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ABSTRACT

We found different expression of neutral glycosphingolipids (GSLs) in the brain and spleen of mice lacking the gene for the tumor necrosis factor-( receptor p55 (TNFR1). Neutral GSLs of the ganglio-, globo-, and neolacto-series were determined in the tissues of homozygous (TNFR1-/-) and heterozygous (TNFR1+/-) animals by high perfomance thin layer chromatography (HPTLC) overlay immunostaining with specific antibodies.

The spleen of homozygous TNFR1 knockout mice lacked glucosylceramide substituted with palmitic acid, GlcCer(C16) and showed severe reduction in the expression of GlcCer(C16). In addition, gangliotetraosylceramide, Gg4Cer, substituted with palmitic acid, Gg4Cer(C24), and globotetraosylceramide, Gb4Cer, were down-regulated in TNFR1-/- spleen in comparison with heterozygous control. The brain of both groups of animals (TNFR1-/- and TNFR1+/-) did not express detectable levels of Gg4Cer, Gb5Cer and Gb4Cer, but the brain of TNFR1 knockout mice expressed abundant globotriaosylceramide, Gb3Cer, compared to no expression in control heterozygous mice. nLcCer(C24) was slightly higher expressed in the brain of TNFR1-/- mice compared to control animals.
This study provides in vivo evidence that TNF signaling via the TNFR1 is involved in the acquisition  of a distinct GSL assembly in the brain and spleen. Decreased trend of palmitic acid substitution in some of GSLs fractions points at possible role of palmitoylation in the signal transduction pathway of TNFR1.
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INTRODUCTION

TNFR1 plays an important role in the morphogenesis of the lymphoid organs and generation of immune response to antigens (1,2), as well as for the development of Peyer's patches and splenic follicular dendritic cells, formation of germinal centres, and T cell dependent antibody responses (3-5). TNFR1 signalling involves different systems, such as phospholipase A2, phospholipase C, and sphingomyelinases (6-8). 

Sphingomyelin pathway links TNFR1 to glycosphingolipids (GSLs), a large family of molecules built upon ceramide (9). GSLs are ubiquitous, highly conserved membrane components that take place in the cell surface recognition (10) and modulation of function of a variety of membrane associated proteins (11). They are assembled as "rafts" (12) or "glycosynapses" (13) in the outer leaflet of the plasma membrane, and these clustered GSLs but not nonclustered GSLs are suggested to exert their biological activities (14). Biosynthesis of the oligosaccharide chains of GSLs occurs via stepwise addition of sugar residues giving rise to, in general, ganglio-, globo-, or lacto- and neolacto-series chain-based structures (15). Each of these GSL classes shares lactosylceramide (Gal(1(4Glc(1(Cer) as a common biosynthetic precursor. The nature of the GSL series is defined by the next sugar residue added (15). Transfer of  (1(4GalNAc results in ganglio-series synthesis (gangliotriaosylceramide, Gg3Cer, and gangliotetraosylceramide, Gg4Cer), (1(4Gal in globo-series (globotriaosylceramide, Gb3Cer; globotetraosylceramide, Gb4Cer and globopentaosylceramide or Forssman antigen, Gb5Cer), and  (1(3GlcNAc in lacto- and neolacto-series structures (Figure 1). Neutral GSLs in general are precursors of sialylated GSLs (gangliosides). Adhesion of mouse lymphoma cells to mouse endothelial cells is mediated by GM3-to-Gg3Cer interaction (Figure 1) (16). Gg4Cer has been identified as a marker of fetal thymocytes (Figure 1) (17) and natural killer (NK) cells (Figure 1) (18). Among globo-series GSLs, Gb3Cer is known to represent GSL-antigen CD77 in B lymphocytes (Figure 1)  (19) and the specific receptor for verotoxins (Figure 1) (20).  In addition, Gb3Cer may function as alternative  cofactor for human immunodeficiency virus type 1 entry (Figure 1) (21).  Gb4Cer, is assigned as a differentiation marker within the murine T cell lineage (Figure 1) (22) and Gb5Cer is characteristic for murine splenic macrophages (Figure 1) (23). Neolactotetraosylceramide (nLc4Cer) is present in considerable amounts in fetal human brain (Figure 1) (24) and it is described as inducer of cytotoxic T cells-other hematopoietic cells aggregation (Figure 1) (25).  

Neutral GSLs of the globoseries, Gb3Cer and Gb4Cer, are the major neutral GSLs in human cerebromicrovascular endothelial cells (Figure 1) (26). Previous studies have demonstrated the involvement of GSL antigens in the pathogenesis of immune-mediated neurological disorders such as peripheral neuropathies and multiple sclerosis (27), as well as in infections of the central nervous system (28). Tumor necrosis factor alpha (TNF-() increases human cerebral endothelial cell Gb3Cer and sensitivity to Shiga toxin (28). Signaling via TNF receptor 1 (TNFR1) is critical for the development of demyelination and the limitation of T-cell responses during immune-mediated central nervous system disease (29). 

We have recently shown that mice with the gene knockout for the TNFR1 have reduced expression of gangliosides in different tissues, including brain and lymphoid organs (30). Also, we found that neutral GSLs were down-regulated  in the lymph-nodes of TNFR1-/- mice (31). In this study, we analyzed the expression of neutral GSLs in the brain and spleen of these mice with the aim to identify molecules which could mediate the influence of the immune system on the central nervous system and neuroendocrine functions. We chose the brain as a priveleged organ from an immunological point of view (32) and the spleen as a typical secondary lymphoid organ.
MATERIALS AND METHODS

Animals and treatment


Mice lacking the gene for the tumor necrosis factor receptor p55 were originally generated by Pfeffer et al. (1). They were bred onto a C57BL/6 background and kept under standard housing conditions (laboratory rodent chow and water ad libitum and 12 hour light-dark cycle) at the Animal Facility of the Rijeka University School of Medicine (Rijeka, Croatia). All experiments were carried out according to the National Institution of Health Guide for Care and Use of Laboratory Animals and were approved by the Ethical Committee of the Zagreb University School of Medicine. We used in vivo study because earlier notions that in vivo studies are better suited to investigate the physiological status of the glycolipid repertoire (33). The differences exist in the activation of different GSL biosynthetic pathways or substrate availability between cells in vivo and transformed cell lines in vitro (33). For the study, males aged 10 weeks were killed by cervical dislocation under CO2 anestesia, and brain and spleen were dissected out and stored at -20(C until GSL extraction.

 Isolation of GSLs from tissues


The tissue was suspended in distilled water in a 1/2 ratio (w/v), homogenized for 10 min with a dispersing tool (Polytron PT1200C, Kinematica AG, Littau/Luzern, Switzerland), and isolated according to standard procedures (34). Gangliosides were separated from neutral GSLs by anion exchange chromatography on DEAE-Sepharose CL-6B (Pharmacia Fine Chemicals, Freiburg, Germany) as reported by Müthing et al. (35). After final column chromatography purifications (Iatrobeads column 6RS-8060 for gangliosides, Macherey-Nagel, Düren, Germany; silica gel 60 for neutral GSLs, Merck, Darmstadt, Germany ) GSL fractions were dissolved in chloroform/methanol (2/1) and adjusted to defined concentrations corresponding to determined wet weights of each tissue.

Reference GSLs


Reference GSLs were as follows: neutral GSLs of ganglio-series were isolated from murine T lymphoma YAC-1 and lymphoreticular tumor cell line MDAY-D2 (36,37); neutral GSLs Gb3Cer and Gb4Cer were isolated from human red blood cells; Forssman GSL from sheep red blood cells and neutral GSLs of neolacto-series were isolated from human granulocytes (38,39,22).

Antibodies

Chicken polyclonal antibodies were used to detect Gg3Cer, Gb3Cer, Gb4Cer and a rabbit polyclonal antibody to detect Gg4Cer. Chicken antibodies were of the IgY isotype, the equivalent of IgG in mammals. All antibodies were produced and characterizedin previous studies (Table 1). Forssman GSL (Gb5Cer) was detected with a supernatant from monoclonal antibody producing rat-mouse hybridoma (23). Polyclonal chicken anti-Gg3Cer antibody was produced with HPLC-purified Gg3Cer according to the method of Kasai et al. (18). 
HPTLC and immunostaining


Neutral GSLs were separated on silica gel 60 precoated HPTLC-plates (size 10 cm x 10 cm, thickness 0.2 mm, Merck, Darmstadt, Germany; Art. No. 5633) by  solvent system chloroform/methanol/water (120:70:12) containing 2 mM CaCl2 (ratios are v/v) and visualized with orcinol (40). The overlay technique was performed as described previously (41-43). All polyclonal GSL-specific antibodies were used at 1:1000 dilutions. Monoclonal anti-Forssman antibody was used at 1:40 dilution. Secondary rabbit anti-chicken IgG and goat anti-rabbit IgG antisera, all affinity chromatography-purified and labeled with alkaline phosphatase, were purchased from Dianova (Hamburg, Germany) and used in 1:2000 dilution. Bound antibodies were visualized with 0.05% (w/v) 5-bromo-4-chloro-3-indolylphosphate (Biomol, Hamburg, Germany) in glycine buffer. 

RESULTS

Orcinol staining 


Orcinol-stained HPTL-chromatogram of neutral GSLs from the brain and spleen  of TNFR1-/- and control TNFR1+/- mice are shown in Figure 2.  Due to the different concentrations in respective organs, neutral GSL amounts corresponding to 2.5 mg (brain) and 40 mg wet weight (spleen) were applied which gave similar GSL total loading per lane. Neutral GSLs were different expressed in the brain and spleen of both mouse types with predominance of GlcCer in the brain and less abundant expression of higher neutral GSLs in the brain compared to the spleen. The most obvious difference in the neutral GSLs expression between the control and knockout mice was the lack of  GlcCer(C16) and reduced expression of GlcCer(C24) in the spleen of TNFR1-/- compared with large amounts of both fractions detected in control TNFR1+/- mice. The separation of individual murine neutral GSLs on HPTLC plates as double bands is a common feature, due to the variation in the ceramide portion (C16- or C24-fatty acids) (44). Comparison with standard neutral GSLs from murine T lymphoma cell line YAC-1,  which were isolated according to established procedures (36), revealed that the upper band and the lower band of monohexosylceramide expressed in the spleen of TNFR+/- mice correspond to GlcCer substituted with C24- and C16-fatty acid, respectively.


No further conclusions concerning the structural differences between the two groups of mice could be drawn from the orcinol-stained HPTLCs in Figure 2, because other neutral GSLs were expressed as minor fractions. In the next step, we used a panel of neutral GSL-specific antibodies to study the expression of ganglio- (Gg3Cer and Gg4Cer),  globo- (Gb3Cer, Gb4Cer and Gb5Cer) and neolacto-  series neutral GSLs. Each antibody analysis was performed twice, with identical results. 

Immunostaining


Anti-Gg4Cer antibody stained a single band of neutral GSL Gg4Cer in the spleen of TNFR-/- mice, compared with two bands in control animals (Fig. 3). The lower band corresponds to Gg4Cer substituted with C16-fatty, Gg4Cer(C16), because of its identical chromatography compared to neutral GSLs from murine T lymphoma cell line YAC-1. Expression of Gg3Cer could not be detected in the brain and spleen of either homozygous or heterozygous mice (data not shown).


Among globo-series neutral GSLs, Gb3Cer was detected in the brain but not in the spleen of TNFR1-/- (Figure 4, panel A). This structure was absent in both tissues of control animals. The opposite was true for the expression of Gb4Cer which was identified in spleen of control animals but not in the brain or in any of the tissues from homozygous mice (Figure 4, panel B). Gb5Cer was absent in the brain and there was no difference in its expression in the spleen of either TNFR1-/- or control TNFR1+/- mice (Figure 4, panel C).


Immunostaining with anti-nLcCer antibody showed slightly higher expression of nLcCer(C24) in the brain of TNFR1-/- mice compared to control animals (Figure 5). Due to limited quantity of neutral GSLs from spleen, staining with anti-nLc4Cer antibody was performed only for brain tissue.

DISCUSSION


This study provides in vivo evidence that TNF signaling via the TNFR1 is involved in the acquisition  of a distinct GSL assembly in the brain and spleen. HPTLC orcinol staining revealed decreased expression of GlcCer(C24) and lack of  GlcCer(C16) in TNFR1-/- mice. HPTLC immunostaining indicated lower expression of Gg4Cer(C16) in the spleen of TNFR1-/- mice. This data suggest that incorporation of the palmitic acid in Gg4Cer might be inhibited by the disruption of TNFR1 signalling. This is not surprising in view of recent reports about palmitoylation of pro-TNF (45) and the role of palmitoylation in mediation of rafts association (46). In the case of transferrin receptor and luteinizing hormone receptor, palmitoylation has been reported to regulate the rate of receptor  internalization (47,48). Utsumi et al postulated that palmitoylation of pro-TNF regulated the secretion of the mature secretory form of TNF. Our results fit in this frame, indicating that interaction between TNF and palmitic acid could be reciprocal and that the signaling via TNFR1 may regulate the content of palmitic acid as a constituent of neutral GSLs.

Our study also showed that the signalling via TNFR1 influenced globo-series neutral GSL expression in both the brain and the spleen. The detection of Gb4Cer in the spleen of control animals is consistent with our previously published flow-cytometric analyses of mouse spleen cells (49). The same anti-Gb4Cer antibody  binds to about 40% splenocytes in flow cytometry, mostly to CD19+ B cells. Neutral GSL Gb3Cer represents the CD77 molecule, a marker of follicular centre B lymphocytes  (19,50). It is also expressed on the endothelium of capillaries, venules and veins of the muscle tissue (51). In contrast to in vitro analysis, which showed that TNF-( increases expression of Gb3Cer on the human cerebral endothelial cells (28), we found increased expression of Gb3Cer in vivo in the brain of TNFR1-/- mice compared to control heterozygous animals. Lack of Gb3Cer in the brain of our control TNFR1+/- mice is consistent with results of Ren et al. (51), who proved immunohistochemicaly the existence of Gb3Cer in the human and rabbit nervous system, but not in the rat and mouse. Gb3Cer is known as Shiga toxin (Stx) receptor (52) and plays a critical role in the pathogenesis of postdiarrheal hemolytic uremic syndrome (HUS). Neurologic abnormalities are among the most serious extraintestinal complications of infection with Stx-producing bacteria and mortality in HUS is associated with brain injury (53). Normally, brain cells are resistant to Stx. Human brain microvascular endothelial cells  produce only trace amounts of TNF when stimulated with purified Stx1 in vitro, but the treatment   with TNF is associated with the increased expression of Gb3Cer (54). Probert et al. (29) showed that TNFR1 is not essential for the development of CNS inflammation but plays a major role in the removal of T cells from lesions, and it may therefore be involved in disease resolution. Furthermore, a potent anti-inflammatory role during experimental autoimmune encephalomyelitis has been ascribed to TNF, following the observation that neurological signs of disease are significantly increased in its absence. Our finding of upregulated Gb3Cer expression in the brain of TNFR1-/- mice is in accordance with these observations. 

It remains the challenge how to explain the different influence of TNF on the expression of globoside in the brain and spleen. How the blood talks to the brain during systemic inflamatory and infection stimuli is still questionable (55). Nadeau and Rivest (56) provided the anatomical evidence that barrier-associated cells have the ability to express TNFR1 receptors and these cells may be responsible for informing the brain parenchyma and the neurophysiological functions necessary to restore the homeostasis during immunogenic insults. Our results implicate that depending upon presence of TNFR1 the brain uses different modulation of Gb3Cer and Gb4Cer synthesis than the spleen. Knowledge about the GSL composition of the brain is crucial for elucidating the role of serum factors, e.g., cytokines and growth factors, that may regulate the blood-brain barrier. Combined biochemical, histological and cytological approaches to elucidate GSL synthesis and  expression in mouse brain would be a convenient experimental model to explore the relationship between TNF and GSLs involved in cellular adhesion and barrier function and the interaction between the neural and immune cells.
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ABBREVIATIONS

GSL(s), glycosphingolipid(s); HUS, hemolytic uremic syndrome; HPTLC, high performance thin-layer chromatography; PBS, phosphate buffered saline; Stx, Shiga toxin; TNF, tumor necrosis factor; TNFR1, TNF receptor p55; TNFR1-/-, mice homozygous for the TNFR1 gene knockout; TNFR1+/-, mice heterozygous for the TNFR1 gene knockout. Glycosphingolipid nomenclature IUPAC-IUB recommendations (57): lactosylceramide, LacCer or Lc2, Galß4Glcß1Cer; lactotriaosylceramide, Lc3Cer or Lc3, GlcNAc(3Gal(4Glc(1Cer; neolactotetraosylceramide, nLc4Cer or  nLc4, Gal(1GlcNAc(3Gal(4Glc(1Cer; globotriaosylceramide, Gb3Cer or Gb3, Gal(4Gal(4Glc(1Cer; globotetraosylceramide or globoside, Gb4Cer or Gb4, GalNAc(3Gal(4Gal(4Glc(1Cer; globopentaosylceramide or Forssman-GSL, Gb5Cer or Gb5, GalNAc(3GalNAc(3Gal(4Gal(4Glc(1Cer; gangliotriaosylceramide, Gg3Cer or Gg3, GalNAcß4Galß4Glcß1Cer; gangliotetraosylceramide, Gg4Cer or Gg4, Galß3GalNAcß4Galß4Glcß1Cer.











