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Abstract

3-O-Sulfogalactosylceramide (sulfatide) is a sphingolipid constituting about 4% of myelin lipids 

in the central nervous system. Previously, our group characterized a mouse with sulfatide’s 

synthesizing enzyme, cerebroside sulfotransferase (CST), constitutively disrupted. Consequently, 

these constitutive CST knockout (KO) mice were incapable of synthesizing sulfatide. Using these 

mice, we demonstrated that sulfatide is required for establishment and maintenance of myelin, 

axoglial junctions and axonal domains and that sulfatide depletion results in structural pathologies 

commonly observed in Multiple Sclerosis (MS). Interestingly, sulfatide is reduced in regions of 

normal appearing white matter (NAWM) of MS patients. Sulfatide reduction in NAWM suggests 

that depletion occurs early in disease development and consistent with functioning as a driving 

force of disease progression. To more closely model MS, an adult onset disease, our lab generated 

a “floxed” CST mouse and mated it against the PLP-creERT mouse, resulting in a double 

transgenic mouse that provides temporal and cell-type specific ablation of the CST gene. Using 

this mouse, we demonstrate that adult-onset sulfatide depletion has limited effects on myelin 

structure but results in the loss of axonal integrity including deterioration of domain organization 

accompanied by axonal degeneration. Moreover, the structurally preserved myelinated axons 

present with conduction velocities consistent with unmyelinated axons. Together, our findings 

indicate that sulfatide depletion, which occurs in the early stages of MS progression, is sufficient 

to drive the loss of axonal function independent of demyelination and that axonal pathology, which 

is responsible for the irreversible loss of neuronal function that is prevalent in MS, may occur 

earlier than previously recognized.
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1 Introduction

Multiple Sclerosis (MS), a demyelinating, autoimmune disorder of the central nervous 

system (CNS) that is mostly commonly diagnosed in the third and fourth decades of 

life (Gbaguidi et al., 2022; Walton et al., 2020), is characterized by sensory, motor, and 

cognitive dysfunction. MS affects nearly one million people in the United States(Wallin 

et al., 2019) and nearly 2.5 million worldwide. Currently, there is no cure for MS and 

treatments exhibit limited efficacy(Piehl, 2021). While understanding of pathogenesis is 

largely immune focused (O’Connor et al., 2001; Rodríguez Murúa et al., 2022), the exact 

disease etiology remains unknown. Although immune activation is a consistent aspect of 

MS, other factors implicated in disease onset and progression include environment, gender, 

genetics, and viral exposure (Bjornevik et al., 2022; Olsson et al., 2017).

Although a multifaceted disease, an interesting and consistent observation is the 

dysregulation of lipid metabolism in the CNS (Podbielska et al., 2022; Wheeler et al., 

2008a). Marbois et al. (2000), using ion electrospray mass spectrometry, reported a 25% 

reduction specifically of the myelin sphingolipid sulfatide in normal appearing white matter 

(NAWM) compared to non-MS brains confirming a much earlier report of specific sulfatide 

depletion in MS (Yahara et al., 1982). Additionally, Wheeler (Wheeler et al., 2008a) 

reported a significant increase in the phospholipid/sulfatide ratio in both normal appearing 

white and normal appearing grey matter in MS brains as compared to non-MS brains 

while Moscatelli and Issacson (1969) (Moscatelli & Isaacson, 1969) reported an increase 

in sphingosine, a metabolite of sulfatide breakdown. Together, these findings indicate that 

sulfatide depletion in MS occurs prior to demyelination temporally positioning sulfatide loss 

as a causative event in disease onset and progression.

Myelin is essential for proper transduction of electrical signals in axons by acting as an 

insulator through its unique lipid rich biochemical composition (Huxley & Stämpeli, 1949). 

In addition to its structural role, myelin also metabolically supports the axon and maintains 

overall axonal integrity(Lee et al., 2012). During MS onset, the myelin sheath is attacked 

by CD4+ myelin reactive T cells resulting in demyelination and/or axonal loss, creating 

areas of plaque matter; while areas of NAWM supposedly are undisturbed. However, a 

growing body of literature suggests the NAWM contains axonal pathologies suggesting 

that the irreversible functional loss that has been attributed to axonal degeneration(Trapp 

et al., 1998) may precede demyelination in contrast to axonal pathology as a consequence 

of myelin loss (Gallego-Delgado et al., 2020a; Luchicchi et al., 2021b). Therefore, it is 

imperative to develop a better understanding of the pathological events that occur in the 

earliest stages of disease.

To delineate the role that sulfatide plays in both a healthy and diseased CNS, our group 

generated(Honke et al., 2002) and characterized a mouse with a disruption in the cerebroside 

sulfotransferase (CST) gene(Ishibashi et al., 2002a; Marcus et al., 2006; A. Pomicter et al., 
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2013; Shroff et al., 2009), which encodes the enzyme that catalyzes the final step of sulfatide 

synthesis(Afshin Yaghootfam et al., 2007; Honke et al., 1997). This global, constitutive 

CST knockout (KO) mouse displays progressive myelin pathologies that are observed in 

MS brains(Gallego-Delgado et al., 2020a; Luchicchi et al., 2021b; Suzuki et al., 1969; York 

et al., 2021) including (1) thin, unstable, and uncompacted myelin sheaths (Marcus et al., 

2006); (2) ultrastructurally compromised nodal and paranodal domains (Honke et al., 2002; 

Marcus et al., 2006); (3) abnormal and unstable clustering of nodal and juxtaparanodal ion 

channels (Ishibashi et al., 2002a) and (4) reduction of major myelin proteins and lipids 

(Palavicini et al., 2016). Thus, sulfatide is implicated in the establishment and maintenance 

of myelin and axonal structure and function(Hayashi et al., 2013a). Although a valuable 

resource for elucidating functions of sulfatide, the constitutive CST KO mouse develops in 

the absence of the lipid. To overcome potential developmental confounds, we have generated 

a CST floxed (flanking loxP; CSTfl/fl) mouse capable of age- and cell type- specific sulfatide 

depletion. We mated the CSTfl/fl mouse with a mouse that expresses tamoxifen-inducible 

Cre recombinase under the control of the oligodendrocyte (OL)-specific proteolipid protein 

(PLP) promoter(Belachew et al., 2001; Mallon et al., 2002; Wight & Dobretsova, 2004). 

Here, we exploit this novel double transgenic mouse to determine the causal relationship 

between adult onset sulfatide depletion and myelin and axonal structure and function.

2 Materials and Methods

2.1 Animal Model

Male and female CST inducible knockout mice, generated on the c57black6J background 

(see below), were bred, housed and aged in the Central Virginia Veterans Affairs Health 

Care Systems AAALAC accredited vivarium on a 12-hour light/dark cycle with food and 

water provided ad libitum.

2.2 Generation of CST conditional knockout mouse

Using CRISPR technology, we generated cerebroside sulfotransferase (CST) floxed 

(flanking loxP) mice (Applied StemCell, Inc, Milpitas, CA). Based on transcript sequence 

information in Ensembl (Transcript ID MGP_C57BL6NJ_T0028206.1), and consistent with 

published sequence analysis (Hirahara et al., 2000; Honke et al., 2002), the CST gene 

consists of 3 exons. Exon 1 is non-coding with variable regions termed 1a- 1g. Exons 2 

and 3 constitute the coding regions. LoxP sequences were inserted in introns up and down 

stream of exons 2 and 3 (Fig. 1A). Guide RNAs, two single-stranded oligodeoxynucleotide 

donors and designed Cas-9 mRNA, were injected into the cytoplasm of C57BL/6J embryos. 

Resulting pups were screened for loxP sites at the designated locations using PCR followed 

by sequencing to confirm that the CST gene locus contained the loxP sites in the correct 

location and orientation (not shown). To specifically target ablation of the CST gene in 

oligodendrocytes in the CNS, we purchased PlpCreERT mice (Jax Labs; stock # 005975) 

to induce recombination and mated them to the homozygous CST floxed (CSTfl/fl) line. 

To generate mice used in all subsequent studies, we mated homozygous CSTfl/fl mice 

with heterozygous PlpCreERT−/+;CSTfl/fl mice, creating both PLPcreERT−/− (no cre):CSTfl/fl 

and PlpCreERT−/+;CSTfl/fl. All experimental mice were PlpCreERT−/+;CSTfl/fl (abbreviated as 
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CST-cKO) and PLPcreERT−/−;CSTfl/fl were used as controls (abbreviated as CTL). All mice 

received tamoxifen treatment (see below).

2.3 Induction of Cre-mediated Recombination with Tamoxifen

Mice were intraperitoneally injected with 60mg/kg of tamoxifen based on previous work 

from our group (Qui et al., 2021). Tamoxifen was diluted in corn oil, and delivered through 

intraperitoneal injection into 10-week-old PlpCreERT−/+;CSTfl/fl and PLPcreERT−/−;CSTfl/fl 

mice for four consecutive days.

2.4 Polymerase Chain Reaction – CST gene ablation assessment

To confirm Cre-mediated recombination, genomic DNA was extracted from corpus callosum 

from 6-week post tamoxifen injected mice using Qiagen DNeasy Mini kit (Qiagen, 

Germantown, MD) according to the manufacturer’s instructions. Briefly, Mice were deeply 

anesthetized using 0.016 mL/gm body weight of a 2.5% solution of avertin (2, 2, 2 

tribromoethanol; Sigma-Aldrich; St. Louis, MO; cat#T48402) in 0.9% sodium chloride 

(Sigma-Aldrich, St. Louis, MO), and transcardially perfused with ice-cold saline for 3 

minutes. The brain was harvested; sectioned into 1mm coronal slices which were used for 

corpus callosum isolation; snap-frozen in liquid nitrogen and stored at −80C. Snap frozen 

tissue was used for DNA ablation assessment and mRNA quantitation. DNA fragments 

spanning genomic target sites were amplified by PCR using the following primers:

GAL3ST1 Forward (5’- GATTGTAGCCTTCCGTATGAACCG −3’)

GAL3ST1 Reverse 1 (5’- CGAACTCAACTCAAAGAGAGCAGG −3’) and

GAL3ST1 Reverse 2 (5’- TAATCTCTGCTCTAACCTGGTCGC −3’).

The GAL3ST1 Forward primer targets upstream of the first flanking loxP site and 

GAL3ST1 Reverse 1 primer targets downstream of the first flanking loxP site; the 

GAL3ST1 Reverse 2 primer targets downstream of the second flanking loxP site, such 

that when recombination does not occur, the size of the potential product between Forward 

and Reverse 2 primers is too large to amplify. However, after cre-mediated recombination, 

the distance between these primer target sites is shortened and a 432bp band is detected (Fig. 

1A). If no recombination occurs, the Forward and Reverse 1 primer will detect a product of 

246bp (Fig 1A). Cycling parameters were one cycle at 95°C (3 min), 40 cycles of 95°C (30 

s), 60°C (30 s), and 72°C (1 min 30 s), then 72°C (5 min), and a final hold at 4°C. PCR 

amplified products were analyzed by agarose gel electrophoresis (Fig. 1B).

2.5 Real Time-Polymerase Chain Reaction – CST mRNA quantitation

Total RNA was extracted from isolated corpus callosi using a Qiagen RNeasy Micro kit 

(Qiagen, Germantown, MD) according to manufacturer’s instructions. Contaminating DNA 

was eliminated through treatment with Ambion DNase I (Invitrogen Life Technologies, 

Grand Island, NY). Omniscript Reverse Transcription Supermix (BioRad, Hercules, CA) 

was used to create cDNA from the isolated RNA (150μL/sample). Quantitative RT-PCR was 

performed with a CFX96 (BioRad, Hercules, CA) RT-PCR detection system using 1 μL of 

cDNA, SsoFast Evagreen Supermix (BioRad), and the following primers (20μM):
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GAL3ST1 Forward (5’- GCAGCACACTGCTCAACATC −3’)

GAL3ST1 Reverse (5’- ACCAGGCTTCGTGCAAAGTA −3’)

Cyclophilin A Forward (5’- CTAGAGGGCATGGATGTGGT −3’)

Cyclophilin A Reverse (5’- TGACATCCTTCAGTGGCTTG-3’)

Phosphoglycerate kinase 1 Forward (5’- ATGCAAAGACTGGCCAAGCTA −3’)

Phosphoglycerate kinase 1 Reverse (5’-AGCCACAGCCTCAGCATATTT-3’)

Cycling parameters were: 1 cycle at 95°C (5 min), 39 cycles of 95°C (5 s) and 56°C (5 s) 

followed by a melt curve measurement consisting of 5 s 0.5°C incremental increases from 

65°C to 95°C. The fold changes in expression of the CST genes in corpus callosum samples 

were calculated using the formula RQ 5 22DDCt, using Cyclophilin and Phosphoglycerate 

kinase 1. For statistical analysis, a student’s t-test was performed using GraphPad Prism 

software version 9.4.1 for Windows.

2.6 Mass spectrometry

Multidimensional mass spectrometry-based shotgun lipidomics analysis was performed as 

described in Qiu et al. (2021). Briefly, mice were injected with Avertin and perfused with ice 

cold saline. The brains were sliced into 1 mm coronal slices and corpus callosi was dissected 

and flash frozen in liquid nitrogen. Tissue was homogenized and protein concentrations was 

determined using Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA). In the presence of 

internal standards, lipids were extracted following a modified procedure of Bligh and Dyer. 

Lipids were measured 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. Data were processed using ion peak selection, baseline 

correction, data transfer, peak intensity comparison, 13C deisotoping. Data were analyzed 

using a custom-programmed Microsoft Excel macro.

2.7 Immunohistochemistry

Tissue was processed as previously described (Clark et al., 2016; Dupree et al., 1999; 

Shepherd et al., 2012). Briefly, mice were deeply anesthetized using 0.016 mL/gm body 

weight of a 2.5% solution of avertin in 0.9% sodium chloride, and transcardially perfused 

with 4% paraformaldehyde (Ted Pella, Redding, CA; cat#18501 ) in 0.1M Millonigs 

buffer (Dupree et al., 1999; Shepherd et al., 2012). Following perfusion, the brains were 

cryopreserved in 1X PBS containing 30% sucrose for 48 hours, frozen in Optimal Cutting 

Temperature compound (Fisher Scientific; Hampton, NH, cat# 23–730-571), and serially 

sectioned, spanning 1.1 mm anterior to bregma to 2.5 mm posterior to bregma, at 40 μm in 

a coronal orientation using a Leica CM 1850 cryostat (Leica, Buffalo Grove, IL). Fifteen 

sets of six sections were collected and placed on ProbeOn Plus slides (Fisher Scientific, 

Loughborough, UK; cat# 15–188-51) and stored at −80°C. Adapted from Dupree et (1999) 

and Shepherd et al. (2012) (Dupree et al., 1999; Shepherd et al., 2012), coronally sectioned 

brains were triple labelled with Caspr at a dilution of 1:500 (rabbit polyclonal, Abcam 
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cat# ab34151), Kv1.1 at a dilution of 1:750 (mouse monoclonal IgG2b, Antibodies Inc 

cat#75–105) and Nav1.6 at a dilution of 1:250 (mouse monoclonal IgG1, Antibodies Inc 

cat #75–026 ); each antibody is knock-out validated. After overnight primary antibody 

incubation at 4°C, the sections were rinsed in PBS, blocked in blocking solution (0.5% 

triton X-100, 10% cold water fish skin gelatin (Aurion, Netherlands; cat# 900.033) in 

PBS) as previously described (Benusa et al., 2017; Clark et al., 2016) and incubated 

with the appropriate, fluorescently tagged Alexa™fluor secondary antibodies (Invitrogen 

Life Technologies, Grand Island, NY) diluted 1:500. Slides were cover slipped with 

Vectashield™ (Vector Laboratories, Newark, CA, cat# H-1000) and stored at −80°C until 

imaged. For immunohistochemistry (IHC) analysis, an n=3–7 mice were used per sex per 

genotype per timepoint (see Table 1).

2.8 Image collection and Quantitation

All images were collected using a Zeiss LSM 880 confocal laser scanning microscope 

(Carl Zeiss Microscopy, LLC; White Plains, NY), housed in the VCU Microscopy and 

Imaging Facility. Confocal z-stacks, each spanning 3μm, using a pin hole of 1 Airy 

disc unit and Nyquist sampling, were collected from the corpus callosum at the level of 

the fornix. Six images were collected per animal and a minimum of 150 nodal regions 

were quantitatively analyzed per animal. Images were taken with a 63X oil-immersion 

objective with a numerical aperture of 0.55; optical slice thickness was 0.21 μm using a line 

scanning average of 4. X, Y, and Z dimensions were 67μm × 67μm × 3μm, respectively. 

The magnification was digitally increased by a factor of 2 using the zoom feature. The 

gain and offset were kept consistent for all images. The 405 laser detector gain was 

approximately 700; the 488 laser set at 750 detector gain, and the 594 laser set at 780 

detector gain. For quantitation, criteria were established to quantify overlapping, absent, 

and/or aberrant placement of nodal protein fluorescent signals. Nodal abnormalities were 

quantified using ImageJ analysis software by manually marking overlapping fluorescent 

labels from maximum intensity projection images. All analyses were conducted blinded 

from experimental group and sex. Fluorescently labelled domains that touched the edge of 

the image were excluded from analysis. We quantitatively analyzed age-matched CST-cKO 

and control mice at 3-, 6-, and 11-month post tamoxifen injection. Analysis was performed 

using a 2-way ANOVA comparing genotypes across time. All graphing and statistical 

analysis were performed using GraphPad Prism version 9.4.1 for Windows (GraphPad 

Software, San Diego, CA).

2.9 Electron Microscopy

For ultrastructural quantitation, mice were processed for transmission electron microscopic 

analyses as previously described by (Dupree, Coetzee, Blight, et al., 1998a; Dupree, 

Coetzee, Suzuki, et al., 1998; Dupree et al., 1999; Marcus et al., 2006). Briefly, mice 

were deeply anesthetized, as described above, and transcardially perfused with a solution 

of 0.1M Millonigs buffer containing 4% paraformaldehyde and 5% glutaraldehyde (EM 

sciences, Hatfield, PA cat#16310). The perfusions were followed by a 2-week incubation 

in the same fixative solution at 4°C. Brains were harvested, vibratome- sectioned at 100 

μm to generate both coronally and sagittally oriented samples of the corpus callosum at the 

level of the fornix. Comparable sections were selected and postfixed in 1% osmium tetroxide 
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(EM sciences, Hatfield, PA; cat# 20816–12-0), dehydrated in increasing concentrations of 

ethanol, followed by incubation in the transition solvent propylene oxide (EM sciences, 

Hatfield, PA cat# 20412) and embedded in PolyBed epoxy resin (PolySciences, Warrington, 

PA; cat#08791–500). One micron and ultrathin (70nm) sections were stained with toluidine 

blue or the heavy metals uranyl acetate and lead citrate, respectively. One-micron sections 

were imaged using a Nikon ECLIPSE E800M upright light microscope (Nikon Instruments, 

Melville, NY), which is housed in the VCU Microscopy and Imaging Facility, to confirm 

region of interest and quality of tissue preservation. The ultrathin sections were used for 

myelin and axonal analyses and imaged using a JEOL JEM-1400Plus (JEOL USA, Inc, 

Boston, MA) equipped with a Gatan One View 1095 T and Gatan Microscopy Suite (GMS) 

3.3.2 software.

For g-ratio analysis, a minimum of 100 myelinated axons per mouse at the level of the 

fornix, with a diameter > 0.3 μm (Mason et al., 2001), were used for quantitative analysis. 

Images were collected at magnification of 7,200X from the sagittally oriented sections. For 

each myelinated axon, 2 axon diameters (the longest and shortest), and two myelin widths 

(the widest and the thinnest) were measured using NIH ImageJ (Marcus et al., 2006). Only 

myelin regions that exhibited no sign of fixation artifact or non-compaction were used for 

determining myelin thickness. Also, regions containing either the inner or outer tongues 

were not used for g ratio analyses. To calculate g-ratio, the average diameter for each axon 

was divided by the average axon diameter plus the sum of the myelin widths. For all EM 

analysis an n=3–4 was used per sex per genotype per timepoint (see Table 1). Analysis 

was performed using a 1-way ANOVA for average values per animal, comparing genotypes 

across time. All graphing and statistical analysis were performed using GraphPad Prism 

version 9.4.1 for Windows (GraphPad Software, San Diego, CA).

To quantify myelin and axon integrity, the same electron micrographs used for g-ratio 

analysis were used. These images were used to assess the percent of myelinated versus 

unmyelinated axons. Only axons with a diameter equal to or greater than 0.3um (Mason et 

al., 2001; Marcus et al., 2006) were included in the quantitation. Additionally, the prevalence 

of myelin and axon pathology was quantified for presence of redundant myelin, myelin 

non-compaction, myelin pulling away from the axon, and axonal degeneration as previously 

described (Dupree et al., 2015). Analysis was performed using a 2-way ANOVA comparing 

genotypes across time. All graphing and statistical analyses were performed using GraphPad 

Prism version 9.4.1 for Windows (GraphPad Software, San Diego, CA).

Coronally oriented ultrathin sections were imaged at 7,2000X for nodal regions. A minimum 

of 10 nodal regions were imaged per mouse to quantify node of Ranvier length. For 

statistical testing, the fit of the two models (single variance/covariance matrix or group 

specific variance/covariance matrices) was compared using a likelihood ratio test (LRT). For 

all analyses and α = 0.05 was used for statistical significance and SAS v9.4 was used for 

all analyses. Qualitative assessment of paranodal-axonal junctions (transverse bands) and 

organization and orientation of paranodal loops were also conducted.
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2.10 Electrophysiology

Mice were initially anesthetized with the volatile anesthetic isoflurane followed by an 

intraperitoneal injection of ketamine (200 mg/kg) and xylazine (20 mg/kg). Mice were then 

transcardially perfused with ice-cold sucrose artificial cerebrospinal fluid (sucrose-ACSF), 

which contained (in mM): 206 sucrose, 25 glucose, 25 NaHCO3, 4 MgSO4, 3 KCl, 1.25 

NaH2PO4, 1.2 CaCl2 saturated with 95% O2 and 5% CO2. Following perfusion, mice were 

decapitated and the brain removed to produce ex vivo brain slices. Coronal brain slices 

of 350μm thickness were sectioned in the same ice-cold sucrose-ACSF using a vibratome 

(Leica VT1200). Slices between 1.4 mm posterior and 2.5 mm posterior to bregma were 

collected for recording and maintained in an incubation chamber for at least 30 min before 

recording. The incubation chamber contained room temperature ACSF (~21° C) consisting 

of (in mM): 125 NaCl, 25 NaHCO3, 25 glucose, 3 KCl, 1.2 NaH2PO4, 1.2 CaCl2, 1.2 

MgSO4 bubbled with 95% O2 and 5% CO2. For recording, slices were transferred to a 

recording chamber mounted on the stage of an Olympus BX51WI microscope (Olympus 

Life Science Solutions, Bartlett, TN) equipped with a 10x (0.3 NA) water immersion 

objective and perfused with oxygenated room temperature ACSF. Where indicated, ACSF 

was supplemented with 4-aminopyridine (4-AP, 100 μM (Sigma Aldrich; St. Louis, MO cat# 

275875)) or tetrodotoxin (TTX 100 uM (Sigma-Aldrich; St. Louis, MO cat# 554412)) as 

previously described (Bell et al., 2021). For electrophysiology studies, an n = 3–5 mice per 

sex per genotype per timepoint was used (Table 1).

To stimulate corpus callosal fibers, a bipolar stimulating electrode (cat #30250 matrix 

electrode; FHC Neural Microtargeting, Bowdoin, ME) was placed approximately 1 mm 

from a glass micropipette recording electrode (1.65 mm OD, 1.0 mm ID, 8250 capillary 

glass, King Precision Glass, Claremont, CA). Micropipettes were pulled on a horizontal 

electrode puller (P1000; Sutter Instruments, Novato, CA) to produce tip diameters of 

approximately 2 μm that resulted in ~3 MΩ resistances when filled with ACSF. Compound 

action potentials (CAP) were evoked with a DS3 Isolated Current Stimulator (Digitimer) 

and measured with a Model 2400 patch clamp amplifier (A-M Systems; Sequim, WA). The 

resultant extracellular analog signals were converted into a digital signal by a PCI-6040E 

A/D board (National Instruments, Austin, TX), and stored and analyzed on a PC computer 

using WCP Strathclyde Software (courtesy of Dr. J Dempster, Strathclyde University, 

Glasgow, Scotland). CAPs were elicited using a stimulation protocol consisting of five 

consecutive sweeps, 100μs in duration, with a 10s delay between sweeps ranging from 

100μA to 500μA. An average of three recordings from one slice was used to reduce signal to 

noise ratio. CAPs were analyzed using the WinWCP program (courtesy of Dr. J Dempster, 

Strathclyde University, Glasgow, Scotland). Graphpad prism (San Diego, CA) was used to 

graph the ratio of N1 (myelinated axons) to N2 (unmyelinated axons) and for statistical 

analysis. Analysis was performed using a 2-way ANOVA comparing genotypes across 

stimulus current. Representative traces were superimposed using Origin2020b software 

(Origin, Northampton, MA).
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3 Results

3.1 Confirmation of gene ablation and lipid reduction following tamoxifen injection of the 
conditional CST knock-out model

Studies have reported that MS patients present with a significant reduction of the myelin 

lipid known as sulfatide even in regions of NAWM (Marbois et al., 2000; Yahara et al., 

1982). To determine the consequence of adult-onset sulfatide reduction, we generated a 

conditional CST knockout (CST-cKO) mouse using CRISPR technology. Fig. 1A depicts 

the modified CST gene with loxP sites inserted in non-coding regions and flanking exons 2 

and 3. We designed and positioned primers up- and downstream of the loxP sites to detect 

ablation. Fig. 1A displays gene products after tamoxifen injection of both the CST-cKO 

and control with the CST-cKO yielding a PCR product of 432 bp, which is the product 

size consistent with gene ablation. Fig. 1B demonstrates successful ablation of the CST 

gene in the CST-cKO mice having both ablated and non-ablated products. The presence of 

both ablated and non-ablated products is consistent with: 1. starting material of the corpus 

callous, which also contains non-oligodendrocytic cells and 2. less than 100% ablation 

efficiency of oligodendrocyte lineage cells. To further assess ablation efficiency, we isolated 

mRNA. Fig. 1C demonstrates significantly reduced transcript levels for CST message in the 

CST-cKO corpus callosum compared to message levels of the control animals. Our gene and 

message analyses demonstrate gene ablation accompanied with >60% message reduction.

Although our findings confirm both appropriate gene ablation and message reduction, these 

data do not directly assess lipid levels. To quantify sulfatide amounts, we isolated corpus 

callosi from CST-cKO and control mice at 3-, 6-, and 11-months post tamoxifen injection 

(PI). These time points were chosen since sulfatide requires ~4 months to turnover(Hayes 

& Jungawala, 1976; Norton & Cammer, 1984). At 3 months PI, there was no significant 

difference in relative sulfatide levels between the CST-cKO and control mice (Fig. 1D). By 

6 months PI, we observed a significant and consistent reduction of the lipid with sulfatide 

levels in the CST-cKO mice only reaching 40% of the sulfatide levels in the controls. 

By 11 months PI, sulfatide levels remained significantly depleted and the mice presented 

with an additional 10% reduction indicating a sustained and progressive loss of the lipid. 

Importantly, consistent with our group’s previous analyses(Qiu et al., 2021), these findings 

confirm sulfatide reduction and reveal no difference in the levels of galactosylceramide, the 

precursor of sulfatide (Morell & Radin, 1969) at any of the PI time points (data not shown). 

Taken together, our findings demonstrate that the novel CST floxed mouse provides a unique 

opportunity to ablate the CST gene and specifically reduce sulfatide levels in the adult CNS.

3.2 Progressive axonal pathology with myelin sparing

Previously, our group reported that in the constitutive CST KO mice, myelin sheaths were 

significantly thinner than in their wildtype littermates. We also observed a variety of myelin 

pathologies including uncompacted, degenerating, and redundant myelin profiles (Marcus 

et al., 2006). To determine if adult-onset sulfatide depletion resulted in similar pathologies, 

we used EM analysis to calculate g ratios in the corpus callosum. Figure 2A i-vi presents 

representative electron micrographs for each genotype at each PI time point. Figure 2B 

compares the average g ratio values obtained for individual mice and individual axons. 
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Using a 1-way ANOVA, there was no significant difference among the genotypes at each 

timepoint (3m p=0.8938, 6m p=0.9483, 11m p=0.4794). Since sulfatide is reduced in MS 

and MS is 3 times more prevalent in females than males(Koch-Henriksen & Sørensen, 

2010), we further assessed g ratio, with sex as a biological variable. Binning the values per 

sex, also revealed no sex differences at any of the experimental endpoints (data not shown).

Previous studies have reported that myelin and axon defects are more prone to axons of 

specific caliber (Thomason et al., 2022). Therefore, we used a similar binning approach 

(increments of 0.1μm) to assess axonal caliber-specific pathologies; however, no difference 

in g-ratios, axon caliber, or myelin thickness was detected (data not shown).

To determine if demyelination or myelin instability occurs following adult-onset sulfatide 

depletion, we compared the percent of myelinated and unmyelinated axons in the corpus 

callosi of mice with normal and depleted levels of sulfatide. Across all timepoints, there was 

no significant difference in the percent of unmyelinated fibers between the two genotypes 

(Fig. 2C) (3m p=0.9891, 6m p=0.6478, 11m p=0.5010). To further assess the consequence 

of adult onset sulfatide depletion on CNS integrity, we quantified myelin and axonal 

pathologies including: 1. myelin un-compaction, 2. myelin pulling-away, 3. redundant 

myelin profiles and 4. degenerating axonal fibers. The compilation of these pathologies 

revealed a significant increase in the CST-cKO mice reaching statistical significance at 11 

months post injection (Fig. 3B) (p=0.0018) indicating a loss of overall myelin/axon integrity 

following sulfatide depletion. Interestingly, when separating the four pathologies, there was 

no statistical difference at 11 months PI for any of the myelin pathologies((un-compaction 

p=0.9541; pulling away (p=0.9996); redundant myelin (p=0.9986) (Fig. 3C–E)). These data 

imply that physiological sulfatide levels in adulthood are not essential for proper myelin 

structural maintenance. However, there was a robust and significant difference in the extent 

of axonal degeneration at 11 months post injection (Fig. 3F) (p=<0.0001) (3m p= 0.9988, 

6m p= 0.3068) suggesting that loss of sulfatide facilitates axonal pathology independent of 

myelin loss.

3.3 Variation in Nodal Length

Although no significant difference in myelin integrity was observed by our myelin 

ultrastructural analyses, axonal pathology was abundant. Consistent with sulfatide playing a 

role in maintaining axonal integrity, our previous analyses of the constitutive CST KO mice 

revealed abnormal lengths of the nodes of Ranvier (Marcus et al., 2006). Therefore, using 

a similar approach, we measured the length of the nodes of Ranvier in the conditional CST 

KO mice at the three PI time points. As shown in Fig. 4C, CST-cKO mice did not have a 

significant difference in the length of the nodes at 3, 6, or 11 months post injection, (3m 

control 1.548μm ± 0.175μm vs. 3m CST-cKO 1.236 μm ± 0.106 μm; p=0.8269; 6m control, 

1.065μm ± 0.096μm vs. 6m CST-cKO, 1.038μm ± 0.120 μm; p=0.9999; and 11m control, 

1.047μm ± 0.111 vs. 1.575μm ±0.479 p=0.3780). Using a variability analysis, we see no 

significant difference in the variability at 3 or 6 months post injection. (3m p=0.7047 and 

6m p=0.8607). However, at 11 months post injection, there was a significant increase in 

variability (p<0.0001).
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To further investigate this increased variability in node length, we focused our attention 

on the structural integrity of the paranode, which flanks the node of Ranvier defining the 

nodal gap (Peters, 1966). A prominent structural component of the paranodal junctions are 

the electron dense transverse bands, which are composed of glial and neuronal adhesion 

molecules (Schnapp et al., 1976). We and others have previously proposed that a function 

of the transverse bands is to maintain adherence between the myelin sheath and the axon 

resulting in the maintenance of myelin integrity and axon-myelin communication, organized 

axonal domains and overall axonal health (Coman et al., 2006; Dupree, Coetzee, Blight, 

et al., 1998a; Mierzwa et al., 2010a; Pillai et al., 2009; Rosenbluth et al., 2003; Susuki et 

al., 2018). Additionally, we reported compromised paranodal junctions in the constitutive 

CST KO mice (Honke et al., 2002; Marcus et al., 2006). Therefore, we proposed that 

increased variability in nodal length could be a consequence of compromised junctions as 

evidenced by a deterioration of transverse bands. In the healthy CNS, EM analysis reveals 

transverse bands as regularly spaced electron densities that span the periaxonal space of 

the paranode(Peters et al., 1992) (Fig. 4D) Consistent with our previous analyses of the 

constitutive CST KO mice and with the loss of axonal integrity, we observed a frequent loss 

or irregular spacing of these densities that constitute the myelin/axon paranodal junctions in 

the CST-cKO mice (Fig. 4E).

3.4 Progressive nodal protein domain abnormalities

Our ultrastructural analyses demonstrate a progressive lengthening of the nodal gap and a 

loss of paranodal integrity. Since the paranodal junctional complexes (i.e. transverse bands) 

regulate the establishment and maintenance of the distribution of the axonal proteins that 

are specifically clustered in the node of Ranvier, the paranode and the juxtaparanode, the 

loss of transverse bands may result in compromised domain organization (Coman et al., 

2006; Dupree, Coetzee, Suzuki, et al., 1998; Einheber et al., 2006; Garcia-Fresco et al., 

2006; Kojima & Hayashi, 2018; Marcus et al., 2006; Mierzwa et al., 2010a). To determine if 

the axonal domains are disrupted consequential of adult-onset loss of sulfatide, we immuno-

labeled corpus callosum sections from CST-cKO and control mice with Nav1.6, caspr, and 

Kv1.1 to visualize the node of Ranvier, the paranode, and the juxtaparanode, respectively 

(Fig. 5A). Common pathologies observed were: 1. binodal sodium channel clusters (Fig 5B), 

2. elongation of Nav1.6 and caspr domains (Fig. 5C), 3. mixing of proteins from adjacent 

domains or (Fig. 5D) or 4. a combination of several pathologies (Fig. 5D). Quantification of 

domain organization (Fig. 5E) revealed no alterations by 3 months post tamoxifen injection 

(8.3% for control vs 10.2% for CST-cKO p=0.958 n=7, 150+ nodes per animal), a time 

point when sulfatide levels remained unaltered; however, by 6 and 11 months post tamoxifen 

injection, time points when sulfatide levels were reduced (Fig. 1D), the percentage of 

abnormal domain arrangement was significantly and progressively increased (6 months – 

9.6% for control vs 21.8% for CST-cKO; p=0.032 n=6 and 11 month – 20.8% for control 

vs 81.4% for CST-cKO; p<0.0001 n=7–11, 150+ nodes per animal for each timepoint). 

These data are consistent with previous findings in the constitutive CST KO mice that 

demonstrated neuronal nodal domain proteins are mis-localized in the absence of sulfatide 

(Ishibashi et al., 2002b; Hayashi et al., 2013a)
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3.5 Progressive shift in myelinated axonal function

Action potential conduction is mediated by appropriate clustering of ion channels in 

specific domains along the axon (H. Wang et al., 1994) (Caldwell et al., 2000). When 

domain organization is disrupted, axonal function is compromised (Bagchi et al., 2014; 

Sinha et al., 2006). Based on both our ultrastructural and immunohistochemical data, we 

proposed that the axons of the corpus callosum were functionally compromised. However, 

to directly assess axonal function, we employed a well-established electrophysiological 

approach designed to quantify compound action potentials (CAPs) in both the myelinated 

and unmyelinated axons(Baker et al., 2002; Reeves et al., 2005; Yamate-Morgan et al., 

2019). Typically, a CAP consists of two downward deflections referred to as N1 and N2 

(Figure 6A). The CAPs of myelinated axons are represented in the N1 peak, the first 

downward deflection across time, while the N2 peak represents the CAPs of unmyelinated 

axons, the second downward deflection. To compare N1 and N2 peaks across time and 

between genotypes, we have presented the data as a ratio of N1/N2.

At the 3- month PI timepoint, there is no change in N1/N2 ratio (Fig. 6Ai), which 

is consistent with our lipidomic data showing no difference in sulfatide levels between 

genotypes, as well as our IHC data showing no difference in abnormal domain localization. 

However, consistent with our IHC data, which revealed significant disruption in ion channel 

domain organization, CAP analyses show that at 6- and 11-month post injection, there is 

a statistically significant reduction in the N1/N2 ratio in the CST -cKO mice compared 

to control mice (Fig. 6Bi and 6Ci, respectively). At the 11-month timepoint, the N1 peak 

is completely absent (Fig. 6Cii) giving a ratio of zero across all stimulation intensities. 

While previous studies using the CST KO mice quantified conduction velocity in the sciatic 

nerve (Hayashi et al., 2013b), we provide the first direct evidence of functional loss within 

the CNS following sulfatide depletion and more interesting, we show a profound impaired 

function that parallels ion channel redistribution that precedes significant myelin disruption 

or myelin loss. Figures 2–4 demonstrate that myelin is intact, and Figure 3 shows no 

increase in myelin pathology, yet, these myelinated axons are functioning as unmyelinated 

axons at the 11-month timepoint. Collectively, these findings demonstrate that loss of 

sulfatide in adulthood leads to increased axonal pathology with relative myelin sparing.

4 Discussion

In MS brains, lipid metabolism is disrupted (Moscatelli & Isaacson, 1969) even in regions of 

NAWM (Wheeler et al., 2008b). More specifically, sulfatide, a prominent glycosphingolipid 

of the myelin sheath(Norton & Cammer, 1984), is decreased in NAWM while no other 

myelin proteins or lipids are reduced(Marbois et al., 2000; Yahara et al., 1982) indicating 

sulfatide loss is independent of demyelination. Previous work from our group (Marcus et 

al., 2006; A. Pomicter et al., 2013) and our collaborators (Ishibashi et al., 2002b; Shroff et 

al., 2009) using the constitutive CST KO mouse (Honke et al., 2002) shows a plethora of 

myelin abnormalities accompanied by axonal abnormalities that are consistent with myelin 

and axonal pathologies prevalent in MS(A. D. Pomicter et al., 2010; Suzuki et al., 1969; 

York et al., 2021). Recognizing that CNS pathologies presented in the constitutive CST KO 

mouse may be consequential of disrupted development, we generated the CST floxed mouse 
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which enables adult-onset sulfatide depletion. Exploiting this novel mouse, we show for the 

first time that adult onset sulfatide reduction is sufficient to compromise neuronal structure 

and function independent of myelin loss, yet not sufficient to drive demyelination.

4.1 Adult onset sulfatide depletion is not sufficient to drive demyelination

In our previous work we showed a significant increase in the g ratio of myelinated axons 

in the CNS of the constitutive CST KO mice at all ages (Marcus et al., 2006). In contrast, 

our quantitative analyses of the conditional CST KO mice showed no change in g ratios 

(Fig. 2). We propose that this difference in g ratio data between the 2 CST mutant models 

reflects 1) a developmental inhibition of myelin synthesis with the absence of sulfatide 

during the critical period of myelin production and maturation(Foran & Peterson, 1992; 

Sturrock, 1980) in the constitutive KO mice whereas sulfatide synthesis in the conditional 

KO animals was not inhibited until 10 weeks of age and 2) the retention of a portion of the 

sulfatide that was synthesized prior to gene ablation. In addition to thin myelin, our analysis 

of the constitutive CST KO mice showed that early depletion of sulfatide synthesis resulted 

in unstable myelin sheaths as evidenced by increased and progressive myelin uncompaction 

and demyelination (Marcus et al., 2006). Those findings led us to conclude that the absence 

of sulfatide plays a prominent role in myelin loss observed in MS. However, our current 

findings from the conditional CST KO mice contrast with our original conclusion. Although 

myelin that is formed in the absence of the sphingolipid is more vulnerable to demyelination 

(Marcus et al., 2006), our longitudinal study of the conditional KO mice strongly suggests 

that myelin synthesized in the presence of sulfatide, but with reduced lipid after maturation, 

is relatively stable with regard to compaction and myelin loss. Based on our previous work, 

we assessed a variety of other pathologies including pulling away of the axon from the 

myelin sheath (Fig. 3B), uncompaction (Fig. 3C), frequency of myelin redundancy (Fig. 3D) 

and axonal degeneration (Fig. 3E). Although all of these pathologies were observed, the only 

pathology that was significantly more prevalent in the sulfatide depleted mice was axonal 

degeneration, suggesting that adult-onset depletion of sulfatide is not sufficient to drive overt 

dys- or demyelination but is sufficient for the loss of axonal structure and function

4.2 Adult-onset sulfatide depletion induces axonal pathology

Our ultrastructural analysis indicated the absence of demyelination but revealed a significant 

impact on axon integrity following chronic sulfatide depletion. Axonal degeneration was 

evidenced by abnormal electron dense bodies within the axon, the loss of organelle structure 

and the retention of myelin sheaths that lack the axon entirely (Fig 3Av). Oligodendrocytes 

play important roles in metabolically and structurally supporting axons (Fünfschilling et 

al., 2012; Lappe-Siefke et al., 2003; Lassetter et al., 2023; Lee et al., 2012; Morrison 

et al., 2013; Mukherjee et al., 2020). Therefore, it is not surprising that loss of an 

oligodendrocyte component leads to axonal pathology with myelin sparing, as this has 

been previously reported (Buscham et al., 2022, p. 5; Griffiths et al., 1998). There are 

several mechanisms in which progressive loss of sulfatide could lead to axonal degeneration. 

One possibility is involvement of the immune system. Using the conditional sulfatide KO 

mouse, our group has demonstrated a significant increase in disease-associated microglial 

and astrocyte neuroinflammation, particularly within myelin containing regions (Qiu et al., 

2021). Ultrastructural analysis revealed astrocytic processes around the myelin sheath and 
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TREM2, which is expressed by microglia and acts as a lipid sensor, is known to interact 

with sulfatide (Poliani et al., 2015; Y. Wang et al., 2015, p. 2). Since sulfatide is enriched in 

the outer leaflet of the myelin sheath (Boggs et al., 2008), TREM2 may sense altered lipid 

stoichiometry and launch and launch an immune response (Cantoni et al., 2015; Poliani et 

al., 2015).

Previously, our collaborators demonstrated this sulfatide deficient model can induce 

astrogliosis and microgliosis, in NAWM of MS patients, activated microglia can drive 

disruption of axo-glial junctions, leading to elongated and mis-localized sodium and 

potassium channels (Howell et al., 2010). Our findings provide evidence of loss of 

transverse bands and subsequent sodium and potassium channel redistribution. Transverse 

bands, which are formed by the binding of neurofascin155 of the myelin sheath to the 

contactin/caspr1 axonal complex (Charles et al., 2002), tether the myelin sheath to the axon. 

Previous work from us (Dupree, Coetzee, Blight, et al., 1998b; Dupree et al., 1999; A. D. 

Pomicter et al., 2010) and others (Charles et al., 2002; Coman et al., 2006; Rasband et 

al., 1999) has shown that a loss of myelin-axon interaction, particularly at the paranode 

region, is associated with altered axon structure and function. Consistent with these previous 

reports, here we observed compromised transverse band integrity and a significant increase 

in the variability of node of Ranvier length. The loss of the transverse band complex is 

further evidenced by the mislocalization of caspr, an essential component of the transverse 

band complex(Bhat et al., 2001; Boyle et al., 2001; Sun et al., 2009). Mis-localization of 

caspr suggests that the caspr-contactin complex is not appropriately binding to its glial 

ligand neurofascin 155. Consequently, disruption of these complexes results in a loss of 

proper myelin-axon anchoring (Bhat et al., 2001; Boyle et al., 2001) and could result 

in lateral movement of the sheath along the axon providing a viable explanation for the 

observed variation in node of Ranvier length that we observe in the conditional CST KO 

mice (Figure 4). Additionally, these paranodal junctions also maintain the proper clustering 

of the axonal proteins that constitute the node, paranode and juxtaparanode by providing a 

physical barrier that restricts lateral movement into the adjacent domains (Mierzwa et al., 

2010b). Interestingly, we have previously shown, using the constitutive CST KO mice, that 

the loss of sulfatide results in destabilization of the paranodal axo-glial complexes and a 

loss of the respective protein clusters (Ishibashi et al., 2002b; A. Pomicter et al., 2013). 

Since this previous work was based on studies using the constitutive CST KO mice, the 

possibility remained that this sulfatide-dependent regulation was limited to developmental 

conditions with limited relevance to an adult-onset disease. Here, we show that adult-onset 

sulfatide depletion is sufficient to drive protein domain disruption at both the ultrastructural 

and molecular levels.

4.3 Adult-onset sulfatide depletion disrupts the function of myelinated axons

In addition to possibly facilitating the “sliding” of the myelin sheath along the axon, 

altered transverse band integrity may result in compromised axonal domain organization. 

Our IHC data showed that at 6- and 11-months post injection, the highly conserved 

spatial organization of the sodium and potassium channel domains was significantly 

compromised. Although myelin structure was spared, mis-localization of the ion channels 

translated functionally into loss of the myelinated (N1) amplitude. Similar abnormal protein 
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domain localization pathologies have been observed using the experimental autoimmune 

encephalomyelitis (EAE) mouse model (Recks et al., 2013) as well as clinical studies 

showing substantial pathology in the NAWM, where sodium and potassium channel 

overlap(Gallego-Delgado et al., 2020b; Howell et al., 2010) and axonal degeneration 

preceding demyelination (Luchicchi et al., 2021a) have been observed.

Disruption of ion channel localization not only leads to mis-firing and inefficient functioning 

of the axon, but also leads to channelopathy. Craner et al. (2004) demonstrated that aberrant 

localization of Nav1.6 along extensive regions of a demyelinated fiber co-localize with 

sodium/calcium exchangers, causing a reversion of the exchangers’ function, resulting in 

increased intracellular calcium resulting in abnormal axonal function and ultimately axonal 

degeneration. (Craner et al., 2004; Stys et al., 1992). Our data show, at 6 months post 

injection, an increase in protein domain mislocalization and a functional ratio shift from 

N1 to N2; however, there is no significant difference in axonal degeneration. Consistent 

with limited axonal pathology in the sulfatide conditional KO mice is the retention of the 

myelin sheath. In contrast to demyelinated axons, dysmyelinated axons express Nav1.2 

(Boiko et al., 2001; Westenbroek et al., 1992) and are less sensitive to this type of injury. 

Presently, it is unknown if the myelinated axons in the conditional KO mice present with a 

re-expression of the immature sodium channel isoform. Ultrastructural axonal degeneration 

reaches significance at 11 months post injection coinciding with an increase in the frequency 

of elongated Nav1.6 channel domains. It will be of interest to determine if the myelinated 

axons in the conditional KO mice present with an upregulation of Nav1.2, which has been 

reported following myelin disruption (Dupree et al., 2004). An upregulation of Nav1.2 

expression is consistent with the observed compromised axonal function and might provide 

protection from degeneration expanding the window for myelin repair and ultimately axonal 

function.

Technology has greatly improved the resolution of magnetic resonance imaging (MRI) 

allowing the detection of lesions in what otherwise was considered NAWM(Inglese et al., 

2018). While our studies suggest that a significant reduction of sulfatide leads to axonal 

degeneration, the dysmyelination that occurs consequential of sulfatide depletion may act 

to spare axonal integrity at least in the acute, or perhaps prodromic, stage of the disease. It 

remains to be determined if sulfatide depletion alone is sufficient to induce demyelination 

and to drive the transition of NAWM into lesion development. By the time lesions are 

detected, axonal pathology, which is at least in part consequential of sulfatide deletion and 

sufficient to result in functional deficits, has already developed. Our findings combined 

with the studies that have shown a loss of sulfatide in brain regions that reveal no myelin 

abnormalities are consistent with sulfatide depletion defining the prodromic stage of MS, the 

period of months or years before classic MS symptom onset (Makhani & Tremlett, 2021). 

It is unknown how the initial loss of sulfatide occurs, and how long sulfatide is reduced 

in NAWM prior to the onset of demyelination and plaque formation; however, detection of 

sulfatide levels should be considered as a possible diagnostic for MS in the future and may 

provide an indicator for initiation of therapeutic repair prior to irreversible axonal loss.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Genetic ablation of the cerebroside sulfotransferase (Cst) gene. (a) Schematic 
illustrating the Cst gene with loxP sites (solid black triangles) upstream and downstream of 
coding regions exons 2 and 3.
Three primers (striped triangles) were designed around the loxP sites to detect for genetic 

ablation: F (forward) primer 1, R (reverse) primer 2, and R (reverse) primer 1. Tamoxifen 

was administered to both CST-cKO and CTL mice, resulting in Cst gene recombination in 

CST-cKO mice (left; ablated gene product indicated by red line) with gene sparing (right; 

intact gene product indicated by red line) in CTL mice. (b) PCR amplification of genomic 

DNA from the CTL and CST-cKO mice confirmed recombination in CST-cKO mutant 

mouse brains 6 weeks post tamoxifen injection. (c) Real-Time PCR of CTL and CST-cKO 

mutant mouse brains 6 weeks post tamoxifen injection revealed ~50% reduction in mRNA 
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expression. (d) Lipidomic analysis of total sulfatide in CST-cKO and CTL brains presented 

no change in sulfatide levels by 3-months PI but a significant sulfatide loss at 6 and 11 

months PI. Unpaired Student’s t-test. All data are presented as mean ± standard error. **p < 

.005 ****p < .0001.

Dustin et al. Page 24

Glia. Author manuscript; available in PMC 2024 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. No change in extent of myelination in the corpus callosum of CST-cKO mice.
(a) Cross section representative images from the corpus callosum at the level of the fornix 

from control (CTL; ai, aiii and av) and CST-cKO (aii, aiv and avi) mice following 3- 

(ai and aii), 6- (aiii and aiv) and 11- (av and avi) months post injection. 3-, 6- and 11- 

months PI mice presented abundant myelinated axons with no difference in the percent of 

myelinated versus unmyelinated fibers (b) or in myelin thickness as quantitatively compered 

by g ratio analysis. (c) Note axonal pathology (yellow shade) in the 6 m- and 11 m-PI tissue. 

(examples highlighted by yellow shade in Panels aiv and avi). Data are presented as mean ± 
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standard error; data statistically compared by 2-way ANOVA analysis followed by a Tukey’s 

post-hoc multiple comparison test. Scale bar = 2 μm.
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FIGURE 3. Quantification of myelin and axonal pathologies in the corpus callosum of CST-cKO 
mice.
(a) Representative image of a healthy axon with an intact, compacted myelin sheath and 

appropriate array of neurofilament and microtubules (ai). Representative images of various 

myelin and axonal abnormalities observed in the CST-cKO mouse included (from left 

to right): axon losing attachment to the myelin sheath (aii vacuolar degeneration; yellow 

arrows); presence of cytoplasm between compacted wraps of myelin (aiii; un-compaction; 

yellow star); compact myelin out folding (aiv; redundant myelin; white arrows) and a variety 

of axonal degenerating profiles (f) including (fi) organelle collapse; red arrow, (fii) presence 

organelle and cytoskeletal debris from the axon; white star, and (fiii) complete loss of axon 

exhibited by an empty myelin shell; black star. (b) Quantitative analysis combining all 

myelin and axonal pathologies revealed a significant increase in myelin/axonal pathologies 

at 11 m PI but not at 3- and 6- months PI. Separating out the individual pathologies revealed 

(c-e) no significant difference in myelin ultrastructure between genotypes at any of the 

timepoints analyzed; however, (g) axonal degeneration was significantly increased in the 11 
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m CST-cKO mice. All data were statistically compared using a 2-way ANOVA; ** p < .005 

****p < .0001. Scale bar = 1 μm.
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FIGURE 4. No change in extent of myelination in the dorsal column of the cervical spinal cord 
following adultonset sulfatide depletion.
Quantitative analysis of the dorsal column of the spinal cord revealed no difference in the 

percent of myelinated versus unmyelinated axon (a), or myelin thickness as calculated by g 

ratios (b). Similar to the corpus callosum, quantitative analysis of the combined axonal and 

myelin pathologies revealed a significant increase in the CST-cKO mice at PI 11-months but 

not at 3- and 6-months PI (c). However, when the individual pathologies were compared, 

myelin pathologies were comparable between genotypes (d-f) while axonal degeneration 

was significantly more abundant in the CST-cKO at 11-months PI compared to 11-months 

PI CTL mice (g). All data were statistically compared using a 2-way ANOVA; ** p < .005 

****p < .0001.
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FIGURE 5. Increase in nodal length variability and loss of transverse bands following adult 
onset sulfatide depletion.
(a) Normal ultrastructure of a node of Ranvier (bound indicated by black arrows) including 

nodal length (~1 micron) and flanking paranodal regions with lateral loops closely opposed 

to the axolemma. (b) CST-cKO mice revealed nodes of Ranvier with varying lengths 

including abnormally long nodal gaps (nodal bounds indicated by arrows). (c) Overall, 

node quantitation revealed no significant change in average nodal length between genotypes 

at any of the time points analyzed; however, a significant difference was observed in 

length variability in the 11-months post tamoxifen injected CST-cKO mice with nodes of 
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Ranvier presenting both shorter and longer than 1 micron. (d) Calculating the nodal length 

variance per mouse further confirmed this variability at 11-months PI with a significant 

increase in length variance with no difference in variance at the earlier PI time points. All 

data were statistically compared using a 2-way ANOVA. (e) CTL mice revealed equally 

spaced electron densities, known as transverse bands (arrows), at the interface between the 

lateral loops of the myelin sheath and the axolemma. (f) In contrast, transverse bands were 

unevenly spaced and structurally disrupted (arrows) in the CST-cKO. For analysis, the fit 

of the two models (single variance/covariance matrix or group specific variance/covariance 

matrices) was compared using a likelihood ratio test. a-b Scale bars = 1 μm. *p < .05 ****p 

< .0001. E-F Scale bars = 0.5 μm.
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FIGURE 6. Mis-localization of axonal domain proteins following adult-onset sulfatide depletion.
(a) An axon from a CTL mouse demonstrates proper ion channel and axonal domain protein 

organization in the corpus callosum with Nav1.6 (green) localized to the node of Ranvier; 

caspr (blue) localized to the paranode; and Kv1.1 (red) localized to the juxtaparanode. 

Common, but not exclusive pathologies, observed included (b) binodal Nav1.6 (green; 

yellow arrows); (c) elongated Nav1.6 (green; yellow arrows indicating bounds of Nav1.6 

distribution); and elongated caspr (blue) with Kv1.1 (red) intermixed (white stars flank 

region of intermixing). (d) A combination of several pathologies such as binodal Nav1.6 

(yellow arrows) and Kv1.1 and caspr intermixing (white stars) was also observed. (e) 

Quantification of protein organization revealed preservation of protein domain at 3-months 

PI but a significant loss of axonal domain organization at 6- and 11-month PI. Data are 

presented as mean ± standard error and analyzed using a 2-way ANOVA; **** p < .0001. 

Scale bars = 5 μm.
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FIGURE 7. Decrease of N1 peak following adult-onset sulfatide depletion.
(ai) Compound action potential (CAP) recordings demonstrate comparable and robust N1 

and N2 peaks between the CTL and CST-cKO mice 3-months PI. (aii) Quantification of 

the ratio of N1/N2 from ascending stimulus currents in the CTL and CSTcKO mouse 

at 3-months PI shows no significant difference between genotypes. (bi) By 6-months PI 

CSTcKO mice present with a reduced N1 peak and (bii) a significant reduction in the N1/N2 

ratio between cKO and CTL mice. (ci) By 11-months PI, N1 peaks were not observed in the 

CST cKO mice but N2 peaks were spared. (cii) The loss of the N1 peak resulted in further 
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separation of N1/N2 ratios between CTL and CSTcKO mice at 11-months PI with the ratios 

being zero due to loss of N1 peak. Analyzed using a 2-way ANOVA. ****p < .0001.
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TABLE 1

Sample size breakdown per timepoint

Timepoint Genotype Sex EM IHC EP

3 CTL Female 3 3 3

Male 3 4 4

CST-cKO Female 3 3 3

Male 3 4 3

6 CTL Female 3 3 4

Male 3 4 3

CST-cKO Female 3 3 4

Male 3 6 5

11 CTL Female 3 3 4

Male 3 4 3

CST-cKO Female 3 4 3

Male 4 7 5

Abbreviation: EM, Electron Microscopy; EP, Electrophysiology; IHC, Immunohistochemistry.
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