be pro-apoptotic, there is emerg-
ing evidence that this is not universal for all ceramide mo-
lecular species (53-55) [reviewed in (56)]. A shift of
ceramide molecular species to very long chain species may
explain how an increased ceramide pool can be tolerated
by myelinating oligodendrocytes.

Examination of the distribution of molecular species in
oligodendrocytes reveals that there is selective incorpora-
tion of ceramide species in different classes of sphingolip-
ids. For example, SM remains relatively rich in 16:0 through
the peak period of myelination (Fig. 10E), while levels of
this molecular species are barely detectable in the cerebro-
sides (Fig. 10C, H). Conversely, levels of 24:1 are strongly
elevated in the cerebrosides as myelination proceeds, but
are a minor species in SM. In GalCer and sulfatide, 18:0 is
the major molecular species, but this is a relatively minor
species in GluCer. Selectivity may be introduced at the level
of intercompartmental transport. Ceramide must be trans-
ported from its site of synthesis in the endoplasmic reticu-
lum to the transGolgi for SM synthesis and to the medial
Golgi for GluCer synthesis [reviewed in (57)]. In contrast,
GalCer synthesis occurs in the endoplasmic reticulum, and
so presumably does not require a transport mechanism.
The ceramide transporter, CERT, required for ceramide
transport to the trans-Golgi for SM synthesis, is selective for
shorter chain ceramides (58, 59). This may account, in
part, for the enrichment of these species in SM. The mech-
anism mediating transport of ceramide to the cytosolic face
of the medial Golgi for GluCer synthesis is still unresolved
(57, 60). Whether there is selectivity in this transport pro-
cess remains to be determined. The close correlation be-
tween ceramide and GalCer molecular species may reflect
that the endoplasmic reticulum is where both ceramide
and GalCer are produced.

A particularly striking finding of our study is that GluCer
is a substantial component of the sphingolipid pool in my-
elinating oligodendrocytes. Yet myelin contains negligible
levels of GluCer (41). There is clearly a selective incorpora-
tion of sphingolipid into the forming myelin membrane
that excludes GluCer and enriches for GalCer and its sul-
fated derivative, sulfatide. It is notable that deletion of Glu-

Cer synthesis in oligodendrocytes does not have obvious
effects on myelination (41), so the role of GluCer in oligo-
dendrocyte function remains unresolved.

We carefully examined the regulation of SPT. As the rate-
limiting enzyme in sphingolipid biosynthesis, it would be
expected that SPT activity would increase dramatically
during myelination. Our activity, protein, and RNA mea-
surements revealed the limitation of analyzing total brain
samples in which the number of many cell types are ex-
panding during the period that we analyzed. We found that
SPT enzymatic activity measured in whole brain peaks early,
day 9 after birth, just at the initiation of myelination rather
than continuing to rise as myelin is produced. The activity
measurement was consistent with the decrease of SPTLC2
and -3 at the protein and RNA levels during this later pe-
riod. Elevated SPT activity prior to myelination is likely to
reflect the large ganglioside synthesis that accompanies the
generation of neurons, axonal elongation, and synaptogen-
esis, as gangliosides are major components of the neuronal
membranes (61). The discrepancy between the decline of
SPT activity measured in total brain during the period of
rising levels of myelin production was resolved by mea-
surement of SPT protein and mRNA in myelinating oli-
godendrocytes, a relatively minor cell type in the brain.
Measurements of the major SPT subunits at the RNA level
in oligodendrocytes revealed that SPTLCI and -2 levels are
elevated at day 16, when myelin-specific sphingolipids are
rapidly increasing. Unfortunately, there was not sufficient oli-
godendrocyte material to perform activity measurements to
confirm that the SPTLC1 and -2 levels reflect SPT activity.

Critically, activity of SPT with regard to overall activity
and substrate and product specificity is dependent on the
composition of the complex [reviewed in (62)]. Important
alterations in the SPT complex composition include whether
the active site-containing subunit is SPTLC2 or -3 and
whether the small subunits, ssSPTa or -b, and regulatory
proteins, the ORMDLs, are present. The predominant acyl-
CoA substrate for SPT is the 16 carbon form, palmitoyl-
CoA, and this is the preference of the SPTLC1/2/ssSPTa
complex, producing d18 sphingoid base-containing sphin-
golipids, the major forms that we and others have generally
measured. Substitution of SPTLC3 for SPTLC2 promotes
the use of the 14 carbon acyl-CoA and thus generates d16
sphingoid bases (63). Indeed, we find that sphingolipids
containing the d16:1 sphingoid base are observed in all
sphingolipids that we measured, albeit at low levels (Fig.
9A). The levels of the d16:1-containing sphingolipids gen-
erally follow those of the d18:1 sphingolipids and are con-
siderably lower. The significance of the distinct and
dramatic peak in SPTLC3 expression at the beginning of
the myelination process, observed in both total brain and
oligodendrocyte samples, is not clear. While it may influ-
ence the generation of d16 sphingolipids, there may be an
as yet unappreciated function of the SPTLC3 subunit that
is critical for the last stages of oligodendrocyte maturation
and the initiation of rapid myelin production. The small
subunits, in addition to increasing the overall activity of the
SPTLC1/2 dimer, also affect the substrate preference of
SPT (14). In the context of SPTLC1/2, ssSPTb promotes
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the use of longer chain fatty acyl-CoA substrates, and in the
context of SLPTLC1/3, ssSPTb appears to reduce the over-
all specificity of acyl-CoA utilization. We noted a rise in
ssSPTb levels in both total brain and oligodendrocyte sam-
ples during the peak period of myelination. Correspond-
ingly, the levels of d20:1-containing sphingolipids in
oligodendrocytes rise during this period (Fig. 9B). The lev-
els of these lipids are appreciable, up to 8% of the total.
Future studies manipulating the levels of ssSPTb will be re-
quired to determine the functional consequences of these
changes. Indeed, a mouse mutant harboring a hypermor-
phic mutation in ssSPTb increases levels of d20 sphingolip-
ids and results in a neurodegeneration phenotype (64).
Our observation that the composition of the SPT complex
changes during oligodendrocyte differentiation and my-
elination indicates that there are subtle alterations of the
sphingolipids that are produced that may have important
consequences for myelin assembly and/or function.

The ORMDLs are homeostatic regulators of SPT, inhib-
iting activity of this enzyme as cellular sphingolipids rise
[reviewed in (17)]. The ORMDL/SPT complex responds
directly to levels of ceramide (65). There are three OR-
MDL isoforms. In cultured cell lines, the three isoforms
are functionally redundant (15). This system is thought to
maintain ceramide levels at sub-apoptotic levels by ensur-
ing that SPT stimulation of ceramide production does not
overwhelm enzymes downstream of ceramide. This would
be particularly important in cells, such as the myelinating
oligodendrocyte, in which high levels of sphingolipid are
being produced. Indeed, it has recently been reported
that a whole animal double knockout of ORMDLI and -3
results in profound myelin aberration (42). These animals
exhibit reduced numbers of myelinated axons and, in
the remaining myelin, what appears to be overproduc-
tion of the myelin membrane. The authors speculate that
unregulated sphingolipid production is both cytotoxic
to oligodendrocytes and results in unregulated myelin
production.

We find that in the maturing oligodendrocytes the
total level of ORMDL protein is relatively constant (Fig. 8A).
It should be noted that the close homology of the three
ORMDL isoforms precludes distinguishing individual iso-
forms by currently available antibodies. However, analysis
of mRNA levels indicated that the contribution of the indi-
vidual isoforms changes as oligodendrocytes mature. Lev-
els of ORMDLI gradually increase with oligodendrocyte
maturation, while ORMDL2 rises sharply in the cells from
8-day-old pups. These cells consist predominantly of pre-
oligodendrocytes ready to undergo the last stage of oligo-
dendrocyte maturation into actively myelinating cells. In
contrast, levels of ORMDL3 drop somewhat during this
period. It remains to be determined how the change in
ORMDL isoform composition affects SPT regulation and
how these results relate to the observations of Proia and
colleagues (42). One possibility is that each isoform estab-
lishes a different ceramide set-point or responds to a differ-
ent spectrum of ceramide molecular species. It is also
possible that the ORMDLSs have regulatory functions on
other aspects of sphingolipid metabolism.
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These studies emphasize that although the general out-
line of sphingolipid content in the myelin membrane has
been known for decades, little is understood about the bio-
synthesis and incorporation of these lipids into the form-
ing myelin membrane. Important gaps in our knowledge
remain concerning how the levels of individual lipids are
produced in the right proportions both in relationship to
each other and to the protein components of myelin. It will
be particularly important to establish the mechanism coor-
dinating sphingolipid biosynthesis with cholesterol biosyn-
thesis, considering the essential nature of the interaction
of these two lipid classes in myelination [reviewed in (66)].
The mechanism that transports both the protein and lipid
components of myelin from their sites of synthesis into the
forming myelin membrane is also poorly understood. An
understanding of the details of myelin biosynthesis will be
crucial to the development of treatment of demyelinating
diseases by either preventing demyelination or stimulating
remyelination il
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