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Abstract

Mice incapable of synthesizing the myelin lipid sulfatide form paranodes that deteriorate with age. 

Similar instability also occurs in mice that lack contactin, contactin-associated protein or 

neurofascin155 (Nfasc155), the proteins that cluster in the paranode and form the junctional 

complex that mediates myelin-axon adhesion. In contrast to these proteins, sulfatide has not been 

shown to be enriched in the paranode nor has a sulfatide paranodal binding partner been identified; 

thus, it remains unclear how the absence of sulfatide results in compromised paranode integrity., 

Using an in situ extraction procedure, it has been reported that the absence of the myelin 

sphingolipids, galactocerebroside and sulfatide, increased the susceptibility of Nfasc155 to 

detergent extraction. Here, employing a similar approach, we demonstrate that in the presence of 

galactocerebroside but in the absence of sulfatide Nfasc155 is susceptible to detergent extraction. 

Furthermore, we use this in situ approach to show that stable association of myelin-associate 

glycoprotein (MAG) with the myelin membrane is sulfatide dependent while the membrane 

associations of myelin/oligodendrocyte glycoprotein, myelin basic protein and cyclic nucleotide 

phosphodiesterase are sulfatide independent. These findings indicate that myelin proteins maintain 

their membrane associations by different mechanisms. Moreover, the myelin proteins that cluster 

in the paranode and require sulfatide mediate myelin-axon adhesion. Additionally, the apparent 

dependency on sulfatide for maintaining Nfasc155 and MAG associations is intriguing since the 

fatty acid composition of sulfatide is altered and paranodal ultrastructure is compromised in 

multiple sclerosis. Thus, our findings present a potential link between sulfatide perturbation and 

myelin deterioration in multiple sclerosis.
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 INTRODUCTION

The closest apposition between the myelin sheath and the axon occurs at the paranode and is 

maintained by a myelin-axon junctional complex [1–3] that is formed by the binding of the 

axonal heterocomplex of contactin-associated protein (Caspr) and contactin with the myelin 

protein neurofascin155 (Nfasc155) [4–7]. In mice that lack Caspr, contactin or Nfasc155, 

paranodal junctions are compromised; nodal and paranodal protein membrane domains are 

not properly established or maintained; and axonal conduction is significantly impaired [8–

11]. Interestingly, similar abnormalities also occur in mice that contain a mutation in the 

gene that encodes cerebroside sulfotransferase (CST), the enzyme responsible for the 

sulfation of galactocerebroside [12], and thus, are incapable of synthesizing the myelin 

sphingolipid sulfatide [13–16].

Since sulfatide is concentrated in the outer leaflet of the myelin membrane bilayer [17–18], 

it is fortuitously positioned to mediate myelin-axon interactions; however, no axolemmal 

binding partner has been identified. As an alternative to serving as an axonal ligand, 

sulfatide may indirectly mediate myelin-axon interactions by ensuring the proper 

establishment and maintenance of myelin protein domains that are involved in these 

interactions. In support of this possibility, Maggio and colleagues have demonstrated that 

myelin sphingolipids mediate lateral segregation of membrane constituents in lipid 

monolayers suggesting that the sphingolipids potentially regulate cell membrane 

organization [19–22]. Moreover, we have shown that Nfasc155 initially clusters in the 

paranodes of the CST “knockout” (KO) mice but these clusters begin to deteriorate by 30 

days of age even though levels of Nfasc155 remain constant in the mutant animals [15–16]. 

Therefore, we proposed that the myelin sphingolipid sulfatide is essential for maintaining 

proper membrane organization of Nfasc155 domains and ultimately paranode structure.

In support of this hypothesis, Schafer et al. [23] demonstrated that Nfasc155 paranodal 

clusters were stabilized during optic nerve development coinciding with the formation of 

membrane rafts, small membrane domains involved in signaling, adhesion, trafficking and 

sorting [24]. Moreover, Schafer et al. [23] used a biochemical approach to demonstrate that 

Nfasc155 does not associate with rafts in mice that are incapable of synthesizing the myelin 

galactolipids, galactocerebroside and sulfatide. Here, we have modified this in situ extraction 

approach to determine whether the absence of sulfatide, but the presence of normal levels of 

galactocerebroside [13], would result in compromised myelin membrane associations of 

Nfasc155 and other prominent myelin proteins.

As demonstrated by Schafer et al. [23], immunocytochemistry provides a valid method to 

assess the distribution of membrane associated proteins that form clusters (e.g. Nfasc155); 

however, this approach is not useful in analyzing non-clustering proteins. Therefore, we 

have also employed western blot analysis to compare the relative levels of myelin proteins 

prior to and following in situ extraction providing insight into the mechanisms that regulate 

stability of membrane associations of non-clustered myelin proteins in the CST wild type 

(WT) and KO mice. Together, our findings demonstrate that the myelin adhesion proteins 

Nfasc155 high (Nfasc155H) [16] and myelin-associated glycoprotein (MAG) [25] are 

significantly more susceptible to extraction in the absence of sulfatide whereas myelin 
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proteins not implicated in myelin-axon adhesion are either not susceptible to detergent 

extraction or their extraction susceptibility is independent of sulfatide. Interestingly, 

Nfasc155 and MAG are paranodal adhesion proteins [26–28] consistent with our hypothesis 

that sulfatide regulates paranode integrity and adhesion by stabilizing cis membrane 

associations. These findings are intriguing since, in MS, the fatty acid composition of 

sulfatide is altered [29] and paranodal ultrastructure is compromised [30] consistent with a 

role of sulfatide in paranode maintenance. Thus, our findings present a potential link 

between sulfatide perturbation and myelin deterioration in MS.

 MATERIALS AND METHODS

 Animals

All mice used in this study were generated and genotyped as previously described [13; 31]. 

Although the myelin paranode degenerates with age in the CST KO mice, minimal 

paranodal ultrastructural disruption is observed in 15 day old mutants as paranodal loops are 

tightly packed with adjacent loops and oriented toward the axolemma [15]. Since paranodal 

structure is grossly normal in the 15 day old CST KO mice, all extraction studies were 

conducted at this age.

 Antibodies

The primary neurofascin antibodies used for the quantitative immunocytochemical analysis 

have been previously characterized and are known as FIGQY (1:200) [32], NF-C1 (1:500) 

[26] and CT-NF (1:500) [11]. The FIGQY antibody was provided by Dr. Matt Rasband 

(Baylor Medical College); the NF-C1 antibody was provided by Dr. Peter Brophy 

(University of Edinburgh, Scotland); the CT-NF antibody was provided by Dr. Manzoor 

Bhat (University of Texas-San Antonio). These antibodies are directed against the C 

terminus of the protein and recognize both glial (Nfasc155) and neuronal (Nfasc186) 

isoforms.

The primary antibodies used for western blot analyses are as follows: FIGQY anti-pan 

neurofascin (1:4,000) [32], anti-Caspr (1:5,000, M. Bhat) [8], anti-2’,3’, cyclic nucleotide 

3’phosphodiesterase (CNP, 1:5,000, Sternberger Monoclonals Inc.), anti-extracellular signal-

regulated kinase 2 (ERK2, 1:10,000, Santa Cruz Biotechnologies), anti-β-actin (1:10,000, 

Sigma-Aldrich), anti-pan myelin-associated glycoprotein (MAG, 1:2,000, Millipore), anti-

myelin/oligodendrocyte glycoprotein (MOG, 1:2,000, Millipore), anti-myelin basic proteins 

(MBPs, 1:100, Millipore), anti-contactin (1:3000, R&D Systems), anti-β-III tubulin (1:2000, 

Millipore), anti-flotillin-1 (1:2000, BD Biosciences Pharmingen) and anti-glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, 1:10,000, Millipore).

 In situ detergent extraction for immumocytochemical analysis

The in situ protein extraction was performed as described by Schafer et al. [23]; however, 

the approach was modified for spinal cord samples. Cervical spinal cords from15 day old 

CST WT (n=4) and littermate KO (n=5) mice were harvested, weighed using a Mettler top 

load balance, and immediately incubated in 3ml of extraction buffer consisting of 20 mM 

Tris-HCl (pH 8.0), 10 mM EDTA, 150 mM NaCl, and protease inhibitor cocktail (Sigma-
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Aldrich, St. Louis, MO) with or without detergent at 4°C for one hour. The weight of the 

WT cervical spinals cords ranged between 0.0453g and 0.0549g with an average weight of 

0.0487g±0.0043g. The weight of the KO cervical spinal cords ranged between 0.0466g and 

0.0527g with an average weight of 0.0491g±0.0.0038g. The two detergents utilized in this 

study were Triton X-100 (1%; non-ionic) (ICN Biomedicals, Inc., Aurora, OH) and CHAPS 

(cholamidopropyl dimethylammonio-1-propane-sulfonate) (1%; zwitterionic) (Sigma-

Aldrich). These detergents were chosen as they are the most commonly used detergents for 

protein extraction studies [23; 33].

 Immunocytochemical analysis

Following detergent incubation the spinal cords were immersion fixed in 4% 

paraformaldehyde in 0.1 M Millonigs (pH 7.3; 4°C) for 1 hour and immunolabeled as 

previously described [15]. Immunolabeled sections were analyzed using a Leica TCS-SP2 

AOBS laser scanning confocal microscope housed in the Virginia Commonwealth 

University Microscopy Facility. Maximum intensity projection images (compiled from eight 

optical sections spanning 3.0 microns through focus) were collected from both CST WT and 

KO spinal cord sections. A minimum of six maximum projection images were collected for 

each tissue section; a minimum of 2 sections per mouse was analyzed. Confocal images 

were collected using a pin hole diameter of one Airy unit, a scan resolution of 1024 X 1024 

and a scan zoom of 2. The objective lens used for image capture was a 63X/1.4 NA oil 

immersion lens. To ensure that similar regions of the cervical cord were sampled, the 

cerebellum was used to discern ventral and dorsal columns. All images were collected from 

the cervical ventral columns. The posterior border of the cerebellum was used as the most 

anterior extent of the spinal cord and thus served as the starting point for image collection as 

previously described [16]. Initial penetration studies revealed that the depth of detergent 

penetration following 1 hour of incubation was never less than 150 µm [24]; therefore, all 

quantitative analyses of Nfasc155 clusters were limited to the peripheral most 119.5 µm of 

the ventral column of the cervical cord corresponding to the width of the microscopic field.

The number of paired Nfasc155 clusters was counted per image and the average number of 

clusters per image was determined for each mouse. Two sets of criteria were used to identify 

pairs of neurofascin-containing paranodes as previously described [34]. Briefly, all paired 

rectangular clusters (corresponding to two adjacent paranodes) separated by a small region 

void of labeling (corresponding to the node of Ranvier) were identified as a single paranodal 

pair. Since the antibodies used in this study label both Nfasc155, the glial form of 

neurofascin, and Nfasc186, the neuronal form of neurofascin, extended rectangular 

complexes, lacking a negatively labeled node of Ranvier, were also observed. For 

identification of Nfasc155/Nfasc186 complex clusters, solid rectangular clusters ranging 

between 5 and 15 microns with well demarcated ends were also identified as a single 

paranodal pair. To confirm that the FIGQY, NF-C1or CT-NF positive clusters in singly 

labeled tissue sections corresponded with the nodal/paranodal region, an adjacent section 

from each mouse was also double labeled with either the FIGQY or NF-C1 antibody in 

conjunction with a pan sodium channel antibody (1:200; Sigma-Aldrich).
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 In situ detergent extraction for western blot analysis

For accurate analysis of protein extraction by western blot approaches, complete penetration 

of the detergent is required. As previously described, the one hour incubation of the intact 

spinal cord provided limited penetration. Limited penetration was an asset for the 

immunohistochemical analysis as it provided an internal control; however, it was not 

compatible for western blot studies. Therefore, to ensure complete tissue penetration, the 

ventral columns of the spinal cords were harvested using an American Optical dissecting 

microscope at 15X. The isolated columns from the WT mice weighed between 0.0142g and 

0.0187g with an average weight of 0.0167g±0.0021g. The isolated columns from the KO 

mice weighed between 0.0130g and 0.0201g with an average weight of 0.0173g ±0.0033g. 

The isolated columns were quickly rinsed in PBS at 4°C and immediately incubated in 3ml 

of extraction buffer (4°C) with or without detergent for 2 hours at 4°C. The optimal 

incubation time of two hours was determined by analyzing levels of two cytoplasmic 

proteins ERK2 and GAPDH following incubation of varying times (1 hour, 2 hours, 4 hours, 

12 hours and 24 hours (not shown)) in the extraction buffer with or without detergent. 

Following incubation, the spinal cord was removed from the extraction buffer; the extraction 

buffer was discarded and the cord was rinsed in ice cold PBS and homogenized as described 

below. To confirm preservation of ventral column integrity, western blot analysis of β-actin 

was conducted and silver stained gels were used to compare qualitatively total protein 

profiles of WT and KO tissues that were incubated with and without detergent.

 Western blot analyses

Following the two hour incubation in the extraction buffer (4°C), the spinal cord ventral 

columns were homogenized in 100 µl of 1% sodium dodecyl sulfate (SDS) in PBS with 5 µl 

of protease inhibitor cocktail (Sigma) for one minute. Homogenates were aliquoted and 

stored at −80°C. Protein concentrations were determined with the Micro BCA Protein Assay 

kit (Thermo Scientific, Rockford, IL) and proteins were diluted to 2 µg/µl with 1% SDS and 

then to 1 µg/µl with 2X Laemmeli Sample Buffer (Bio-Rad, Hercules, CA) containing 5% β-

mercaptoethanol. 10% polyacrylamide gels were used for separation and proteins were 

transferred to nitrocellulose. Optimal protein transfer required 2 hours at 100 Volts using the 

TG Transfer buffer (Bio-Rad). Magic Mark XP Western Protein Standard (Invitrogen, 

Carlsbad, CA) was used as a molecular mass indicator. Membranes were washed in PBS, 

blocked in 5% dry milk in PBS with 0.05% Tween-20, and incubated with primary 

antibodies overnight at 4°C. Membranes were washed, blocked, incubated with the 

appropriate horseradish peroxidase conjugated secondary antibody (1:10,000 Santa Cruz 

Biotechnologies, Santa Cruz, CA) for two hours at room temperature, washed in PBS-

Tween-20 (PBST) followed by PBS, and visualized with chemiluminescent substrate 

(Millipore, Billerica, MA) and CL-Xposure film (Thermo Scientific). In parallel to the 

analyses of the glycosylated neurofascins, these proteins were also analyzed following 

deglycosylation with PNGaseF as previously described [16], which provided better 

separation of the isoforms.
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 Myelin isolation and sucrose gradient fractionation

Whole spinal cords were harvested from CST WT and KO mice and myelin was isolated 

according to a modified method of Norton and Poduslo [35] using two rounds of myelin 

purification by gradient centrifugation was isolated as previously described [36–37]. Purified 

myelin was layered in a discontinuous sucrose gradient consisting of 0.2M, 1.0M and 2.0M, 

and centrifuged for 19 hours at 192,000g [44, 54]. Twelve 1mL aliquots were collected per 

sample and loaded on a dot blot for immunolabeling for neurofascin and flotillin.

 Statistical analyses

For the neurofascin cluster quantitation, all counts are reported as mean ± standard deviation 

and were statistically compared using 2-tailed t-tests; significance was accepted with a p 

value less than 0.05. For western blot analyses, band densities were standardized against 

loading controls using NIH Image J [38]. Protein extraction per genotype was calculated as a 

percent of control (incubated in extraction buffer without detergent). All densities are 

expressed as mean ± standard deviation and were statistically compared using 2-tailed t-

tests; significance was accepted with a p value less than 0.05

 RESULTS

 Nfasc155 paranodal clusters are significantly more susceptible to detergent extraction in 
the absence of sulfatide

Previous work from our lab demonstrated that CST KO mice contain fewer Nfasc155 

paranodal clusters compared to their WT littermates. Here, we further analyzed our data of 

the CST KO mice and determined that paranodal clusters were also significantly reduced in 

the CST KO mice between the ages of 15 and 30 days of age (36.8±8.0 clusters per 

microscopic field at 15 days of age (n=5) compared to 9.5±9.3 clusters per microscopic field 

at 30 days of age (n=3); p<0.001) without a reduction in protein levels [16]. This indicated 

that cluster loss was not the consequence of reduced Nfasc155 levels but the result of 

paranodal domain instability in the absence of sulfatide. To determine a potential mechanism 

responsible for domain instability, we employed an in situ detergent extraction approached 

modified from Schafer et al. [23]. As shown in Figure 1B, and consistent with our previous 

report [24], peripherally positioned Nfasc155 clusters were extracted from CST KO spinal 

cords following a one-hour incubation in extraction buffer containing detergent. In contrast, 

more centrally positioned clusters were maintained. As noted by Schafer et al. [23], 

retention of centrally positioned clusters provides an internal control for the 

immunocytochemical labeling. Note, when incubated in the extraction buffer without 

detergent, spinal cords from CST KO mice revealed paranodal labeling in the peripheral and 

central regions of the tissue (Figure 1A).

After determining the feasibility of the in situ approach to analyze the stability of protein 

clusters in the spinal cord (Figure 1), we employed this method to compare the stability of 

paranodal clusters of Nfasc155 in the presence and absence of sulfatide. As shown in Figure 

2A, spinal cords from 15 day old CST WT mice incubated in detergent-free extraction buffer 

(n=4) revealed 90.0±19.7 paranodal clusters of Nfasc155 per microscopic field. No 

difference in cluster number was observed in WT spinal cords incubated in extraction buffer 
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containing either the detergent Triton X-100 (74.1±17.5; n=4; p=0.31; Figure 2B&D) or 

CHAPS (89.3±22.8; n=3; p=0.89; Figure 2C&D). Spinal cords from 15 day CST KO mice 

(n=4) incubated in buffer without detergent exhibited 39.3±19.9 paranodal clusters per field 

(Figure 2F&H), which is consistent with the number of clusters observed in spinal cords 

from 15 day CST KO prior to incubation (36.8±8.0 clusters/field) indicating that incubation 

in extraction buffer lacking detergent does not result in cluster reduction. Additionally, the 

number of clusters observed in the spinal cord from 15 day CST KO mice, incubated in 

buffer without detergent (39.3±19.9 clusters per field), was significantly less than the 

number of paranodal clusters observed in 15 day old WT spinal cords (90.0±19.7 clusters/

filed; p<0.005) incubated in the extraction buffer without detergent. In contrast to the WT 

spinal cords, incubation of CST KO spinal cords in either Triton X-100 or CHAPS resulted 

in a significant reduction of Nfasc155 paranodal clusters compared to spinal cords from age 

matched KO mice incubated in extraction buffer without detergent (39.3±19.9 clusters per 

field in the absence of detergent versus 11.6±6.8 clusters per field for Triton X-100 

incubation; n=5; p<0.001 and 14.1±7.6 clusters per field for CHAPS incubation; n=3; 

p<0.01; Figure 2 F–H). These findings demonstrate that paranodal cluster extraction is not 

detergent specific and more importantly, strongly support our hypothesis that paranodal 

Nfasc155 clusters are significantly less stable in the absence of sulfatide. As no difference 

was observed between detergents, we limited all subsequent analyses to the detergent Triton 

X-100.

 Soluble proteins are extracted from dissected white matter while total protein profiles 
are not dramatically altered following detergent incubation

Next, we wanted to determine whether the increased vulnerability to detergent extraction 

was specific to Nfasc155 or if other proteins also displayed an increased susceptibility to 

extraction in the absence of sulfatide. The importance of this question is emphasized by our 

work that compromised myelin integrity, evidenced by demyelination, loss of myelin 

compaction, and the deterioration of glial and neuronal protein domains, is prevalent in 

sulfatide deficient mice [14–15; 39–41]. Although immunocytochemistry is an effective 

approach for comparing susceptibility to detergent extraction for proteins that form clusters, 

it is not suitable for analyzing proteins that do not form distinct aggregates. To circumvent 

this limitation, we used western blot strategies to analyze levels of both glial and neuronal 

proteins. In contrast to immunocytochemistry, which reveals the depth of detergent 

penetration and thus delineates the regions appropriate for quantitation (Figure 1), western 

blot analysis requires complete penetration of the detergent. Therefore, we modified our 

methodology in two ways. First, using microdissection, the ventral columns of the cervical 

spinal cords were harvested and immediately incubated in the extraction buffer, with or 

without detergent, at 4°C for two hours (see Material and Methods). To determine the 

effectiveness of detergent penetration, we first compared relative levels of two cytoplasmic 

proteins, ERK2 and GAPDH, following a two hour incubation of CST WT and KO ventral 

columns in detergent-free or detergent-containing extraction buffer. ERK2 and GAPDH 

were chosen since they are universally expressed and, as cytoplasmic proteins, their 

extraction should provide a less encumbered (i.e. not tethered within the cell) indicator of 

detergent penetration.
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As shown in Figure 3A, western blot analyses indicated that ERK2 and GAPDH were nearly 

completely extracted by incubation in extraction buffer containing detergent from both WT 

and KO spinal cord ventral columns. Although these cytoplasmic proteins were readily 

depleted, we also wanted to determine whether the two hour extraction protocol resulted in 

global protein degradation or extraction, which would implicate a non-specific protein 

disruption. To test this possibility, we used silver stain to compare total protein banding 

patterns between genotypes and between treatments (i.e. with and without detergent). 

Protein assays revealed an approximate 40% reduction of total protein from both the WT 

and CST KO ventral columns (data not shown); however, all samples presented clearly 

defined bands without smears indicating the absence of protein degradation (Figure 3B). In 

addition, the protein banding patterns were similar among the samples; however, in lanes 

containing WT and KO detergent-treated samples, several bands were absent or less intense 

(arrowheads; Figure 3B) while other bands appeared more intense (arrows; Figure 3B) as 

compared to their genotype-matched samples incubated without detergent. We interpret that 

a reduction in band intensity indicates that some proteins were extracted to a greater extent 

than proteins as a whole while the apparent increased intensity indicates that proteins were 

less susceptible to detergent extraction compared to all proteins. Taken together, our ERK2 

and GAPDH extraction findings combined with the silver stained protein banding patterns 

indicate that the two hour extraction of isolated cervical ventral columns is a suitable 

approach to analyze in situ protein solubilities without inducing protein degradation.

 Neurofascin proteins are susceptible to detergent extraction

Since our immunocytochemical studies were limited to Nfasc155 (Figure 2), we initially 

employed our western blot approach to quantify levels of this protein following extraction of 

harvested ventral columns. Our laboratory has previously reported that Nfasc155 is not a 

single protein but exists in two forms, which we have named Nfasc155 high (H) and 

Nfasc155 low (L) based on their apparent electrophoretic molecular masses [16]. Presently, 

Nfasc155H and Nfasc155L cannot be distinguished by in vivo immunocytochemical 

labeling; thus, findings from the immunocytochemical analyses refer to total Nfasc155. In 

contrast, western blot analysis provided the additional advantage of comparing extraction 

susceptibilities of the two forms of Nfasc155 as well as the extraction susceptibility of the 

neuronal form of the neurofascin family of proteins known as Nfasc186.

In Figure 4, the three neurofascin proteins are referred to as Nfasc186’, Nfac155H’ and 

Nfasc155L’ indicating the deglycosylated (PNGase F treated) form of each protein. 

Nfasc186’ and Nfasc155H’ were partially extracted from the WT ventral columns following 

detergent incubation (33.5±3.0% and 22.2±10.0%, respectively; n=3; Table I) while 

Nfasc155L’ was nearly completely extracted (95.2±8.4%; Table I) compared to WT columns 

incubated in extraction buffer without detergent (n=3). Nfasc186’ and Nfasc155H’ were 

significantly more susceptible to detergent extraction in the absence of sulfatide with both 

proteins revealing a reduction of approximately 60% (62.5±6.1% and 60.5±6.7%, 

respectively; n=3; p=0.005 and 0.008; Table I). Similar to the WT samples, incubation in the 

extraction buffer with detergent completely extracted Nfasc155L’ from KO tissues 

(99.0±1.7%; Table I). Together, these findings confirm our immunocytochemical data by 

demonstrating that in the absence of sulfatide Nfasc155 is highly susceptible to detergent 
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extraction. Moreover, our western blot data also reveal a distinct difference in extraction 

susceptibility between the two Nfasc155 proteins as Nfasc155H is significantly more 

susceptible to detergent extraction in the absence of sulfatide while Nfasc155L is highly 

soluble and its solubility is sulfatide independent. Finally, yet somewhat surprising, the 

absence of the myelin lipid sulfatide also resulted in the significant increase in the extraction 

of Nfasc186, the neuronal isoform of neurofascin.

 MAG, but not CNP, MBP or MOG, is significantly more susceptible to detergent 
extraction in the absence of sulfatide

In addition to the neurofascin proteins, we also analyzed the vulnerability to detergent 

extraction of the myelin proteins myelin-associated glycoprotein (MAG), cyclic nucleotide 

phosphodiesterase (CNP), myelin basic proteins (MBP) and myelin/oligodendrocyte 

glycoprotein (MOG). Following incubation without detergent, levels of MAG were similar 

between the CST KO mice and their WT littermates. Following incubation with detergent, 

MAG was partially extracted from both WT and KO samples; however, the extent of 

extraction was significantly greater from the mutant tissue (39.0±15.1% extracted from WT 

(n=3) compared to 77.7±15.6% extracted from KO (n=3; p=0.037)) (Figure 5; Table I). 

Together, our findings demonstrate that the absence of sulfatide increases detergent 

solubility of MAG. In contrast to Nfasc186, Nfasc155H and MAG, CNP exhibited minimal 

susceptibility to detergent extraction for either WT or KO spinal cord columns (9.9±6.4%, 

n=3 and 6.0±4.0%, n=3; respectively; p=0.47; Figure 4). Similarly, MBP was not extracted 

as levels of the MBP isoforms were not reduced in either the WT or KO samples following 

detergent incubation. Not only were the MBP isoforms not reduced following extraction but 

band densities were increased for both genotypes following the detergent incubation 

(75.9±38.6% and 86.5±57.6% increase for all isoforms for WT and KO samples); however, 

these apparent increases were not statistically different between genotypes (p=0.39). In 

contrast to CNP and MBP, MOG was partially extracted by detergent incubation; however, 

the extent of extraction did not differ between genotypes (58.1±15.7% and 54.4±26.1% for 

WT (n=3) and KO (n=3) samples respectively; p=0.94; Figure 4; Table I) indicating that 

MOG is susceptible to detergent extraction but extraction is independent of sulfatide. 

Together, our data indicate that sulfatide plays a role in maintaining membrane associations 

of Nfasc155H and MAG, but is not involved in maintaining membrane associations of 

Nfasc155L, MBP, CNP and MOG indicating that both sulfatide-dependent and independent 

mechanisms regulate the maintenance of myelin integrity.

 Neuronal paranodal proteins are not more vulnerable to detergent extraction in the 
absence of sulfatide

Since our findings from both the immunocytochemical and western blot analyses indicated 

compromised paranodal domains in the absence of sulfatide, we also investigated the effect 

that the lack of sulfatide has on the susceptibility to detergent extraction of neuronal 

paranodal proteins. No difference in levels of Caspr was observed between WT (n=3) and 

KO (n=3) samples (Figure 4) indicating that the susceptibility of Caspr to detergent 

extraction is not dependent on sulfatide. Moreover, the maintenance of the paranodal protein 

Caspr suggests that the extraction of Nfasc155H is not a non-specific, secondary 

consequence of paranode disruption. In further confirmation that the paranode is not 
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indiscriminately susceptible to detergent extraction in the absence of sulfatide, western blot 

analysis also revealed no reduction in the levels of contactin (Figure 4), the other member of 

the neuronal heterocomplex that mediates interaction with Nfasc155 [4; 26], following 

detergent extraction.

 Neurofascin is observed in detergent insoluble glycoprotein complexes but sucrose 
subfractionation reveals differential distribution in the WT versus KO spinal cords

One explanation of the differential vulnerability of Nfasc155 to detergent extraction is that 

Nfasc155 is recruited into microdomains known as membrane rafts [23]. Although the 

analysis of rafts is technically challenging, one method routinely used to study these 

microdomains is the isolation of detergent insoluble glycoprotein complexes (DIGs) by 

sucrose gradient fractionation [24]. Therefore, we used this approach to determine whether 

myelin neurofascin would be present in putative raft fractions from WT mice and whether 

the distribution of myelin neurofascin would be altered in the CST KO mice. As shown in 

Figure 5, myelin neurofascin was observed in subfractions 4–6, which is consistent with 

previous reports [23]. Interestingly, myelin neurofascin isolated from the CST KO spinal 

cord was also observed in fractions 4 and 5. In contrast to the WT sample, the subfraction of 

the KO sample that revealed the greatest level of protein was subfraction 12 indicating a 

dramatic shift in the distribution of myelin neurofascin in the absence of sulfatide. 

Interestingly, flotillin, a putative marker of DIGs [24], also revealed an altered distribution; 

however the distribution of flotillin differed from the distribution of neurofascin. While the 

absence of sulfatide decreased the level of Nfasc in fractions 4–6, it increased the proportion 

of flotillin in these fractions. These findings suggest that sulfatide plays a role in recruitment 

of Nfasc into rafts while recruitment of flotillin into rafts dos not require this lipid. Finally, 

we used our in situ extraction approach to analyze the effect of detergent extraction on 

flotillin in the intact spinal cord. As shown in Figure 4, extraction of flotillin was not 

significantly different between genotypes (p=0.169) and thus, consistent with our findings 

with the sucrose fractionation approach, stability of membrane association of flotillin is 

independent of sulfatide.

 DISCUSSION

We have developed an in situ detergent extraction approach to compare the stability of 

Nfasc155 paranodal clusters in the spinal cords of CST WT and KO mice. As Nfasc155 

forms paranodal clusters, we used immunocytochemistry to evaluate cluster stability. Our 

findings demonstrate that Nfasc155 clusters are significantly more susceptible to detergent 

extraction in the absence of sulfatide. Additionally, our laboratory has recently demonstrated 

that Nfasc155 is not a single protein but exists in two forms that we have identified as 

Nfasc155H and Nfasc155L [16]. As these forms cannot be distinguished by 

immunocytochemistry, we used western blot strategies to compare extraction vulnerability 

of these distinct forms in the WT and KO mice. Nfasc155L was highly soluble independent 

of sulfatide. Nfasc155H was partially extracted in the presence of sulfatide; however, in the 

absence of sulfatide, Nfasc155H was significantly more susceptible to extraction. In addition 

to Nfasc155H, we also determined that MAG and MOG are susceptible to detergent 

extraction; however, whereas extraction of MAG is facilitated by the absence of sulfatide, 
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the extraction of MOG is sulfatide independent. Interestingly, MBP and CNP are not readily 

susceptible to extraction either in the presence or absence of sulfatide. Together, these 

findings demonstrate that myelin proteins employ distinct mechanisms to maintain their 

membrane association and that these distinct mechanisms are both sulfatide dependent and 

independent

 Stability of Nfasc155 domains is sulfatide dependent

We have previously reported that paranodal clusters of Nfasc155 are lost with age in the 

CST KO mice [15–16]. We have also reported that the myelin paranode structurally 

deteriorates with age in these animals [15]; however, it remains to be determined how 

sulfatide is responsible for maintaining both structural and molecular organization of the 

myelin paranode. Previous work by Schafer et al. [23] demonstrated that mice that lack both 

galactocerebroside and sulfatide form unstable Nfasc155 membrane domains. Here, we 

demonstrate that the stability of myelin Nfasc155 domains is sulfatide dependent and that 

galactocerebroside [13] is not sufficient to maintain these domains. Interestingly, changes in 

sulfatide composition have been reported in MS independent of demyelination [29]. 

Moreover, paranodal ultrastructure is compromised in MS and the altered structure observed 

in MS (everted paranodal loops [30]) strongly resembles the paranodal abnormalities that 

develop in the sulfatide KO mice [15].

Plausible hypotheses as to how sulfatide regulates paranode stability include altered 

expression and/or trafficking of protein(s) that modulate membrane associations of 

paranodal neurofascin, and compromised interactions with membrane stabilizing molecules 

and/or components of the cytoskeleton [42–45]. Another intriguing possibility focuses on 

the concept of membrane rafts, small membrane domains involved in a variety of cellular 

functions including adhesion and protein distribution. The raft possibility is particularly 

intriguing based on the sucrose gradient subfractionation results (Figure 5) and differential 

detergent solubility observed with the in situ extraction as triton solubilization is a well-

documented approach for raft analysis [reviewed in 24].

Although the mechanisms that regulate raft formation remain to be fully elucidated, a feature 

commonly associated with the recruitment of proteins into membrane rafts is the addition of 

long, saturated fatty acid chains [46–49]. Interestingly, the neurofascin proteins, which have 

been implicated as components of membrane rafts [23], have the potential for such a 

modification with the addition of palmitate residues [47–48]. The sites of palmitoylation of 

the neurofascin proteins are highly conserved cysteine residues located within the 

transmembrane domain. Mutation of these cysteine residues inhibits palmitoylation and 

membrane domain incorporation [50] strongly suggesting that neurofascin palmitoylation 

facilitates recruitment into membrane rafts, bolsters membrane associations and stabilizes 

protein domains. Moreover, we have recently observed that treatment with hydroxyl amine, 

a chemical known to cleave the thioester bonds that link palmitate groups to proteins [52], 

facilitates extraction of Nfasc155 but has no effect on the solubility of Caspr [24] consistent 

with the requirement of the palmitate group to anchor Nfasc155 in the myelin sheath. In 

contrast, the solubility of Caspr, a protein that has not been demonstrated to be 
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palmitoylated, was unaltered by the hydroxyl amine treatment suggesting that stability of 

Caspr membrane domains is independent of such post translational modifications.

Although the solubility of Nfasc155H was significantly increased by the absence of 

sulfatide, Nfasc155L was completely extracted independent of sulfatide. It remains to be 

determined why these two forms exhibit differential solubilities; however, differential 

palmitoylation is a possibility. Interestingly, MAG, whose solubility is also sulfatide 

dependent, is palmitoylated [53] and a putative membrane raft protein [44; 54]. Taken 

together, since both Nfasc155 and MAG have been localized to the CNS paranode [4; 26; 

28; 55–56] and mediate axon-glial binding [4; 26; 57–58], we propose that paranode 

deterioration in the CST KO mice results from compromised stability of Nfasc155H and 

MAG domains.

 Stability of Nfasc186 domains is also sulfatide dependent

Schafer et al. [23] previously reported that Nfasc186 is, at least partially, detergent soluble in 

WT rodent optic nerve. Therefore, partial solubility of Nfasc186 from WT spinal cords is 

consistent with previous findings; however, the significant increase in the solubility of 

neuronal neurofascin in the absence of sulfatide was not expected. Presently, it remains 

unknown how sulfatide regulates the stability of Nfasc186 domains. One possibility is that 

since sulfatide is synthesized in neurons [59–61], the absence of neuronal sulfatide results in 

compromised neuronal raft stability. A second possibility is that the formation and stability 

of Nfasc186-containing membrane domains is dependent on ligand-receptor interactions 

between the glial and neuronal membranes, which is consistent with membrane raft 

formation in several systems including oligodendrocytes [23–24; 43; 62]. Interestingly, we 

previously reported that Nfasc186 is frequently not detected in MS samples but is routinely 

detected in non-MS tissues [16]. The explanation for this remains to be determined but 

unstable membrane domains is consistent with altered fatty acid composition of sulfatide 

[29].

 Myelin proteins maintain membrane associations by sulfatide dependent and 
independent mechanisms

While sulfatide is required for maintaining paranode integrity by regulating protein domain 

stability, our findings also demonstrate that the membrane association of other myelin 

proteins is independent of this lipid. As shown in Figure 4, CNP, MBP and MOG reveal no 

difference in relative levels between genotypes following detergent extraction. The 

insolubility of CNP is consistent with the previous findings of Pfeiffer and colleagues [44; 

63], who postulated that CNP is associated with DIGs. Incorporation into these membrane 

domains is consistent with our current findings as CNP is not detergent-extracted from the 

WT spinal cords (Figure 4). However, recruitment into membrane rafts is largely driven by 

the addition of long, saturated carbon chains that facilitate membrane associations [64]. CNP 

establishes and maintains its association with the myelin membrane through the addition of a 

lipid residue, known as a prenyl group, to its carboxy terminus [65]. Prenyl groups, however, 

do not display the typical features of the lipid residues associated with raft recruitment as 

prenyl groups are short, highly branched and bulky [66]. Moreover, the absence of sulfatide, 

a sphingolipid and a known component of at least some populations of myelin membrane 
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rafts [54], does not increase CNP’s susceptibility to extraction (Figure 4). Therefore, the 

insoluble nature of CNP may be independent of raft incorporation, or at least independent of 

sulfatide-dependent rafts, but may result from membrane linkage via a carboxyl terminal 

prenyl group [65] that does not require sulfatide.

In contrast to CNP, some controversy exists with regard to MBP’s association with raft 

domains [44; 54; 67–68]. Here, we report that MBP is not extracted from either WT or KO 

tissues. As sulfatide is concentrated in the outer leaflet of the membrane bilayer [17–18] and 

MBP is a cytoplasmic protein, it is not surprising that the mechanism that regulates the 

association between MBP and the myelin membrane is independent of sulfatide. 

Interestingly, the three isoforms observed in this study (21.5, 18.5 and 17.2 kD isoforms) 

appear to increase following detergent extraction indicating that the MBP isoforms resist 

extraction to a greater degree than proteins in general. Thus, the MBP isoforms maintain a 

strong association with the membrane and this association is independent of sulfatide. In 

contrast to CNP, which revealed no difference in band intensities, and MBP, which revealed 

an increase in intensities, MOG revealed a decrease in intensities following extraction but 

this decrease was independent of sulfatide since both genotypes presented a reduction of 

~50%.

In summary, we have developed an in situ extraction method that allows for the analysis of 

the relative strength of membrane associations of both clustered and non-clustered proteins. 

Furthermore, we have used this method to study the consequence of sulfatide depletion on 

membrane associations of prominent myelin proteins. Our findings indicate that myelin 

proteins maintain membrane associations both by sulfatide dependent and independent 

mechanisms. Based on our findings we propose that sulfatide regulates paranode stability by 

maintaining the membrane associations of Nfasc155H and MAG. These findings provide a 

plausible explanation as to why CST KO mice are incapable of maintaining paranodal 

domains throughout life. Importantly, since fatty acid composition of sulfatide is altered in 

MS [29], our findings provide a possible explanation for the paranodal degeneration [30] 

and CNS dysfunction that is prevalent in this disease.
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Figure 1. Absence of neurofascin labeling indicates depth of detergent penetration
Following incubation in extraction buffer without detergent (A, no Triton X-100) or with 

detergent (B, Triton X-100), cervical spinal cords from CST KO mice were immunolabeled 

using an antibodies directed against the neurofascin proteins. Spinal cords incubated in 

extraction buffer without detergent revealed abundant labeling of paired clusters consistent 

with paranodal labeling of Nfasc155. In contrast, spinal cords incubated in extraction buffer 

with detergent revealed a dramatic reduction of neurofascin labeling in the periphery of the 

samples. The region lacking neurofascin labeling was never less than 150µm indicating that 

the detergent penetrated the tissue to at least that depth. Note that central regions of the 

spinal cord in the Triton X-100 treated sample (B) maintained labeling consistent with 

samples incubated in the extraction buffer without detergent (A). Magnification bar = 50 µm; 

white arrows indicate the edge of the tissue; dotted white line in Panel B indicates depth of 

detergent penetration.
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Figure 2. Neurofascin 155 paranodal clusters are extracted from CST KO but not from CST WT 
spinal cords
Spinal cords from WT mice incubated in extraction buffer without detergent (A), with Triton 

X-100 (B) or with CHAPS (C) revealed no difference in the number of Nfasc155 paranodal 

clusters (D) indicating that these paranodal clusters are strongly associated in the myelin 

membrane. In contrast, spinal cords from CST KO mice incubated in extraction buffer 

containing either Triton X-100 (F) or CHAPS (G) revealed a significant reduction in cluster 

number (H) compared to spinal cords incubated in extraction buffer lacking detergent (E). 

These findings indicate that sulfatide is not essential for cluster formation; however, in the 

absence of sulfatide, Nfasc155 domains are highly vulnerable to degradation. Magnification 

bar = 15µm
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Figure 3. Extended incubation in extraction buffer with detergent extracts cytoplasmic proteins 
without protein degradation
Dissected ventral columns from WT and CST KO mice were incubated in extraction buffer 

(4°C) for two hours. Western blot analyses indicate that the detergent completely penetrated 

the tissue as the cytoplasmic proteins ERK2 and GAPDH were efficiently extracted (A). 

Silver staining revealed clearly defined protein bands for all samples indicating that protein 

degradation was not prevalent. Additionally, the protein profiles between genotypes were 

similar; however, several differences were observed between detergent treated and untreated 

samples including bands that were lost/reduced with detergent treatment (arrow heads) and 
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bands that revealed an apparent increase in intensity following detergent incubation 

(arrows).
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Figure 4. Nfasc155H, Nfasc186 and MAG but not CNP, MBP, or MOG exhibit an increased 
susceptibility to detergent extraction in the absence of sulfatide
Dissected ventral columns from WT and CST KO mice, incubated in extraction buffer 

without detergent (EB), exhibited the expected profile of the neurofascin family of proteins. 

Following incubation in buffer containing the detergent Triton X-100 (TX), Nfasc155L was 

completely extracted independent of sulfatide. In contrast, Nfasc186 and Nfasc155H were 

extracted from WT samples but the extent of extraction was significantly greater in the 

absence of sulfatide. These findings indicate that Nfasc155H and Nfasc186 exist in detergent 

soluble and insoluble populations under WT conditions and that the population that is 
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normally detergent insoluble is dependent on sulfatide. Similar to Nfasc155H, MAG was 

also significantly more readily extracted in the absence of sulfatide. In contrast, levels of 

CNP were not reduced following detergent extraction from either the WT or CST KO 

samples while levels of MBP appeared increased (see Discussion). MOG levels were 

reduced in both WT and KO samples following detergent extraction but the extent of 

reduction was not different between genotypes. These findings suggest that sulfatide is 

required for maintaining stable associations between MAG and the myelin membrane while 

membrane associations of the myelin proteins CNP, MBP and MOG are not dependent on 

this lipid. Finally, levels of the neuronal paranodal proteins Caspr and contactin were not 

readily extracted by detergent incubation and no difference was observed between 

genotypes. β-actin and β-III tubulin were used as loading controls.
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Figure 5. Myelin neurofascin from CST KO spinal cords is isolated from the subfraction with the 
highest sucrose concentration
Purified myelin was isolated from spinal cords of CST WT and KO mice and 

subfractionated by a sucrose gradient. Subfractions were probed with antibodies against in 

neurofascin (A) and flotillin (B), a putative indicator of membrane raft fractions. Consistent 

with previous reports, neurofascin from the WT accumulated in the higher fractions (lower 

sucrose concentrations) of the gradient. In contrast, a dramatic shift was observed with 

regard to the distribution of neurofascin from the CST KO sample as neurofascin 

accumulated in the lowest fraction (fraction 12). (B) In the CST WT samples, flotillin was 

observed in both the higher fractions (fractions 4 and 5) and the lower fractions (fractions 9–

12); however, in the CST KO samples, flotillin was primarily observed in fractions 4 and 5 

with a small portion of the protein accumulating in fraction 12.
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Table I

Percent protein reduction following detergent extraction

WT KO

Nfasc186 33.5± 3.0 62.5± 6.1*

Nfasc155H 22.2±10.0 60.5± 6.7*

Nfasc155L 95.2± 8.4 99.0± 1.7

MAG 39.0± 15.1 77.7± 15.6*

MOG 58.1±15.7 54.4± 26.1

CNP 9.9± 6.4 6.0± 4.0

Values (mean ± s.d.) indicate percent of protein reduction as compared to spinal cords incubate without detergent;

*
indicates p<0.05
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