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Adult-onset CNS myelin sulfatide deficiency
is sufficient to cause Alzheimer’s disease-
like neuroinflammation and cognitive
impairment
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Abstract

Background: Human genetic association studies point to immune response and lipid metabolism, in addition to
amyloid-beta (Aβ) and tau, as major pathways in Alzheimer’s disease (AD) etiology. Accumulating evidence
suggests that chronic neuroinflammation, mainly mediated by microglia and astrocytes, plays a causative role in
neurodegeneration in AD. Our group and others have reported early and dramatic losses of brain sulfatide in AD
cases and animal models that are mediated by ApoE in an isoform-dependent manner and accelerated by Aβ
accumulation. To date, it remains unclear if changes in specific brain lipids are sufficient to drive AD-related
pathology.

Methods: To study the consequences of CNS sulfatide deficiency and gain insights into the underlying
mechanisms, we developed a novel mouse model of adult-onset myelin sulfatide deficiency, i.e., tamoxifen-
inducible myelinating glia-specific cerebroside sulfotransferase (CST) conditional knockout mice (CSTfl/fl/Plp1-
CreERT), took advantage of constitutive CST knockout mice (CST−/−), and generated CST/ApoE double knockout
mice (CST−/−/ApoE−/−), and assessed these mice using a broad range of methodologies including lipidomics, RNA
profiling, behavioral testing, PLX3397-mediated microglia depletion, mass spectrometry (MS) imaging,
immunofluorescence, electron microscopy, and Western blot.
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Results: We found that mild central nervous system (CNS) sulfatide losses within myelinating cells are sufficient to
activate disease-associated microglia and astrocytes, and to increase the expression of AD risk genes (e.g., Apoe,
Trem2, Cd33, and Mmp12), as well as previously established causal regulators of the immune/microglia network in
late-onset AD (e.g., Tyrobp, Dock, and Fcerg1), leading to chronic AD-like neuroinflammation and mild cognitive
impairment. Notably, neuroinflammation and mild cognitive impairment showed gender differences, being more
pronounced in females than males. Subsequent mechanistic studies demonstrated that although CNS sulfatide
losses led to ApoE upregulation, genetically-induced myelin sulfatide deficiency led to neuroinflammation
independently of ApoE. These results, together with our previous studies (sulfatide deficiency in the context of AD
is mediated by ApoE and accelerated by Aβ accumulation) placed both Aβ and ApoE upstream of sulfatide
deficiency-induced neuroinflammation, and suggested a positive feedback loop where sulfatide losses may be
amplified by increased ApoE expression. We also demonstrated that CNS sulfatide deficiency-induced astrogliosis
and ApoE upregulation are not secondary to microgliosis, and that astrogliosis and microgliosis seem to be driven
by activation of STAT3 and PU.1/Spi1 transcription factors, respectively.

Conclusion: Our results strongly suggest that sulfatide deficiency is an important contributor and driver of
neuroinflammation and mild cognitive impairment in AD pathology.

Keywords: Sulfatide, Alzheimer’s disease, Astrogliosis, Microgliosis, Neuroinflammation, Cognitive impairment,
Lipidomics, RNA profiling, Cerebroside sulfotransferase (CST)

Introduction
AD is the most common cause of dementia in older in-
dividuals. However, effective disease-modifying therapies
remain elusive [1], underscoring the need to understand
better the molecular mechanism(s) underlying disease
etiology. Glial responses in AD include molecular, mor-
phological, and functional changes in astrocytes and
microglia [2, 3]. Accumulating evidence has implicated
sustained glia-mediated inflammation as a major con-
tributor to AD neurodegenerative processes and cogni-
tive deficits [4, 5]. Recent massive genome-wide
association studies (GWAS) [6, 7] and next-generation
sequencing [8–10] have convincingly associated more
than 50 genes/loci with AD, most of which are involved
in neuroinflammation/immune activation and are prefer-
entially expressed in the brain by microglia. Similarly, in-
tegrative network-based analysis has implicated the
immune/microglial network in late-onset AD [11]. In
addition, recent single-cell transcriptomic studies have
consistently revealed that microglia and astrocytes are
among the cell types with the most significant gene ex-
pression changes in AD [12–14], displaying specific gene
expression profiles described as disease-associated
microglia (DAMs) [15] and disease-associated astrocytes
(DAAs) [16]. IRF8 and STAT3 are critical transcription
factors for transforming microglia and astrocyte into a
reactive phenotype, respectively [17, 18], and PU.1/Spi1,
another master regulator of myeloid cells that controls
microglial development and function [19], is also a risk
gene for AD [20].
It is well-established that ApoE ε4 allele remains the

strongest genetic risk factor for AD and the ApoE ε2 al-
lele the strongest genetic protective factor, and the

understanding of ApoE pathogenesis has expanded be-
yond amyloid-β to tau neurofibrillary degeneration,
microglia and astrocyte responses, and blood-brain bar-
rier disruption [21, 22]. Meanwhile, ApoE is the major
extracellular lipid carrier in the central nervous system
(CNS) [23], where it is primarily produced by astrocytes
and to a lower extent by microglia [24]. Besides revealing
a critical role of neuroinflammation in AD, large-scale
human studies have also consistently linked lipid
metabolism-related genes with AD pathogenesis [6, 7].
Besides ApoE, many more recently identified AD sus-
ceptible loci/genes are also involved in lipid metabolism
(e.g., Clu, Plcg2, Abca7, Abca1, Trem2) [6, 7].
The brain is the richest organ in terms of lipid content

and diversity, largely due to the abundance of lipid-rich
myelin [25]. Although AD is not generally considered or
classified as a demyelinating disease, there is evidence of
focal demyelination in AD patients and transgenic
mouse models, which is related with Aβ and neurofibril-
lary pathology [26, 27]. Numerous studies have shown
early and robust transcriptional changes in myelin and
oligodendrocyte genes in AD [13, 28]. AD has even been
described as homeostatic responses to age-related myelin
breakdown [29]. Multi-dimensional mass spectrometry-
based shotgun lipidomic studies from our laboratory
have revealed that sulfatides, a class of sulfoglycolipids
highly enriched in myelin, are specifically and dramatic-
ally reduced at the earliest clinically recognizable stages
of AD, with sulfatide losses being particularly severe in
gray matter, but also evident in white matter and cere-
brospinal fluid [30–34]. Likewise, our group and others
have reported significant losses of brain sulfatide levels
in AD cases and animal models that strongly correlate
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with the onset and severity of amyloid beta (Aβ) depos-
ition [35–40]. Multiple lines of evidence support a
strong relationship between ApoE and sulfatide, includ-
ing the observation that sulfatide accumulates in the
brains of mice lacking ApoE [23] or sortilin (Sort1) [41],
a novel ApoE receptor that has been implicated with AD
[42, 43]. Moreover, mechanistic studies have revealed
that sulfatide deficiency in AD occurs in an ApoE-
dependent and isoform-specific manner [23, 35]. In
addition, the gene that codes for the enzyme that de-
grades sulfatide (arylsulfatase A) was recently linked to
AD [44, 45]; while TREM2, a well-established AD risk
gene [46], has been shown to interact quite strongly with
sulfatide [47].
To investigate the consequences and related molecular

mechanisms of adult-onset sulfatide deficiency, a specific
event that occurs very early in AD, on brain homeostasis
and cognitive function, we generated a novel mouse
model by inducible and conditional depletion of the
cerebroside sulfotransferase (CST, a.k.a. Gal3st1) gene,
which codes for the enzyme that catalyzes the last step
of sulfatide biosynthesis, within myelinating cells. Strik-
ingly, our results revealed for the first time that mild
adult-onset CNS myelin sulfatide deficiency is sufficient
to cause chronic AD-like neuroinflammation, character-
ized by strong activation of DAAs and DAMs, and mild
cognitive impairment.

Materials and methods
Mice
The new Cst loxP/loxP (CSTfl/fl) mouse model was gen-
erated using the Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) technology by Applied
StemCell, Inc. (USA). Briefly, a mixture of active guide
RNA molecules (gRNAs), two single-stranded oligodeox-
ynucleotides (ssODN) donors, and qualified Cas-9
mRNA was prepared and injected into the cytoplasm of
C57BL/6 embryos. A SURVEYOR mutation detection
assay was performed on four potential gRNAs according
to the manufacturer’s instructions (Transgenomic Inc.,
Cat# 706020). Two gRNAs (indel frequency of 23 and
0%, and 13 and 0%) were selected for the generation of
donor DNA and gRNA transcripts for microinjection.
To generate the donor DNA based on the sequences of
active gRNAs, ssODNs were synthesized to insert the
LoxP sequence at the two designated sites of mGal3st1
gene flanking exons 3 and 4 (Fig. S1). The presence of
LoxP sites at designated locations was confirmed by se-
quencing the modified regions in the mCst1 gene locus.
Then, CSTfl/fl mice were crossed with Plp1-CreERT+

mice (Stock No: 005975, the Jackson Laboratory, Bar
Harbor, ME, USA). Tamoxifen (40–60mg tamoxifen/kg
body weight) was administered via intraperitoneal injec-
tion once every 24 h for a total of 4 consecutive days to

CSTfl/fl/Plp1-CreERT− (CST Cre−) and CSTfl/fl/Plp1-
CreERT+ (CST Cre+) male and female mice.
The CST conditional knockout mouse line (CST cKO)

and the CST constitutive knockout (CST KO) mouse
line were both on a C57BL/6 J background and housed
in groups of ≤5 mice/cage, maintained in a temperature-
and humidity-controlled environment with a 12-h light-
dark cycle. They were provided with food and water ad
libitum. The protocols for animal experiments were con-
ducted in accordance with the ‘Guide for the Care and
Use of Laboratory Animals’ (8th edition, National Re-
search Council of the National Academies, 2011) and
were approved by the Animal Studies Committee of The
University of Texas Health Science Center at San
Antonio.
AIN-76A Rodent Diet (D1000) and pexidartinib

(PLX3397) (C-1271, Chemgood, Glen Allen, VA, USA)
containing diet (D15112401, 290 mg PLX3397/kg of
AIN-76A diet) were prepared by Research Diets Inc.
(New Brunswick, NJ, USA). CST+/+ and CST−/− mice
were fed with PLX3397-containing or control chow-like
diet from 1 to 3 mo of age.

Animal behavior
The measurement of cognitive function was done by the
Integrated Physiology of Aging Core of San Antonio Na-
than Shock Center. First, all animals were subjected to a
battery of tests that included righting reflex, hindlimb
clasping, crossed extensor reflex, forelimb/hindlimb pla-
cing responses, grasp reflex, rooting reflex, vibrissa pla-
cing response, negative geotaxis, and auricular startle
tests. Mice had to pass this initial neurobehavioral
screening for inclusion in subsequent studies. The sec-
ond assessment was the frailty index [48]. The third was
to assess cognitive function following Morris Water
Maze (MWM) and Novel Object Recognition (NOR)
paradigms.
The MWM paradigm, originally designed by Morris

et al. [49], tests spatial learning and memory. Mice were
given a series of 4 trials per day, 1 h apart, to locate a
submerged (hidden) platform (1 cm below water surface)
in a large tank (120 cm in diameter) filled with opaque
white-colored water maintained at a temperature of
22.0 ± 1.0 °C. For each trial, the following parameters
were analyzed using a computer-interface camera track-
ing system (TopScan Suite, CleverSys Inc., Reston, VA,
USA): length of path to platform and latency to plat-
form, swim velocity, percent of swim path limited to
outer annulus, as well as percent of path in platform an-
nulus (36-cm-diameter circular area surrounding plat-
form). After 5 training days, a single 60 s probe trial was
performed with the platform removed. Time in each
quadrant and times passing through former target loca-
tion were analyzed.
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NOR was used to evaluate non-spatial recognition
memory. The assay was performed over three consecu-
tive days. Initially, mice were habituated individually to
the open arenas for 5 min. For the training session, two
matching objects were placed in the arena and the ani-
mal was allowed to explore for 5 min while the
computer-interfaced camera tracking system (TopScan
Suite, CleverSys Inc., Reston, VA, USA) recorded the
amount of time the animal spent exploring the objects.
On the novel object recognition test (24 h after the train-
ing session), one of the familiar objects was placed in the
arena, along with a distinct, novel object the animal had
never seen before. The time spent exploring each object
was recorded for 5 min. A preference ratio was calcu-
lated based on the time spent with each object ((novel-
familiar)/total object exploration), such that a positive
number indicates the novel object is preferred and a
negative number indicates the familiar object is
preferred.

Brain preparation
For histological analysis, mice were anesthetized with
isoflurane and perfused with PBS. Right-brain hemi-
spheres were fixed in 4% PFA overnight and placed in
10, 20, and 30% sucrose solution subsequently before
freezing and cutting on a freezing sliding microtome.
Serial 10 μm coronal sections of the brain or brain stem
were collected, the hippocampus being used as a land-
mark. For biochemical and mRNA expression analysis,
the left-brain hemispheres, brain stem, spinal cord, and
sciatic nerve were dissected out and flash frozen in li-
quid nitrogen.

Lipid extraction and mass spectrometric analysis of lipids
Multidimensional mass spectrometry-based shotgun lipi-
domics was performed as previously described [50].
Briefly, frozen brain, spinal cord, or sciatic nerve tissues
were homogenized in ice-cold phosphate-buffered saline
(PBS) using Precellys® Evolution Tissue Homogenizer
(Bertin, France). The protein concentration of homoge-
nates was determined using the Bio-Rad protein assay
(Bio-Rad, Hercules, CA, USA). Lipids were extracted by
a modified procedure of Bligh and Dyer extraction in
the presence of internal standards, which were added
based on the total protein content of each sample [51].
Lipids were assessed using a triple-quadrupole mass
spectrometer (TSQ Altis, (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a Nanomate device
(Advion Ithaca, NY, USA) and Xcalibur system as previ-
ously described [52]. Data processing including ion peak
selection, baseline correction, data transfer, peak inten-
sity comparison, 13C deisotoping, and quantitation were
conducted using a custom-programmed Microsoft Excel
macro as previously described [53].

Mass spectrometry imaging
As described previously [54], fresh frozen slices were
transferred onto the same conductive side of indium tin
oxide (ITO) slides. The matrix of N-(1-naphthyl) ethyl-
enediamine dihydrochloride (NEDC) was applied by the
Bruker ImagePrep device (Bruker Daltonics, Germany).
MALDI mass spectra were acquired in the negative ion
mode using a reflectron geometry MALDI-TOF mass
spectrometer of Ultraflextreme (Bruker Daltonics,
Germany) equipped with a neodymium-doped yttrium
aluminum garnet (Nd:YAG)/355-nm laser as the excita-
tion source. Imaging data were analyzed using FlexIma-
ging v3.0 and FlexAnalysis v3.4. The intensity of lipids
was demonstrated as a false-color image based on the
mass spectrometry peak.

Gene expression analysis
Brain or spinal cord tissue was frozen in liquid nitrogen
and powdered, followed by RNA extraction using the
Animal Tissue RNA Purification Kit (Norgen, Canada)
according to manufacturer protocol. The concentration
of RNA was determined using DS-11 Spectrophotometer
(DeNovix, USA). Then multiplex gene expression ana-
lysis was performed using the NanoString nCounter®
Technology with the Mouse Neuroinflammation Panel
and nCounter® SPRINT™ Profiler according to the manu-
facturer protocol (NanoString Technologies, USA). The
data were analyzed using nSolver 4.0 software. Our ana-
lysis included background subtraction using the mean of
Negative Controls, standard normalization using Positive
Control Normalization and CodeSet Content
Normalization. Real time qPCR was performed using
7900HT Fast Real-Time PCR System (Applied Biosys-
tems, USA) with SYBR Green Master Mix (Applied Bio-
systems by Thermo Fisher Scientific, USA). Primers for
mouse are Gfap (Forward 5’ACCGCATCACCATTCC
TGTAC3’, Reverse 5’TGGCCTTCTGACACGGATTT
3’), Cd68 (Forward5 ‘TGTCTGATCTTGCTAGGACC
G3’, Reverse 5’GAGAGTAACGGCCTTTTTGTGA3’),
Iba1 (Forward 5’GGATTTGCAGGGAGGAAAAG3’, Re-
verse 5′ TGGGATCATCGAGGAATTG3’), and Cd11b
(Forward 5’GTGTGACTACAGCACAAGCCG3’, Re-
verse 5’CCCAAGGACATATTCACAGCCT3’). Melting
curve analysis was performed at the end of each PCR re-
action. Relative gene expression was calculated after
normalization by a housekeeping gene (GAPDH).

Western blotting
Brain, spinal cord or brain stem tissue was frozen in li-
quid nitrogen and powdered, followed by
homogenization in 1xNP40 lysis buffer with Halt Prote-
ase and Phosphatase Inhibitor Cocktails (Thermo Scien-
tific) using Precellys® Evolution Tissue Homogenizer
(Bertin, France). Homogenates were centrifuged at
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12,000 g for 30 min at 4 °C; protein concentration of su-
pernatants was determined using the Bio-Rad protein
assay (Bio-Rad, Hercules, CA, USA). Supernatants were
run with NuPage 4–12% Bis-Tris gels (Life Technolo-
gies, Grand Island, NY, USA) or 10% gels (Bio-Rad,
USA) under reducing conditions. The PVDF (Fluor)
membranes (CliniSciences, France) with the transferred
protein were incubated with primary antibodies (1:
1000–2000 dilution) of anti-GFAP (chicken, Millipore,
USA), anti-Iba1 (Rabbit, FUJIFILM Wako Pure Chemical
Corporation, USA); anti-ApoE (Rabbit, Abcam, USA),
anti-MAG (rabbit, Cell Signaling Technology, USA),
anti-CNPase (rabbit, Cell Signaling Technology, USA),
Anti-PU.1/SPI1 (Rabbit, Abcam, USA), Anti-C/EBPβ
(Rabbit, Abcam, USA), Anti-ICSBP (IRF8) β (Mouse,
Santa Cruz Biotechnology, USA), Anti-Smad2/3 (rabbit,
Cell Signaling Technology, USA), p-STAT3 (Y705)
(rabbit, Cell Signaling Technology, USA), STAT3 (rabbit,
Cell Signaling Technology, USA), β-actin (rabbit, Cell
Signaling Technology, USA), anti-GAPDH (rabbit, Cell
Signaling Technology, USA), anti-β-tubulin (rabbit, Cell
Signaling Technology, USA) overnight at 4 °C, followed
by horseradish peroxidase (HRP)-linked secondary anti-
bodies (Cell Signaling Technology, USA) for 1 h at room
temperature. Pierce™ ECL Western Blotting Substrate
was used to incubate PVDF membrane with transferred
protein, then exposed with autoradiography film (HyBlot
CL). Some PVDF membranes were reblotted after being
treated with stripping buffer (Thermo Fisher Scientific,
Waltham, MA, USA). Protein expression was analyzed
with the software ImageJ and normalized to β-actin/
GAPDH/β-tubulin expression. The original/full-blot im-
ages can be found in the supplemental file ‘sup WB
original’.

Immunofluorescence staining
The frozen slice was blocked by 10% goat serum (Sigma,
USA) for 1 h at room temperature, then incubated with
the primary antibody of anti-GFAP (chicken, Millipore,
USA; rabbit, Dako, Japan), anti-VIM (chicken, Abcam,
USA), anti-SerpinA3N (goat, R&D Systems), anti-Iba1
(rabbit, FUJIFILM Wako Pure Chemical Corporation,
USA), anti-MBP (rabbit, Cell Signaling Technology,
USA) at 4 °C overnight, washed three times, then incu-
bated with the fluorescence-labeled second antibody
(Invitrogen, USA) 1 h at room temperature; washed
three times, and mounted with DAPI. Images were cap-
tured with a confocal laser-scanning microscope (Zeiss
LSM710, USA) or Fluorescence Microscope BZ-X800
(KEYENCE, Japan).

Electron microscopy
Mice were transcardially perfused with 0.1M Millonigs
buffer containing 4% paraformaldehyde and 2.5%

glutaraldehyde; transversely-cut spinal cord samples at
the levels of C3-C5 from the ventral column were dehy-
drated and embedded in PolyBed (PolySciences); ultra-
thin sectioned; stained with uranyl acetate and lead
citrate, and imaged using a JEOL JEM 1400 Plus trans-
mission electron microscope. Astrocytes and astrocytic
processes were identified by the presence of the inter-
mediate filament glial fibrillary acidic protein (GFAP)
and glycogen clusters. GFAP presented as 10 nm fila-
ments with characteristic bundling; glycogen granules
presented as irregularly clustered puncta.

Statistics
Data in figures were presented as mean ± SEM. All the
statistical analyses for the gene transcript counts from
Nanostring access were performed using the NanoString
nSolver recommended test (heteroscedastic Welch’s t-
Test). All other statistical analyses were performed using
Prism (GraphPad). Statistical analyses to compare the
mean values for multiple groups were performed by
two-way ANOVA with Bonferroni post-hoc test for mul-
tiple comparisons. Comparisons of two groups were per-
formed using a two-tailed unpaired t-Test. *p < 0.05,
**p < 0.01, ***p < 0.001 and the p-value between 0.1 and
0.05 is directly shown above the columns or indicated as
#p.

Results
Adult-onset CNS myelin sulfatide deficiency induces mild
cognitive impairment without disrupting
oligodendrocyte/myelin homeostasis or cell death
Constitutive sulfatide depletion in CST knockout
(CST−/−) mice results in abnormal myelin development
and maintenance leading to tremors and ataxia [50, 55,
56]. Seeking to overcome the developmental conse-
quences of germline genetic manipulation and to better
model AD-like adult-onset brain sulfatide loss, we gener-
ated a CST floxP/floxP (CSTfl/fl) mouse line (Fig. S1). To
generate a novel tamoxifen-inducible myelinating glia-
specific CST conditional knockout mouse (CST cKO)
model, we crossed CSTfl/fl mice with the Plp1-CreERT
mouse line, where CreERT is driven under the transcrip-
tional control of the regulatory sequences of the myelin
proteolipid protein (Plp) gene, which is abundantly
expressed in oligodendrocytes and to a lower extent in
Schwann cells [57]. CSTfl/fl/Plp1-CreERT+ (CST Cre+)
and CSTfl/fl/Plp1-CreERT− (CST Cre−) control mice
were both treated with tamoxifen once they reached
adulthood (i.e., 3–4 mo of age), a stage at which myelin
has been largely developed [58], and assessed 4.5 and 9
mo post-injection (Fig. 1A). CST mRNA levels were
several-fold higher in the spinal cord compared to the
cerebrum and were significantly reduced in CST Cre+

mice compared to controls in both CNS regions at both
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Fig. 1 (See legend on next page.)
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time points analyzed (Fig. 1B). Our shotgun lipidomics
studies revealed that CST Cre+ mice displayed a signifi-
cant and progressive reduction of sulfatide content in
both CNS regions compared to controls (Fig. 1C). Con-
sistent with the much lower expression of Plp1 in
Schwann cells, PNS (i.e., sciatic nerve) sulfatide levels
were not significantly altered at either time point (Fig.
1C). CST−/− mice, which are completely depleted of sul-
fatide, were used as a lipidomics negative control (Fig.
S2A), demonstrating the specificity of our methodology.
On the other hand, cerebroside, the precursor of sulfa-
tide, was not significantly altered in CST Cre+ mice
compared to controls (Fig. S2B). Similarly, total levels of
sphingomyelin, another myelin-enriched sphingolipid,
and ceramide, the central mediator of sphingolipid me-
tabolism, were not significantly altered in the CNS of
CST Cre+ mice (Fig. S2C,D). Other major phospholipid
classes (e.g., phosphatidylcholine (PC) and phosphatidyl-
serine (PS)) were also not significantly altered (Fig.
S2E,F) in sulfatide deficient mice. To determine the ef-
fects of adult-onset CNS-specific sulfatide deficiency on
oligodendrocyte/myelin homeostasis, we performed a
comprehensive multiplex gene expression analysis using
total RNA isolated from bulk tissue of two CNS regions
(i.e., cerebrum and spinal cord) of CST cKO taking ad-
vantage of the Nanostring technology [59]. The results
demonstrated that none of myelin-related genes were ro-
bustly altered in CST Cre+ mice compared to their re-
spective controls (Fig. 1D). Consistently, oligodendrocyte
function pathway scores were unaltered in CST Cre+

mice at every region/time point examined (Fig. 1E).
Constitutive CST−/− mice, which display mild losses of
myelin-enriched lipids, dramatic losses of specific myelin
proteins, and abnormal ultrastructural paranodal and in-
ternodal myelin [50, 55] were also assessed as a compari-
son at two different time points (1 and 2 mo).
Conversely, multiple myelin-related genes were upregu-
lated in CST−/− mice in all CNS regions/time points ana-
lyzed (Fig. 1D). And oligodendrocyte function pathway

scores were also significantly increased in CST−/− mice
in all the CNS regions/time points examined (Fig. 1E).
We then assessed the levels of some major myelin pro-
teins in CST cKO mice using bulk tissue homogenates
from cerebrum and spinal cord, including myelin-
associated glycoprotein (MAG), a myelin-specific protein
that is restricted to the inner internodal layer and was
previously shown to be dramatically reduced in adult
CST−/− mice [50] and cyclic nucleotide phosphodiester-
ase (CNP), a major non-compact myelin protein. None
of the myelin-specific proteins assessed were signifi-
cantly altered at any of the time points analyzed (4.5 and
9 mo post-induction) (Fig. 1F). Meanwhile, TUNNEL
staining did not show obvious cell death in the brains of
CST cKO or KO mice (Fig. S2G).
Behavioral studies were done to assess cognitive per-

formance in CST cKO mice 10 mo after tamoxifen injec-
tion. We first assessed neuromotor function of CST
cKO mice; no signs of major neuromotor impairment
were found on CST Cre+ mice compared to CST Cre−

controls after performing a robust neurobehavioral
screening using a battery of nine tests (described in Ma-
terials and Methods). Similarly, blinded frailty index
scoring [48], including evaluation of the visual system
and visual loss, did not show significant differences be-
tween CST Cre− and CST Cre+ mice (Fig. 2A). Grip
strength assessment revealed that CST Cre+ mice had
normal muscle strength (Fig. 2B). We then assessed the
potential effects of sulfatide deficiency on cognitive func-
tion using Morris water maze (MWM) and novel object
recognition (NOR) paradigms. MWM studies revealed a
dramatic genotype effect on average escape latency (time
from start to goal) during spatial memory acquisition
training, with CST Cre− control mice displaying the ex-
pected progressively shorter latencies and CST Cre+ fail-
ing to do so, particularly on training days 3 to 5 (Fig.
2C). However, CST Cre+ mice also showed slower swim
speeds (Fig. 2D) with increased floating time (movement
< 20mm/s) than controls (Fig. 2E). CST Cre+ mice also

(See figure on previous page.)
Fig. 1 A novel inducible myelinating glia-specific CST cKO mouse model recapitulates AD-like adult-onset CNS-specific sulfatide loss without
affecting oligodendrocyte/myelin homeostasis. (A) Tamoxifen injection and tissue harvest/analysis protocol. CST Cre− and CST Cre+ mice were
injected with tamoxifen at 3–4 mo of age and sacrificed at 4.5 and 9 mo post-injection, at 7.5 and 12 mo of age, respectively. (B) RNA extracted
from the cerebrum (CRM) and spinal cord (SC) of CST Cre− and CST Cre+ mice was assessed using the NanoString nCounter mouse
Neuroinflammation Panel, linear mRNA counts for the Cst (Gal3st1) gene are shown. NanoString nSolver recommended test (heteroscedastic
Welch’s t-Test), n = 3–4. (C) Lipid extracts from CRM, SC, and sciatic nerve (SN) of CST Cre− and CST Cre+ mice were assessed by shotgun
lipidomics; total sulfatide levels are shown as nmol/mg of total protein. See Fig. S2B-F for additional lipid classes. Two-way ANOVA with
Bonferroni posthoc test for multiple comparisons, n = 4–8. (D) Heatmap displaying log2 fold changes of oligodendrocyte/myelin function-related
genes included in the Nanotring panel (except Gal3st1, which is shown separately) from CRM, SC of CST cKO mice, as well as from 1 and 2 mo
old CST KO mice for comparison, relative to their respective controls. Heteroscedastic Welch’s t-Test, n = 3–4. P-value is displayed within each heat
map cell (*p < 0.05). (E) Oligodendrocyte pathway scores were obtained using nSolver 4.0 Advanced Analysis (NanoString Technologies). Two-way
ANOVA with Bonferroni posthoc test for multiple comparisons, n = 3–4. (F) CRM and SC NP40 homogenate supernatants were assessed by
Western blot using antibodies against myelin-associated glycoprotein (MAG) and 2′,3′-Cyclic nucleotide 3′-phosphodiesterase (CNP). Two-tailed
unpaired t-Test, n = 3–4. *p < 0.05, **p < 0.01, ***p < 0.001. Data represent the mean ± S.E.M
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displayed a progressive increase of thigmotaxis (Fig. 2F),
a commonly observed behavioral pattern that is thought
to be related to anxiety/fear [60]. In an attempt to con-
trol for these swimming abnormalities that could cause
confounding issues, we attempted to compare distance
traveled to reach the platform by normalizing to day 1
(baseline) traveled distances. And even then, we ob-
served a mild, but significant genotype effect during the
initial learning phase (Fig. 2G). More importantly, during
the memory consolidation phase recall-like task (probe
trial) results revealed that CST Cre+ mice crossed the
former platform location fewer times (Fig. 2H) and spent
a significantly lower amount of time in the target quad-
rant compared to CST Cre− controls (Fig. 2I). Notably,
the latter measure is unlikely to be affected by the de-
scribed differences in swim velocities/floating times/
thigmotaxis. Notably, contrary to the weak and difficult
to interpret genotype differences in learning abilities ob-
served during the acquisition phase, the magnitude of
the genotype differences on memory consolidation ob-
served during the probe trial was pretty robust (Cre+

mice spent about one third less time in the target

quadrant than controls), strongly favoring interpretation
of these results as an impairment of cognitive abilities.
Finally, non-spatial recognition memory, assessed by the
NOR test, was also significantly impaired in CST Cre+

mice, which spent significantly less time exploring the
novel object than CST Cre− controls (Fig. 2J). It is im-
portant to note that the NOR paradigm should not be
heavily influenced by potential mild locomotor defects.
Taken together, MWM probel trial and NOR results led
us to conclude that Cre+ mice display mild cognitive im-
pairment. Intriguingly, this mild cognitive impairment
was gender specific, with female CST cKO mice reaching
significant differences, while male CST cKO mice did
not even though they displayed borderline trends, dem-
onstrated by the number of crosses in the probe test and
the NOR test results (Fig. S2H).
Taken together, we provided multiple lines of evidence at

the lipid, RNA, and protein levels, demonstrating that indu-
cible myelinating glia-specific CST depletion leads to spe-
cific losses of CNS sulfatide with no major impact on
overall oligodendrocyte/myelin homeostasis or cell death.
Remarkably, our results demonstrated for the first time that

Fig. 2 Adult-onset sulfatide deficiency caused cognitive impairment. The following behavior paradigms were run on CST cKO mice 10 mo post-
injection. (A) Frailty Index. (B) Grip strength test. (C-G) Acquisition phase of the Morris Water Maze (MWM) test using a hidden platform, Two-way
ANOVA p-value for the genotype effect in MWM test is shown between the data lines. (C) Swim time (latency). (D) Swim velocity. (E) Floating
time (movement< 20 mm/s). (F) Thigmotaxis. (G) Swim distance that was normalized to the baseline of the first day of MWM test. (H-I) Probe trial
of the MWM test on day 6, when platform was removed. (H) The times to cross the former platform location. (I) The percentage of time spent at
the target quadrant. (J) Novel Object Recognition (NOR) test: Preference Ratio (time spent on novel object/time spent old object). (A, H-J) Two-
tailed unpaired t-Test. n = 20–22. (B-G) Two-way ANOVA. n = 20–22. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data represent
the mean ± S.E.M
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adult-onset sulfatide deficiency, a specific event in AD, is
sufficient to impair cognitive dysfunction, disrupting both
spatial and non-spatial memory consolidation.

CNS myelin sulfatide depletion induces a chronic
immune/inflammatory response characterized by
microgliosis and astrogliosis without infiltration of
peripheral immune cells
Next, we were interested in unraveling the potential
changes in the CNS related to sulfatide loss, particularly
in regards to AD, given the mild cognitive impairment
observed in sulfatide deficient mice and the sulfatide loss
in AD etiology [31, 61]. We used the Nanostring mouse
AD panel, which consists of 770 genes representing dif-
ferent pathways related to AD to assess CST cKO mice
(9 mo post-injection) in two CNS regions (i.e., cerebrum
and spinal cord). The AD panel results revealed 16 over-
lapped differentially expressed genes (DEGs) in the cere-
brum and spinal cord regions (Fig. 3A). Gene Ontology
(GO) analysis was performed by inputting the 16 shared
DEGs into the Database of Annotation, Visualization
and Integrated Discovery (DAVID, https://david.ncifcrf.
gov/), revealing that the top significantly altered bio-
logical themes included transport, cell differentiation/de-
velopment and immune response (Fig. 3B).
To further address the immune response caused by sulfa-

tide loss in detail, we used the Nanostring nCounter mouse
neuroinflammation panel, which consists of 770 genes that
represent 22 different pathways, primarily related to immune
response/inflammation. We analyzed cerebrum and spinal
cord from CST cKO mice at two time points (4.5- and 9-mo
post-tamoxifen injection). Principal component analysis
(PCA) showed that CST Cre+ groups could be separated
from the corresponding CST Cre− control samples (Fig.
S3B). In addition, as expected, cerebral RNA profiles were
different than spinal cord ones (Fig. S3A). 76 DEGs appeared
in at least two of four groups (Fig. S3C). The vast majority
(57 out of 76) of DEGs are involved in microglial/immune
response function, and most of the remaining ones (10 out
of 76) are engaged in astrocytic function, with three DEGs
involved in matrix remodeling (Fig. S3C). GO analysis from
the listed 76 DEGs demonstrated the top related functions
were all involved in/related to immune responses (Fig. S3D).
We also performed the analysis of Nanostring mouse neu-

roinflammation panel on cerebrum and spinal cord of CST
KO mice at 1 and 2 mo, whose sulfatide was completely de-
pleted from the beginning of myelin development instead of
adult-onset. Cerebrum of earliest time point of each model,
which had the least changes, were excluded from the follow-
ing overlapping analysis of DEGs to make the description
more refined. 16 DEGs were shared between the three CST
cKO groups, all of them related to microglia/immunity/in-
flammation and astrocyte function (Fig. S3E); while 24 DEGs
were shared between the three altered CST KO conditions,

all of them related to either microglia/immunity/inflamma-
tion or oligodendrocyte function (Fig. S3E). A total 84 DEGs
were significantly altered in at least three of the six groups
(including both CST cKO and CST KO), most of these
DEGs (72 out of 84) were found in both CST cKO and CST
KO mice (Fig. 3C). On the other hand, ten DEGs were
unique to CST KO, all of them oligodendrocyte-related,
while only two of them were unique to CST cKO (Fig. S3F).
Similar to the analysis result from only CST cKO mice (Fig.
S3C), the vast majority of the DEGs (56 out of 72, Fig. 3C
orange line) found in both CST Cre+ and CST−/− are in-
volved in microglial function, and most of the remaining
ones (11 out of 72, Fig. 3C purple line) are involved in astro-
cytic function. The top biological processes from GO ana-
lysis were also all immune responses (Fig. 3D). Consistently,
pathway scores of astrocyte and microglia function, innate
immune response, and inflammatory signaling were all in-
creased in CST Cre+ mice compared to CST Cre− controls
(Fig. S4A), as well as in CST−/− mice compared to respective
CST+/+ controls (Fig. S4B); and epigenetic regulation path-
way score was as the negative control (Fig. S4C). The micro-
glia and astrocyte pathway score was upregulated in an age-
dependent manner in both CNS regions (Fig. S4A, B). And
western blot results with microglia and astrocyte activation
marker (Iba1 and GFAP, respectively) also showed their pro-
gressive activation in cerebrum and spinal cord of CST cKO
(Fig. 3E). The age-dependent activation of the astrocyte
(used marker:Gfap) and microglia (used marker: Cd68, Iba1
and Cd11b) were further confirmed by real-time qPCR re-
sults using CST KO brain of different ages (1 mo-, 2mo, 3
mo and 6 mo old) (Fig. S5A). These results suggested sulfa-
tide deficiency induced similar microgliosis and astrogliosis,
regardless of whether oligodendrocyte/myelin homeostasis
was altered or not. Furthermore, Western blot results from
GFAP and Iba1 also demonstrated that CNS of female CST
cKO mice showed more serious activation of both astrocyte
and microglia than that of male CST cKO mice compared
to their respective controls (Fig. S6A).
Meanwhile, B-cell, dendritic cell, mast cell, T-cell,

CD8 T-cell, Th1 cell or Treg-related genes were not al-
tered in any of the groups examined (Fig. S5B, C), which
implied no infiltration of peripheral immune cells into
the CNS during the immune and inflammatory response
after sulfatide deficiency.

CNS myelin sulfatide deficiency induced AD-like
neuroinflammation gene expression profiles, including
disease-associated microglia and disease-associated
astrocytes signatures
To further analyze the resemblance of gene expression pro-
files with sulfatide deficiency, we first did gene enrichment
analysis by inputting 72 DEGs from both CST cKO and KO
CNS (Fig. 3C) into GWAS Catalog 2019 screening on
Enrichr [62], which revealed that the top related disease was
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AD (Fig. 4A), with four AD risk genes being significantly up-
regulated under several conditions of sulfatide deficiency:
Apoe, Trem2, Cd33, and Mmp12 (Fig. 4A-E). Similarly, the
top three genes previously described as causal regulators of
late-onset AD (i.e., Tyrobp, Dock, Fcerg1) [11] were also sig-
nificantly upregulated in the CNS of both CST cKO and KO
(Fig. 4F-H). KEGG pathway enrichment analysis of the 72
overlapping genes revealed that several of the top pathways
(e.g., cytokines, complement and Fc pathways) (Fig. S6B)
were strongly linked to AD, with integrative network-based
analysis having classified them as functional immune path-
ways for late-onset AD [11]. Both adult-onset or constitutive
myelin sulfatide deficiencies led to early and strong activa-
tion of cytokine (e.g., Ccl3, Ccl4, Csf3r, Osmr) and comple-
ment pathway-related genes (e.g., C1qC, C1qa, C1qb, C3,
C3ar1); similarly, the Fc pathway was also heavily activated
(e.g., Fcgr1, Fcgr2b, Dock) (Fig. S6B).
Furthermore, single-cell transcriptomics has revealed

specific microglial and astrocytic subtypes associated
with AD, known as disease-associated microglia (DAMs)
[15] and disease-associated astrocytes (DAAs) [16] in
AD mice. First, multiple genes associated with homeo-
static, stage 1 and 2 DAMs included in the Nanostring
neuroinflammation panel were upregulated significantly
in multiple sulfatide deficient conditions (Fig. 4I).
Among these genes, Apoe, Trem2, and Tyrobp have been
consistently linked with AD-specific microglia in both
animal and human studies [13, 15, 63], and they were
significantly upregulated in most myelin sulfatide defi-
cient conditions. Meanwhile, GFAP, VIM, and Serpi-
nA3N are DAA markers [16]. The level of mRNA tested
by real-time qPCR (GFAP, Fig. S5A) or Nanostring (Vim
and Serpina3n, Fig. 3C) showed the increased expression
of these DAAs. Consistently, the co-staining of these
three antibodies confirmed that the reactive astrocytes in
the CNS of sulfatide deficient mice were DAAs (Fig. 4J).

CNS myelin sulfatide deficiency leads to marked
astrogliosis and microgliosis within myelin-enriched brain
regions
Our above results in both CST cKO and KO CNS dem-
onstrated that the onset/magnitude of the inflammatory

responses tended to occur earlier/more extensively in
the spinal cord than in the brain of genetically modified
sulfatide deficient mice. Although in relative terms sulfa-
tide losses in CST cKO mice were more dramatic in the
cerebrum compared to the spinal cord, in absolute
terms, the amount of sulfatide lost in spinal cord was
greater than that in cerebrum (Fig. 1C), which suggested
that microglia/astrocyte activation and the related im-
mune/inflammation response after myelin sulfatide defi-
ciency might be connected with the extent of sulfatide
deficiency/distribution and microglia/astrocyte distribu-
tion in the CNS. We then assessed the spatial association
between sulfatide, astrogliosis and microgliosis in both
CST cKO and CST KO mice to clarify the related mech-
anism further. First, our matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-MS)
imaging results displayed the typical distribution of sul-
fatide in the brain, demonstrating that although sulfatide
is most abundant within white matter-rich regions like
the corpus callosum (CC) and the fimbria, it is also
present in the inner cortical layers (V-VI), the stratum
lacunosum moleculare of the hippocampus, and the
thalamus (Fig. 5A). Immunostaining of GFAP or Iba1 on
cerebrum revealed a dramatic upregulation of GFAP and
Iba1 in brain regions where sulfatide is present/enriched,
including CC and AD relevant brain regions, e.g., the
inner cortical layers and partial hippocampus substruc-
ture in both CST cKO (Fig. 5B, C) and CST KO mice
(Fig. S7A,B). Western blot results using GFAP antibody
on cerebral substructures, i. e., cortex and hippocampus,
of CST KO mice reconfirmed the above observation
(Fig. S7E). Brain stem, a myelin-rich brain region, also
showed abundant activation of microglia and astrocyte
in both CST cKO (Fig. 5D, E) and CST KO mice (Fig.
S7C,D). Co-staining of the myelin marker myelin basic
protein (MBP) and GFAP in the cerebrum further con-
firmed the association between sulfatide/myelin enriched
regions and astrocyte activation in both CST cKO (Fig.
5F) and CST KO mice (Fig. S7G). Furthermore, electron
microscope images from the spinal cord of CST cKO
mice after 11 mo post tamoxifen injection revealed nu-
merous hypertrophic astrocytic processes surrounding

(See figure on previous page.)
Fig. 3 CNS sulfatide depletion induces a chronic immune/inflammatory response characterized by strong progressive activation of microglia and
astrocytes. (A) Venn diagram showing the number of specific and shared differentially expressed genes (DEGs) in the CRM and SC of CST cKO
mice compared to their respective controls from the Nanostring AD panel. Shared DEGs are listed. (B) Gene Ontology (GO) analysis for the 16
shared DEGs was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID). Top functions are listed. (C) Venn
diagram showing the number of DEGs found in at least three groups from six groups of different CNS regions/time points from both CST cKO
and CST KO mice. Heatmap displaying log2 fold changes of the 72 DEGs that were shared by both CST cKO and CST KO mice. DEGs were
grouped into three major categories by lines of different color and ordered based on how many times they were significantly altered in six
groups. See Fig. S3F for the list of the DEGs that were specific to CST cKO or CST KO mice. Heteroscedastic Welch’s t-Test, n = 3–4. p-values are
displayed within each heat map cell (*p < 0.05). (D) List of the top functions from GO analysis for the 72 shared DEGs. (E)) Western blot analysis
from cerebrum and spinal cord of 4.5 mo and 9 mo post-injection CST cKO mice using antibodies against Iba1 and GFAP. Relative expression was
quantified and plotted as a ratio to GAPDH. Two-tailed unpaired t-Test, n = 4. *p < 0.05, **p < 0.01. Data represent the mean ± S.E.M
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myelin in CST cKO mice (Fig. 5H), suggesting that the
astrocytes might sense the lack of sulfatide.
The reactive astrocytes and microglia in the brains of

sulfatide-deficient mice were obviously hypertrophic
(Fig. S8A). To clarify whether they were proliferative, we
analyzed their cell-specific gene expression profile. Re-
sults pointed to activation of CNS resident microglia,
without obvious microglial proliferation, as Cd68 (in
macrophages and activated microglia) (Fig. S8B) and a
lot of the microglial function-related genes (e.g., Cd84,
Trem2, Tyrobp, Dock2, and Mprg1) were upregulated
significantly (Fig. 3C), while some resting microglia/
macrophage markers (e.g., Cd163 and Trem119) were
not significantly altered (Fig. S8B). Similarly, astrocytes
also seemed to be activated, but not proliferative as re-
active astrocyte genes were significantly upregulated
(e.g., Vim, Osmr, and Serpina3n), while resting astrocyte
genes (e.g., Itga7 and S100b) were not significantly al-
tered (Fig. 3C; Fig. S8C).

Myelin sulfatide deficiency led to ApoE upregulation, but
sulfatide deficiency induces neuroinflammation
independently of ApoE
ApoE is mainly produced by astrocytes and is the major
extracellular lipid carrier in the CNS, transporting mul-
tiple lipids, including sulfatide. It is important to note
that, in the context of AD, ApoE is necessary to bring
down brain sulfatide levels, as ApoE transports brain
sulfatide and modulates its turnover [23]. We found that
ApoE was upregulated in the CNS of CST cKO and KO
(Fig. 4B). Therefore, our results showed that myelin sul-
fatide deficiency and ApoE upregulation formed feed-
back. Moreover, previous studies revealed a convergent
ApoE pathway from aging, amyloid, and tau [64]. We
thus tried to clarify whether ApoE is involved in sulfa-
tide deficiency-induced neuroinflammation using ApoE
and CST double KO mice (ApoE−/−/CST−/−). Our GFAP
and Iba1 immunofluorescence showed that ApoE−/−

mice alone did not display any obvious astrocyte or
microglial activation (Fig. 6A, B, middle panel). More-
over, we observed the spatiotemporal distribution and
intensity of strong astrogliosis and microgliosis in the
brains of 3-mo-old ApoE−/−/CST−/− mice (Fig. 6A, B,

right panel) fully resembled that observed in CST−/−

mice (Fig. S7A,B). Volcano plots of mRNA profiling result
from cerebrum using the Nanostring neuroinflammation
panel clearly showed ApoE KO did not result in a similar
DEG profile to that of CST−/− cerebrum (Fig. 6C, left and
middle panel); and ApoE absence had a limited effect on
the neuroinflammation-related DEGs observed in CST
KO through comparing ApoE−/−/CST−/− to CST−/− (Fig.
6C, right panel). Specifically, CST−/− brain had much
more DEGs (148 DEGs) than ApoE−/− brain (55 DEGs)
(Fig. 6D). 50 DEGs of the 84 DEGs listed in Fig. 3C shared
only with CST−/− but not ApoE−/−, and only eight DEGs
of 84 DEGs listed in Fig. 3C were shared with both
CST−/− and ApoE−/− (Fig. 6D, Fig. S9A). Consistently,
ApoE absence had little impact on the DAMs and DAAs
profile caused by CST KO because only three DEGs from
84 DEGs listed in Fig. 3C were shared with the DEGs from
ApoE−/−/CST−/− vs. CST−/− (Fig. 6E, Fig. S9B). For ex-
ample, the typical microgliosis-related genes (Trem2,
Cd68) and astrogliosis-related genes (Vim, Serpina3n,
Osmr) were not altered by ApoE KO in either ApoE−/−

brain compared to WT or ApoE−/−/CST−/− brain com-
pared to CST−/− (Fig. 6F). Even though the complement
factor C1qa were upregulated in both ApoE−/− and
CST−/− brain, C1qa level was much higher in CST−/−

brain than in ApoE−/− brain, and no differences were ob-
served between CST−/− and ApoE−/−/CST−/− brain (Fig.
6E). Therefore, our results showed that myelin sulfatide
deficiency and ApoE upregulation formed feedback, but
myelin sulfatide deficiency could subsequently activate
DAMs and DAAs independently of ApoE because once
sulfatide levels are decreased, in this case via genetic ma-
nipulation, apoE is not required for activation of DAMs
and DAAs.

CNS myelin sulfatide deficiency induces astrogliosis and
ApoE upregulation independently of microgliosis
Although we confirmed sulfatide deficiency resulted in
microgliosis and astrogliosis in an ApoE independent
manner, we also found that ApoE was upregulated in
CST cKO and KO CNS subsequently to microglia/astro-
cyte activation. To further study the related mechanism
of ApoE upregulation and microglia/astrocyte activation

(See figure on previous page.)
Fig. 4 Sulfatide deficiency caused AD-like neuroinflammation, leading to disease-associated microglia and astrocytes signatures. (A) Gene list
enrichment analysis using Enrichr for the 72 DEGs shared by both CST cKO and CST KO CNS (listed in Fig. 3C), The top 1 disease reaching a
significant difference was Alzheimer’s disease with four AD risk genes: Apoe, Trem2, Cd33, and Mmp12 among the DEGs. (B-E) Linear counts of
each of these AD risk genes at different CNS regions/time points for CST cKO and CST KO, compared to their respective controls. (F-H) Three
genes previously described as key causal regulators of immune networks for late-onset AD were also among the shared DEGs: Tyrobp, Dock,
Fcerg1. (I) Heatmap displaying log2 fold changes of the homeostatic microglia and stage1/2 reactive microglia-specific genes (those included in
the Nanostring panel) in the CNS of CST cKO and KO, compared to their respective controls. 0.05 < #p < 0.1, *p < 0.05. (J) Immunofluorescence
staining on the hippocampus (CA1 region shown) of CST Cre− and CST Cre+ brain 9 mo post injection using antibodies against typical markers of
disease-associated astrocytes: VIM (yellow), GFAP (red) and SerpinA3N (green). Scale bar: 200 μm. (B-I) Heteroscedastic Welch’s t-Test, n = 3–4.
*p < 0.05, **p < 0.01, ***p < 0.001. Data represent the mean ± S.E.M
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under sulfatide deficient conditions, we used PLX3397,
an inhibitor of the colony stimulating factor 1 receptor
(CSF1R) to eliminate microglia brain-wide [65]. Consist-
ent with previous reports [65, 66], PLX3397 treatment
eliminated the vast majority of microglia in CST+/+

brains and robustly eliminated a large portion of micro-
glia in CST−/− brains (Fig. 7A; Fig. S10A). Unexpectedly,
substantial microglial elimination had absolutely no im-
pact on astrogliosis (Fig. 7A; Fig. S10A). PCA from
NanoString result showed the RNA expression profiles
from cerebrum of 3-mo-old CST+/+, CST+/+ + PLX3397,
CST−/−, and CST−/− + PLX3397 mice could be separated
well (Fig. S10B). Volcano plots of the RNA access clearly
showed how PLX3397 treatment, as expected, led to a
dramatic downregulation of genes that are predomin-
antly or exclusively expressed by microglia in both
CST+/+ and CST−/− mice (Fig. 7B). Pathway score ana-
lysis also showed the PLX3397 treatment downregulated
immune/inflammation responses and microglial function
both in WT and CST KO mouse brain, but on the con-
trary, not astrocyte function (Fig. 7C). 34 of the 72 DEGs
described in Fig. 3C that showed to be upregulated
under sulfatide deficient conditions were the microglia-
enriched genes and were significantly “knocked down”
by PLX3397 (Fig. S10C). Among them were the AD-
related microgliosis genes CD33, Cd68, Trem2, and Tyr-
obp (Fig. 7D). However, astrocyte-related genes (e.g.,
Vim, Osmr, Serpina3n) were significantly upregulated in
both CST−/− mice with or without PLX3397 treatment
(Fig. 7D; Fig. S10D). Western blot results of GFAP and
Iba1 were consistent with the mRNA results (Fig. 7E).
Surprisingly, ApoE mRNA and protein levels were both
increased in CST KO brain after microglia depletion by
PLX3397 (Fig. 7D, E), which suggested that the in-
creased ApoE in the CNS after sulfatide deficiency
mainly came from reactive astrocytes. Meanwhile, the
slight ApoE upregulation caused by microglia elimin-
ation might indicate the compensatory ApoE producing
in astrocytes after microglia depletion. Taken together,
our results demonstrated that sulfatide deficiency-
induced astrogliosis and ApoE upregulation was not sec-
ondary to, but rather independent of microgliosis.

Sulfatide deficiency-induced astrogliosis and microgliosis
seem to be driven by activation of STAT3 and PU.1/ SPI1
transcription factors, respectively
To further study the molecular mechanism underlying
sulfatide deficiency-induced neuroinflammation, we ana-
lyzed transcription factors (TF) scores using ChEA3
(ChIP-X Enrichment Analysis Version 3). The top tar-
gets included IRF8, STAT3, SPI1, and C/EBPβ (Fig. 8A),
which have been reported to be involved in the activa-
tion of microglia or astrocytes [17, 18, 20, 67], and SPI1
is one of AD risk and microglia-enriched genes [20]. We
used WB with cerebrum and spinal cord of 9 mo post-
injection to confirm these software-based predictions.
Strikingly, SPI1 was dramatically upregulated at the pro-
tein level (Fig. 8B, C), although Irf8 showed slightly up-
regulated in spinal cord of CST cKO (Fig. 8B,C). C/
EBPβ was reported to play roles in neuroinflammation
and is the mediator of ApoE4 expression in AD, and its
protein expression level showed significant upregulation
in spinal cord (Fig. 8B, C). Meanwhile, STAT3 was also
dramatically upregulated at both phosphorylation and
protein expression levels (Fig. 8B, C). Other transcrip-
tion factors, e.g., Smad2/3, did not show the change at
the protein level, and served as negative controls (Fig.
8B, C). Consistent with the above results that astrocyte
activation was independent of microglia, the phosphory-
lated STAT3 level did not change even after microglia
depletion (Fig. 8D, E), which suggested STAT3 upregula-
tion was independent of microglia and might mainly
come from activated astrocytes.

Discussion
Our group and others have reported significant losses of
brain sulfatide content in early pre-clinical stages of AD
cases and animal models, which occur in an ApoE-
isoform dependent manner and strongly correlate with
the onset and severity of Aβ deposition [30–40]. Not-
ably, losses of brain sulfatide levels in the early pre-
clinical stages of AD are not accompanied by decreases
of other major myelin lipid classes [30–34], except for
plasmalogens [68]. This early and specific alteration of
myelin in AD is consistent with multiple lines of

(See figure on previous page.)
Fig. 5 Adult-onset myelin sulfatide deficiency lead to marked astrogliosis and microgliosis within specific myelin-enriched brain regions. (A)
MALDI-imaging of an adult WT mouse brain displaying the distribution of the most abundant sulfatide species (ST(N24:1), m/z 888, green), as well
as a neuronal rich phosphatidylinositol species (PI(38:5), m/z 883.5, red). (B-E) Representative immunofluorescence images of CST cKO Cre− and
CST cKO Cre+ mice 9 mo post-injection using antibodies against GFAP (red) and Iba1 (green) on brain (B,C) and brain stem (D,E). Scale bar:
500 μm (B, C) and 200 μm (D,E). Quantification of GFAP IF staining area percentage on (cortex + corpus callosum) and brain stem was shown in
(G). (F) Co-staining of GFAP (red) and myelin basic protein (MBP, green) in brain of CST cKO Cre− and CST cKO Cre+ mice 9 mo post-injection.
Scale bar: 500 μm. (G) GFAP relative expression on (cortex + corpus callosum) and brain stem was quantified and plotted as a IF staining area
percentage. (H) Electron microscopy images from the spinal cord of CST cKO Cre− and CST cKO Cre+ mice 11 mo post-injection. Astrocytes,
identified by the intermediate filament GFAP and glycogen clusters were highlighted by the yellow dash line. Cx: cortex (Cx1: outer cortex
without enriched sulfatide; Cx2: inner cortex with enriched sulfatide); CC: corpus callosum; CA1: Cornu Ammonis 1 region of the hippocampus;
DG: hippocampal dentate gyrus
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Fig. 6 Myelin sulfatide deficiency induced AD-like neuroinflammation even in the absence of ApoE. (A,B) Representative immunofluorescence
images from brain of 3-mo-old ApoE+/+/CST+/+, ApoE−/−/CST+/+, and ApoE−/−/CST−/− mice using antibodies against GFAP (red) and Iba1 (green).
Cx: cortex; CC: corpus callosum; CA1: Cornu Ammonis 1 region of the hippocampus. Scale bar: 200 μm. (C-F) The brain mRNA from the four
genotypes (ApoE+/+/CST+/+, ApoE−/−/CST+/+, ApoE+/+/CST−/−and ApoE−/−/CST−/−) was accessed using NanoString neuroinflammation panel. (C)
Volcano plot displaying -log10 p-value and log2 fold change for each gene to show the CST KO effect (middle) and the ApoE KO effect in the
presence (CST+/+, left) or absence of sulfatide (CST−/−, right). (D) Venn diagrams showing the number of specific and shared upregulated DEGs
from ApoE−/− vs. WT, CST−/− vs. WT and the DEGs listed in Fig. 3C. The gene lists were shown in Fig. S9. (E) Venn diagrams showing the number
of specific and shared upregulated DEGs from CST−/− vs.WT, ApoE−/−/CST−/− vs. CST−/− and the DEGs listed in Fig. 3C. The gene lists were shown
in Fig. S9. (F) Linear counts of several typical microgliosis- and astrogliosis-related genes in ApoE+/+/CST+/+, ApoE−/−/CST+/+, ApoE+/+/CST−/−and
ApoE−/−/CST−/− mouse brain. Heteroscedastic Welch’s t-Test, n = 3. *p < 0.05, ns: no statistical significance
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evidence suggesting that myelin impairment may play an
important role in AD pathology [69]. Despite this, AD is
primarily considered a grey matter disorder and is cer-
tainly not a classical demyelinating disease [70, 71]. On
the other hand, large-scale human studies have linked
lipid metabolism-related genes with AD pathogenesis [6,
7], which is consistent with the intriguing fact that the
brain is the richest organ in terms of lipid content and
diversity [72]. However, there are relatively fewer studies
focusing on the mechanisms regarding how specific
lipids affect AD pathogenesis.
The major goal of this study was to understand the

impact and consequences of adult-onset AD-like sulfa-
tide deficiency on brain homeostasis and cognitive func-
tion. To accomplish this goal, we established an
inducible myelinating cell-specific CST KO mouse
model and halted sulfatide biosynthesis after myelin de-
velopment/maturation, mimicking the type of sulfatide
losses that occur in AD brains, and administered tam-
oxifen at 3–4 mo of age, when their myelin is largely
formed and they already contain abundant matured oli-
godendrocytes [58]. As anticipated from previous find-
ings reporting slow sulfatide turnover rates in the brain
[7, 73], CST cKO mice displayed sluggish but progres-
sive sulfatide losses in the CNS. Consistent with Plp1 ex-
pression patterns, PNS sulfatide content was not
significantly affected in the conditions examined. Unlike
classic demyelination, moderate post-developmental sul-
fatide losses had no major impact on overall oligo-
dendrocyte/myelin homeostasis or cell death after 9 mo
post-induction assessed at the lipid, RNA, and/or protein
levels.
Many AD risk genes are reported to be primarily or

exclusively expressed in microglia (e.g., Trem2, Cd33,
Cr1, C1q) [74–76] or astrocytes(e.g., Apoe, Clu, Fermt2,
Iqck, Agfg2, Scara3) [6, 77–79] which are the two most
important resident immune cells in CNS. Recent massive
GWAS [6, 7], integrative network-based analysis, and
single-cell transcriptomic studies have revealed AD im-
mune/microglial networks [11] and disease-associated
microglia/astrocytes in late-onset AD [12, 13, 16].

Surprisingly, our gene expression profiling, immunoblot-
ting, and immunofluorescence studies revealed that
adult-onset mild CNS myelin sulfatide deficiency was
sufficient to result in chronic AD-like neuroinflamma-
tion with the activation of DAAs and DAMs in the ab-
sence of amyloid-β and tau pathologies. Multiple
microglia and astrocyte-related AD risk genes (Apoe,
Trem2, Cd33, Mmp12, and Spi1), AD strongly associated
genes (Tyrobp, Dock and Fcer1g) were significantly up-
regulated. AD-related gene networks were consistently
upregulated, including an early and strong activation of
cytokine pathway (e.g., Ccl3, Ccl4, Csf3r, Osmr) and
complement pathways (e.g., C1qc, C1qa, C1qb, C3,
C3ar1); similarly, the Fc pathway was also heavily acti-
vated (e.g., Fcgr1, Fcgr2b, Dock), although at subsequent
stages. All these results are quite similar with the expres-
sion profile results from isolated human AD cells [11].
Apoe4 is the strongest AD risk gene. Although a lot of

studies have been done to reveal its functions in
amyloid-β peptide aggregation and clearance, tau neuro-
fibrillary degeneration, microglia and astrocyte re-
sponses, and blood-brain barrier disruption [21, 22],
meanwhile, ApoE is the major extracellular lipid carrier
in the central nervous system (CNS) [23] and ApoE4 has
the strongest binding capability to sulfatide than other
ApoE allele [23]. In this study, we demonstrated that sul-
fatide deficiency on its own (in the absence of Aβ or tau
pathologies) is sufficient to upregulate ApoE expression,
which seems to occur as a consequence of astroglial, but
not microglial activation, linking astrocyte ApoE with
myelin sulfatide metabolism. This result is important be-
cause up-regulation of Apoe gene expression has been
consistently reported in both AD animal models and hu-
man tissue [13, 22], but its modulation by the loss of a
specific myelin lipid has never been described even
though ApoE is one of the major lipid transporters in
the CNS. Combined with our previous results demon-
strating that CNS sulfatide metabolism is mediated by
ApoE [23], our results suggest a positive feedback mech-
anism between sulfatide losses and subsequent ApoE
overexpression by inducing astrocyte activation.

(See figure on previous page.)
Fig. 7 Sulfatide deficiency-induced astrogliosis and upregulated ApoE were not secondary to microgliosis. CST+/+ and CST−/− mice were fed
PLX3397-containing or control chow-like diet from 1 to 3 mo of age. (A) Representative immunofluorescence images from brain sections using
antibodies against Iba-1 (green) and GFAP (red); nuclei were stained with DAPI; See Fig. S10A for higher magnification and merged images. Scale
bar: 500 μm. (B-D) Brain mRNA from four groups (CST+/+, CST+/++PLX3397, CST−/−, and CST−/− + PLX3397 mice) was accessed using NanoString
neuroinflammation panel. (B) Volcano plot displaying -log10 p-value and log2 fold change for each gene to show the CST KO effect (middle) and
drug-effect within CST+/+ (left) and CST−/− (right) brain. See Fig. S10B-D for PCA and Venn diagrams showing the number of specific and shared
DEGs between treatments. (C) NanoString pathway score analysis for astrocyte function, microglia function, innate immune response, and
inflammatory signaling for each of the four groups. Two-way ANOVA with Bonferroni post-hoc test for multiple comparisons, n = 3. (D) Fold
changes of several typical microgliosis or astrogliosis related genes in CST+/+ and CST−/− brain with or without PLX3397 treatment to display the
drug effects on microglia and astrocytes. Heteroscedastic Welch’s t-Test, n = 3. (E) Western blot analysis from cerebrum homogenates using
antibodies against Iba-1, GFAP, ApoE and β-actin. Two-tailed unpaired t-Test, n = 3. #p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001. Data represent
the mean ± S.E.M

Qiu et al. Molecular Neurodegeneration           (2021) 16:64 Page 18 of 24



Fig. 8 (See legend on next page.)

Qiu et al. Molecular Neurodegeneration           (2021) 16:64 Page 19 of 24



Although our previous results demonstrated that ApoE is
required to bring down brain sulfatide levels [3], and ApoE
overexpression was significantly increased in the CNS of
CST KO as early as 2months of age (Fig. 4B), surprisingly,
brain genetic profiles of CST/ApoE double KO mice and
CST KO mice of 3-mo old were highly overlapping, particu-
larly regarding neuroinflammation signatures. This observa-
tion suggests that sulfatide deficiency can induce
microgliosis and astrogliosis in an ApoE-independent man-
ner, and that ApoE appears to be upstream of sulfatide loss
but not directly involved in sulfatide deficiency-induced glia
activation. It is important to mention that CST KO and
CST/ApoE double KO can not mimic the age-dependent
sulfatide loss, but can still be used to study the regulation
among sulfatide deficiency, ApoE, and their associated neu-
roinflammation. Considering that sulfatide transport within
the CNS is severely reduced (if not completely abolished) in
ApoE deficient mice, leading to a significant accumulation
of sulfatide [23], the observation that ApoE KO mice do not
display gliosis implies that the loss of sulfatide within myeli-
nating oligodendrocytes, instead of its impaired transport to
other CNS cell types, is what drives neuroinflammation in
sulfatide deficient mice. Putting together our latest findings
with those published earlier by our group and others, we
propose a model where accelerated ApoE-mediated sulfatide
transport in AD, a process mediated by multiple factors in-
cluding Aβ, ApoE4, increased cellular debris, and/or aging,
leads to early sulfatide deficiency, which in turn triggers a
neuroinflammatory response that is driven by the loss of
myelin sulfatide but not through classic demyelination. Not-
ably, recent mass spectrometry imaging studies have re-
vealed dramatic sulfatide losses within amyloid plaques [80],
where ApoE is known to aggregate, a region surrounded by
reactive astrocytes and microglia, further supporting our
model. Our gene expression profiling studies provided im-
portant insights into the mechanism underlying sulfatide-
deficiency-induced neuroinflammation.
As far as how microglia and astrocyte were activated

in myelin sulfatide deficient CNS, we didn’t find signifi-
cantly altered expression of genes involved in Toll-like
receptor or nucleotide-binding domain leucine-rich re-
peat-containing receptor pathways (e.g., Tlr2, Tlr4, Tlr7,
Nlrp3, Nod1, Myd88) in the CNS of sulfatide deficient
mice, which are typical pathways activated by endogen-
ous danger signals, including cell death. It suggested that

neuroinflammation after sulfatide deficiency was not in-
duced by oligodendrocyte or cell death. Consistently, we
did not find signs of cell death in the CNS of sulfatide
deficient mice. On the other side, the crosstalk/inter-
action between oligodendrocytes, astrocytes, and micro-
glia is well-established [81], and sulfatides are enriched
within the outer membrane leaflet. Our ultrastructural
images displayed numerous astrocytic processes around
and in direct contact with sulfatide-deficient myelin
sheaths, and our immunofluorescence studies revealed
that astrogliosis and microgliosis were particularly prom-
inent within myelin-containing regions. Furthermore,
TREM2 has been shown to interact with lipidic compo-
nents of myelin, including sulfatide, referred to as a lipid
sensor essential in promoting microglial activation in re-
sponse to insults to the white matter [23, 47, 82]. Sulfa-
tide also directly interacts with extracellular matrix
(ECM) proteins like laminin [83, 84] and tenascin [85,
86]. In addition, we also found PU.1/SPI1, STAT3 and
C/EBPβ transcription factors were upregulated. SPI1 is
one of the transcription factors of TREM2 expression,
and TREM2 can also form positive feedback with SPI1
[87]. Totally, it is possible glial cells may sense the lack
of sulfatide within the myelin sheath through interac-
tions between glial processes and the myelin although
unraveling the molecular players underlying this inter-
action requires future studies,
We also found that sulfatide deficiency was sufficient

to disrupt both spatial and non-spatial memory. As
spatial memory depends on the integrity of the hippo-
campus [88, 89] and recognition memory also involves
the hippocampus [88], these results suggest that sulfatide
deficiency leads to impaired hippocampal function. On
the other hand, we did not find any sign of cell death,
consistent with the fact that endogenous danger signals
did not seem to be activated in sulfatide deficient condi-
tions. Further studies are needed to clarify whether sul-
fatide deficiency causes abnormal conductivity
explaining cognitive and memory dysfunctions [90, 91]
or if only chronic neuroinflammation accelerates neuro-
degeneration in sulfatide deficient CNS.

Conclusion
To the best of our knowledge, this is the first study to
demonstrate that brain myelin sulfatide deficiency, an

(See figure on previous page.)
Fig. 8 Myelin sulfatide deficiency resulted in upregulation of SPI1, STAT3, and C/EBPβ transcription factors in CNS. (A) The transcription factors
(TF) score by using ChEA3 (ChIP-X Enrichment Analysis Version) with 72 DEGs listed in Fig. 3C. (B) Western blot analysis from cerebrum and spinal
cord of 9 mo post-injection CST cKO mice using antibodies against transcription factors SPI1, C/EBPβ, IRF8, Smad2/3, STAT3 and its Y705
phosphorylation. (C) Relative expression was quantified and plotted as a ratio to GAPDH or β-actin for (B). (D) Western blot analysis from
cerebrum of CST+/+ and CST−/− mice with or without PLX3397 treatment using antibodies against STAT3 and its Y705 phosphorylation and β-
actin. (E) Relative expression was quantified and plotted as a ratio to β-actin for (D). (C,E) Two-tailed unpaired t-Test, n = 3. *p < 0.05, **p < 0.01.
Data represent the mean ± S.E.M
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early and highly specific AD metabolic abnormality
driven by ApoE and accelerated by Aβ accumulation
and many other factors, is sufficient to induce AD-like
neuroinflammation characterized by strong activation of
DAAs and DAMs, cognitive decline, and astroglial ApoE
upregulation (Fig. 9).
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