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Summal'y

f"~ells of the central nervous system (CNS) 1 express extremdy low levelsof MHC class I and II molecules compared with cells of other tissues (1-3). The lack of MHC
class I and II molecules may relate to the suppression of MHCrestricted T cell-mediated immune responses in the CNS as
indicated by previous reports demonstrating (a) the lack of
T cell-mediated clearance of tumors or neurotropic viruses
from the CNS compared with other tissues (4, 5); and (b)
genetic resistance to CNS autoimmune diseasein rodent strains
that express relatively low amounts of MHC class II molecules on CNS cells compared with those of susceptible strains
(6-9).
To study the basis for the lack of MHC class I and II expression in the CNS, astrocytes have been extensively analyzed in vitro. Previous studies (2, 6, 10-13) have shown that
astrocytes express little or no MHC class I or II molecules
in vivo or when freshly isolated from the brain. However,
upon cultivation, these cells constitutively express low levels
of MHC class I molecules, and in some instances, class II
IAbbreviations used in this paper: a, asialo; BP, binding protein; CaM,
Ca 2+/calmodulin; CNS, central nervous system; CRE, class I reguhtory
element; ICAM-1, intracellular adhesion molecule 1; ICS, interferon
consensus sequence; MRI, mean fluorescence intensity; NANA,
N-acetylneuraminic acid; NCAM, neural cell adhesion molecule; PKC,
protein kinase C.
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molecules (10, 11, 14-16). Cultured astrocytes can be further
induced by IFN-3' to express high levels of both MHC class
I and II molecules (14-17). However, whether astrocytes can
be induced by cytokines to express significant amounts of
MHC class I and II molecules in vivo during normal immune responses to infectious agents is unclear. Induction of
MHC class I and II molecules on astrocytes is generally lacking
relative to induction on cells of the monocyte lineage that
either reside within the CNS (microglial cells) or migrate
into the CNS during an immune response in this tissue (5,
12, 13, 18). Therefore, MHC class I and II genes appear to
be negatively regulated in cells of neuroectodermal origin,
including astrocytes, relative to other tissue cell types, and
may be important for suppressing immunopathogenic reactions within the CNS (5). This is consistent with observations of localized expression of MHC class I and II molecules
on astrocytes in some cases of acute immunopathogenicinflammatory T cell responses such as occurs during active lesion
formation in multiple sclerosis, experimental allergic encephalomyelitis, and virus-induced encephalomyelitis (19-24).
The present investigation analyzes the possible role of CNSenriched polysialogangliosides (25, 26) in the suppression of
both MHC class I and II molecules on astrocytes. Complex
brain-derived gangliosides are highly immunosuppressive in
vivo, which is thought to relate to direct inhibitory effects
on T cells (27, 28). However, indirect effects of gangliosides
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The effect of brain-enriched gangliosides on constitutive and cytokine-inducible expression of
major histocompatibility complex (MHC) class I and II genes in cultured astrocytes was studied.
Before treatment with gangliosides, astrocytes expressed constitutive MHC class I but not class
II molecules, however, the expression of both MHC dass I and II cell surface molecules on astrocytes
was induced to high levels by interferon T (IFN-'y). Constitutive and IFN-T-inducible expression
of MHC class I and II molecules was suppressed by treatment of astrocytes with exogenous
bovine brain gangliosides in a dose-dependent manner. Constitutive and induced MHC class
I and II mRNA levelswere also suppressedby gangliosides, indicating control through transcriptional
mechanisms. This was consistent with the ability of gangliosides to suppress the binding activity
of transcription factors, especially NF-tcB-like binding activity, important for the expression of
both MHC class I and II genes. These studies may be important for understanding mechanisms
of central nervous system (CNS)-specific regulation of major histocompatibility molecules in
neuroectodermal cells and the role of gangliosides in regulating MHC-restricted antiviral and
autoimmune responses within the CNS.

on APCs (29, 30) may also account for immunosuppression.
It is shown here that brain-enriched gangliosides profoundly
and specifically suppress constitutive and IFN-q,-inducible
expression of both MHC class I and II molecules on astrocytes. The M H C suppressive activity of gangliosides may explain the lack of both MHC class I and II molecules on CNS
cells in general, and may be the basis for the immunoprivihged
status of the CNS.

Materials and Methods
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Results

Ganglioside-mediated Suppression of MHC Class I and II Molecules. Astrocytes in culture constitutively expressed low levels
of M H C class I molecuhs (10, 31) (Fig. 1 A), but not class
II molecules (Fig. 1 B) (7). Induction of M H C class I molecules by IFN-3, treatment for 2 d was dose dependent and
resulted in levels five to six times higher than constitutive
levels (Fig. 1 A). Mixed bovine brain gangliosides suppressed
both constitutive as well as IFN-q,-inducible expression of
M H C class I molecules in a dose-dependent manner, at 2 d
after treatment (Fig. 1 A). Treatment with 10 and 100/~g/ml
gangliosides resulted in a greater than threefold reduction in
constitutive expression of M H C class I molecules. Gangliosides at 100 t~g/ml totally blocked IFN-~/induction of M H C
class I molecules to levels 10-fold lower than those seen with
1 and 10 U/ml IFN-3' alone and lower than constitutive levels
(Fig. 1 A).
Treatment of astrocytes with increasing doses of IFN-3'
induced MHC class II molecules (I-Ak) to levels well above
background in a dose-dependent manner (Fig. 1 B). As with
M H C class I molecules, gangliosides suppressed the IFN-3'
induction of M H C class II molecules (Fig. 1/3). Cultures
treated with 10 U/ml IFN-3, and 100/zg/ml gangliosides
expressed 25-fold lower levels of M H C class II molecules than
astrocytes treated with 10 U/ml IFN-~/alone (Fig. 1 B).
The effect of gangliosides on MHC class I and II molecules appeared specific for IFN-3,-inducible genes because (a)
the level of constitutive cell surface expression of both NCAM
(34) and Thy-1 (11) molecules was not affected by either I F N ~
or gangliosides; and (b) both constitutive and IFN-7-inducible ICAM-1 molecules were affected similarly to M H C molecules (Table 1).

Gangliosides Specifically Suppress Levels of MHC Class I and
II mRNA. IFN-3' and ganglioside treatments that affect
the expression of M H C class I and II molecules at the call
surface also affect, in paralld, the expression of M H C class
I and II m R N A in astrocytes. M H C class I m R N A was constitutively expressed in astrocytes (Table 2) (10, 31) and treatment with 50 #g/ml gangliosides for 2 d decreased constitutive M H C class I m R N A to undetectable levels (Table 2).
IFN-3' (10 U/m1) induced M H C class I m R N A by approximately threefold over constitutive levels, and addition of gan-
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Primary Astrocyte Cultures. BIO.A (H-2~) newborn mice were
obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN). Astrocytes were prepared from 1-2-d-old mouse neonatal cerebralhemispheres as previously described (10). Astrocytes were treated with
IFN-7 and gangliosides at 8 d of primary culture and analyzed
at varying times after treatment as indicated in the text. Immunofluorescent staining of cultures with antibody to glial fibrillary acidic protein (GFAP) showed that the cultures consisted of
>95% GFAP + astrocytes.
Gangliosides. Mixed bovine brain gangliosides (>98% pure by
TIC) contained 21% GM1,40% GDu, 16% GVlb, and 19% Grlb
(Calbiochem-Novabiochem Corp., San Diego, CA). Purified GM,
asialo(a)-GM, ceramide, and N-acetylneuraminic acid (sialic acid;
NANA) were purchased from Sigma Chemical Co. (St, Louis, MO).
GDU and GQlb were obtained from Calbiochem-Novabiochem
Corp. G,b was purchased from Matreya, Inc. (Pleasant Gap, PA).
Sterile stock solutions were stored at 4~ and diluted with serumfree medium (DMEM) directly before adding to astrocyte cultures
at concentrations ranging from 1 to 100 #g/ml for mixed gangliosides and at 50 #M for individual gangliosides.
Immunofluorescence Staining for FACS| Analyses. 8-d primary
astrocytes were incubated in medium, with or without recombinant
murine IFN-7 (Genentech Inc., South San Francisco, CA) and
processed for flow cytofluorimetry using a FACS| (Becton Dickinson Immunocytometry Systems, Mountain View, CA) as previously described (31). Some control and IFN-7-treated cultures also
received mixed bovine brain or individual gangliosides as indicated
in the text. Mouse or rat mAbs specific for either MHC class I
molecules (M1/42.3.9.8) (32), MHC class II I-Ak molecules
(OX-6) (Bioproducts for Science, Inc., Indianapolis, IN) (33), mufine Thy-l.2 molecules (Accurate Chem. & Sci. Corp., Westbury,
NY), murine intercellular adhesion molecule I (ICAM-1) (Seikagaku
America, Inc., Rockvilh, MD), or murine neural cell adhesion molecules (NCAM) (Chemicon International, Inc., Temecula, CA) (34)
were used. The cells were analyzed by FACS| to determine the
mean fluorescence intensities (MFI) and standard errors of samples
of 10,000 cells.
NorthernBlot Hybridization. TotalRNA was extracted from primary astrocytecultures as previouslydescribed (10, 31) using a guanidine isothiocyanate technique (35). 15/~g of RNA from each specimen was electrophoresedin a 0.9% agarose gel and then transferred
to a nylon filter. The RNA was hybridized with 3ZPqabeledcDNA
probes to MHC class I H-2La (36), B-actin (37), MHC class II
I-A~" chain (38), and MHC class II I-Eo" chain (38). ~-actin was
used as an internal hybridization control since expression was not
affectedby IFN-',?or gangliosides. Autoradiograms of the filter were
analyzed by densitometry.
Nuclear Extractsfrom Astrocytes. Nuclear extracts from astrocytes were prepared using a miniprep technique (39), as described
previously (31).
Oligonucleotides. All oligonucleotides were synthesized as described (40). The foUowing duplex oligonucleotides contain highly

conserved enhancer sequences in the upstream promoter region of
MHC dass I genes, as previously described (31, 41) and were used
as probes or competitors for gel mobility shift assays: (a) the MHC
class I regulatory element region I (MHC-CRE region I; from - 173
to -161 relative to the transcriptional start site position of +1);
this sequence is closely related to the NF-KB enhancer binding site
shown below (42); and (b) the interferon consensus sequence (ICS)
(from -167 to -139) of the H-2Ld gene. The NF-gB oligonucleotide (5'CTCAACAGAGGGGACTTTCCGAGAGGCCAT 3')
(43) used was previously described (40, 41).
Gel Mobility Shift Assay. Binding of nuclear proteins to the
MHC-CRE region I/NF-gB-related or ICS enhancer sequences
was studied by the gel mobility shift assay (41, 44, 45) as previously described (31, 46). The density of specific competible bands
on autoradiograms was quantified by densitometry.
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Figure 1. Suppression of constitutive and IFN-~,-inducible cell surface expression of MHC class I and II molecules by gangliosides. Primary mouse
astrocytes were treated with varying doses of IFN-3" in the presence or absence of different concentrations of bovine brain gangliosides (/~g/ml) as
indicated in the figure. After 2 d of treatment, the cells were stained for MHC class I and II molecules and analyzed by FACS®. mAbs to MHC class
I molecules (M1/42.3.9.8) and MHC dass II (I-A~) (Ox-6) were used. (MFI) Mean fluorescence intensity. 10,000 cells were analyzed per specimen.
The SE of the means is indicated by vertical lines at the top of the bars. Absence of a vertical line above a bar indicates a SE of <1. The means at
10 and 100 #g/ml ganglioside were significantly lower (*) than the means for cultures without gangliosides (Student's t test; p <0.05-O.001).

gliosides to parallel IFN-3,-treated cultures suppressed this
increase in M H C class I m R N A to basal constitutive levels
(Table 2).
M H C class II m K N A (I-A~ k and I-E~) was undetectable
in cultures not treated with IFN-3' (Table 2), which was consistent with the absence of constitutive cell surface expres-

Table 1.

sion. IFN-qr (10 U / m l ) induced I-A,~ and I-Ea m R N A to
detectable levels (Table 2). Gangliosides suppressed IFN-~/induction of m R N A by over 12-fold for I-A,, and to undetectable levels for I-Ea (Table 2).

Suppression of MHC Molecules by Gangliosides Is Dependent
on Sialylation. The bovine brain ganglioside preparation used

SpecificSuppression of IFN-7-inducible Proteins by Gangliosides
IFN-~ (units/ml)
0

MHC class I
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1
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5
3
141
101
46
42
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(42)
(13)
(1)
(1)
(14)
(10)
(6)
(7)
(23)
(21)

Values represent the MFI of each sample. Values in parentheses represent the SE of the mean.
" ( + ) Presence or ( - ) absence of 25 #g/ml gangliosides.
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Table 2.

DensitometricQuantification of mRNA Levels
- IFN-3'

Gangliosides
MHC class I
MHC class II (I-A~)
MHC class II (I-Ea)

6.86
0.13
0.30

+ IFN-'F

+
0.20
0.44
0.35

20.17
21.28
3.02

+
6.63
1.69
0.05

8-d astrocyte cultures were treated with either medium alone ( - IFN-'y)
or medium with 10 U/ml IFN-~ (+ IFN-'y) for 2 d in the presence or
absence of 50/~g/ml bovine brain gangliosides.RNA was extracted and
Northern blots were probed for MHC classI, MHC classII, and B-actin
mRNA, and autoradiograms were scanned hy a derlsitometer. Values
represent the density of bands relative to ~-actin mRNA.

Table 3.

The Effect of Gangliosides on the Expression of Transcription
Factor Binding Activities in Astrocytes. Because the ability of
gangliosides to suppress steady state levels of M H C class I
and II protein and m R N A may be related to direct effects
on transcription, levels of transcription factors important for
these genes were analyzed. The transcription of M H C class
I genes in a variety of cells, including astrocytes (31) is controlled primarily by two juxtaposed enhancers, designated
the M H C - C R E and the ICS, located in the upstream promoter region of these genes (31, 40, 46). These enhancers
function by binding specific nuclear protein transcription
factors, including NF-KB (47, 48). Treatment of astrocytes
with gangliosides suppressed both constitutive and IFN-y-inducible expression of both NF-KB-like and ICS binding activities (Table 4). IFN-y (10 U/ml) induced both ICS-binding
protein (ICS-BP) (by 10-fold) and NF-KB-like activity (by
fourfold) in astrocytes not treated with gangliosides. Induced
levels were suppressed by 3.6-fold for ICS-BP and by 60-fold
for NF-KB (Table 4) by gangliosides. This suppression is likely
to be important in the suppression of M H C class I and II
m R N A in astrocytes (Table 2) and indicates that ganglio-

C,anglioside Sialylation and Suppressive Activity

MHC dass I
MHC class II

-

GM1

C~t~

GTIb

GQ1b

aGM1

NANA

Ceramide

1.00
1.00

0.66
0.15

0.27
0.16

0.13
0.11

0.14
0.10

1.17
1.21

1.12
1.06

1.04
i.07

Values represent MFI of astrocytes treated with 10 U/rot IFN-T in the presence of 50 #M gangliosiderelative to cultures treated with IFN-'y in
the absence of gangliosides.

Gel Shift Assay of Specific ICS and MHC-CRE Region I (NF-/cB-like) Binding Activities: Effect of IFN-y and
Bovine Brain Gangliosides

Table 4.

NF-KB-like

Gangliosides
0
50

ICS-BP

- IFN-y

+ IFN-'y

- IFN-y

+ IFN-3,

93,307
12,368

398,044
6,671

15,756
7,252

152,289
42,678

7.5

60.0

2.2

3.6

(/~g/ml)

Fold suppression

8 d primary astrocytecultures were incubated in medium alone ( - IFN-~r)or medium containing 10 U/ml IFN-'y ( + IFN-) in the presenceor absence
of 50/~g/ml bovine brain gangliosidesfor 2 d. Nuclei were prepared and proteins were extracted and analyzedby gel mobility shift assay. Specific
competible bands in autoradiogramswere quantifiedby densitometry and are listed in the table. All densities are relative to a background of 1,100
for the probe alone. Fold suppression represents the level of binding activities in astrocytes without gangliosidesdivided by the level of binding
activities in astrocytes with gangliosides.
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in the studies described above contained a mixture of tetraose
gangliosides. To determine (a) whether the suppressive activity on astrocytes involved a cooperative effect of the mixed
gangliosides; (b) whether individual ganglioside species are
able to suppress M H C class I and II molecules; and (c) whether
the number of sialic acid groups per ganglioside molecule
is important for suppression, the relative suppressive activity
of equimolar amounts of GM1, C_~u, Grlb, and GQlb was
tested. As well, asialo-Gr~ was used to determine the absolute requirement for sialic acid. As shown in Table 3, individual

sialylated gangliosides suppressed the expression M H C molecules on astrocytes. In contrast, asialo-GM1 had no suppressive activity. Suppressive activity depended on the number
of sialic acid groups such that GQlb = GTIb ~> GDla ~> GM1.
Ganglioside components ceramide and sialic acid (NANA)
were totally nonsuppressive (Table 3).

sides may directly affect transcription factors and transcriptional activity of these genes.
Discussion
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1362

21. Sakai, K., T. Tabira, M. Endoh, and L. Steinman. 1986. Ia
expression in chronic relapsing experimental allergic encephalomyelitisinduced by long-term cultured T cell lines in
mice. La/x Invest. 54:345.
22. Ransohoff, R.M., and M.L. Estes. 1991. Astrocyte expression
of major histocompatibility complex gene products in multiple sclerosisbrain tissue obtained by stereotacticbiopsy. Arch.
Neurol. 48:1244.
23. Rodriguez, M., M.L. Pierce, and E.A. Howie. 1987. Immune
response gene products (Ia antigens) on glia] and endothelial
cells in virus-induced demyelination.J. Immu,ol. 138:3438.
24. Lindsley, M.D., A.K. Patick, N. Prayoonwiwat, and M.
Rodriguez. 1992. Coexpressionof class I major histocompatibility antigen and viral RNA in central nervous systemof mice
infected with Theiler's virus: a model for multiple sclerosis.
Mayo Clin. Proa 67:829.
25. Ledeen, R.W. 1983. Gangliosides. In Handbook of Neurochemistry. A. Lajtha, editor. Plenum Publishing Corp., New
York. 41-90.
26. Suzuki, K. 1965. The pattern of mammalianbrain gangliosidesII: evaluationof the extractionprocedures, postmortem changes
and the effect of formalin preservation.J. Neurochem. 12:629.
27. Valentino, L.A., and S. Ladisch. 1992. Localization of shed
human tumor gangliosides: association with serum lipoproteins. Cancer Res. 52:810.
28. Jackson, K.M., A.J. Yates, C.G. Orosz, and C.C. Whitacre.
1987. Gangliosides suppress the proliferation of autoreactive
cells in experimental allergic encephalomyelitis: ganglioside
effects on IL-2 activity. Cell. Immunol. 104:169.
29. Ziegler-Heitbrock, H.W., E. Kafferlein,J.G. Haas, N. Meyer,
M. Strobd, C. Weber, and D. Flieger. 1992. Gangliosidessuppress tumor necrosis factor production in human monocytes.
J. Immu,ot. 148:1753.
30. Hoon, D.S., T. Jung, J. Naungayan, A.J. Cochran, D.L.
Morton, and W.H. McBride. 1989. Modulation of human macrophage functions by gangliosides. Immu,ol. Lett. 20:269.
31. Massa,P.T., S. Hirschfeld, B.-Z. Levi,L.A. Quigley, K. Ozato,
and D.E. McFarlin. 1992. Expression of major histocompatibility complex(MHC) classI genes in astroeytescorrelateswith
the presence of nuclear factors that bind to constitutive and
inducible enhancers. J. Neuroimmu,ol. 41:35.
32. Springer,T. 1980. MonoclonalAntibodies.Plenum Press, New
York. 185 pp.
33. McMaster, W.R., and A.F. Williams. 1979. Identification of
glycoproteins in rat thymus and purification from rat spleen.
Eur. j. Immu,ol. 9:426.
34. Barthels,D., M.-J. Santoni, W. Wilh, C. Ruppert, J.-C. Chaix,
M.-R. Hirsch, J.C. Fontecilla-Camps, and C. Goridis. 1987.
Isolation and nucleotide sequence of mouse NCAM cDNA
that codes for a M, 79,000 polypeptide without a membranespanning region. EMBO (Eur. Mol. Biol. Organ.)J. 6:907.
35. Chomczynski, P., and N. Sacci. 1987. Single-step method of
RNA isolationby acid guanidinium thiocyanate~phenol-chloroform extraction. Anal. Biochem. 162:156.
36. Lalanne, J.L., F. Bregegere, C. Delarbre, J.P. Abstado, G.
Gachelin, and P. Kourilsky. 1982. Comparison of nucleotide
sequences of mRNAs belonging to the mouse H-2 muhigene
family. Nucleic Acids Res. 10:1039.
37. Paterson, B.M., andJ.D. Eldridge. 1984.cx-Cardiacactin is the
major sarcomericisoform expressedin embryonicavian skeletal
muscle. Science (Wash. DC). 224:1436.
38. Ivashkiv, L.B., and L.H. Glimcher. 1991. Repression of class
II major histocompatibility complex genes by cyclic AMP is

Suppressionof Major HistocompatibilityMoleculesby Gangliosides

Downloaded from http://rupress.org/jem/article-pdf/178/4/1357/1104204/1357.pdf by guest on 23 June 2021

4. Main, E.K., D.S. Monos, and L.A. Lampson. 1988. IFN-treated
neuroblastoma cell lines remain resistant to T cell-mediated
aUo-killing, and susceptible to non-MHC-restricted cytotoxicity. J. Immunol. 141:2943.
5. Joly, E., L. Muckeo and M.B.A. Oldstone. 1991. Viral persistence in neurons explainedby lack of major histocompatibility
class I expression. Science (Wash. DC). 253:1283.
6. Massa, P.T., Ik. Brinkmann, and V. ter Meulen. 1987. Inducibility of Ia antigen on astrocytesby murine coronavirusJHM
is rat strain dependent. J. ExF Med. 166:259.
7. Massa, P.T., V. ter Meulen, and A. Fontana. 1987. Hyperinducibility of Ia antigen on astrocytes correlates with strainspecific susceptibilityto experimental autoimmune encephalomyelitis. Proa Natl. Acad. Sci. USA. 84:4219.
8. Male, D., and G. Pryce. 1989. Induction of Ia molecules on
brain endothelium is related to susceptibility to experimental
allergic encephalmyelitis.J. Neuroimmu,ol. 21:87.
9. Sobel, fLA., and R.B. Colvin. 1985. The immunopathology
of experimental allergicencephalomyelitis(EAE). III. Differential in situ expressionof strain 13 Ia on endothelial and inflammatory cells of (strain 2 x strain 13)F1 guinea pigs with
EAE. f Immu,ol. 134:2333.
10. Massa, P.T., E.P. Cowan, B.-Z. Levi, K. Ozato, and D.E.
Mcparlin. 1989. Genetic regulation of class I major histocompatibility complex (MHC) antigen induction on astrocytes.J.
Neuroimmunol. 24:125.
11. Schnitzer, J., and M. Schachner. 1981. Expression of Thy-1,
H-2 and NS-4 cell surfaceantigens and tetanus toxin receptors
in earlypostnatal and adult mouse cerebellum.f Neuroimmu,ol.
1:429.
12. Vass, K., and H. Lassmann. 1990. Intratheca] application of
interferon gamma: progressive appearance of MHC antigens
within the rat nervous system. Am. J. Pathol. 137:789.
13. Hickey, W.F., and H. Kimura. 1987. Graft-vs.-host disease
elicits expression of class I and class II histocompatibility antigens and the presence of scattered T lymphocytes in rat central nervous system. Pro~ Natl. Acad. Sci. USA. 84:2082.
14. Massa, P.T., A. Schimpl, E. Wecker, and V. ter Meulen. 1987.
Tumor necrosis factor amplifiesmeasles virus-mediated Ia induction on astrocytes. Proa Natl. Acad. Sci. USA. 84:7242.
15. Hirsch, M.R.,J. Wietzerbin, M. Pierres, and C. Goridis. 1983.
Expression of Ia antigens by cuhured astrocytes treated with
gamma interferon. Neurosci. Lett. 41:199.
16. Manerhoff, T., R. Pujol-Borrell, R. Mirakian, and G.F. Bottazzo. 1988. Differentia] expression and regulation of major
histocompatibilitycomplex(MHC) products in neural and glial
cells of the human fetal brain. J. Neuroimmu,ol. 18:271.
17. Beneveniste,E.N., M. Vidovic, R.B. Panek, J.G. Norris, A.T.
Reddy, and D.J. Benos. 1991. Interferon-gamma-induced astrocyte class II major histocompatibility complex gene expression is associated with both protein kinase C activation and
Na § entry, f Biol. Chem. 266:18119.
18. Tyor, W.R., G. Stoll, and D.E. Grif~n. 1990. The characterization of Ia expression during Sindbis virus encephalitis in
normal and athymic nude mice. J. Neuropathol. ExI~ Neurol.
49:21.
19. Traugott, U. 1987. Multiple schrosis: relevanceof class I and
class II MHC-expressing cells to lesion development.J. Neuroimmu,ol. 16:283.
20. Lee, S.C., G.K. Moore, G. Golenwsky, and C.S. Paine. 1990.
Multiple sclerosis: a role for astroglia in active demyelination
suggestedby dass II MHC expressionand uhrastructural study.
J. Neuropathol. ExF Neurol. 49:122.

39.

40.

41.

42.

44.
45.

46.

47.

48.

49.
50.
51.

52.

1363

Massa

53. Fan, X.D., M. Goldberg, and B.P,. Bloom. 1988. Interferon3,-induced transcriptional activation is mediated by protein kinase C. Proa Natl. Acad. Sci. USA. 85:5122.
54. Higashi, H., A. Omori, and T. Yamagata. 1992. Calmodulin,
a ganglioside-binding protein. Binding of gangliosides to
calmodulin in the presenceofcalcium.J. Biol. Chem. 267:9831.
55. Kreutter, D., J.Y.H. Kim, J.K. Goldenring, H. Rasmussen,
C. Ukomadu, R.J. DeLorenzo, and ILK. Yu. 1987. Regulation of protein kinase C activity by gangliosides.J. Biol. Chem.
262:1633.
56. Higashi, H., and T. Yamagata. 1992. Mechanism for
ganglioside-mediatedmodulation of a calmodulin-dependent
enzyme. J. Biol. Chem. 267:9839.
57. Suzuki, K., T.C. Saido,and S. Hirai. 1992. Modulation of cellular signals by calpain. Ann. N.Y. Acad. Sci. 674:218.
58. Freund, Y.R., ILL. Dedrick, and P.P.Jones. 1990. C/s-acting
sequences required for class II gene regulation by interferon
3' and tumor necrosis factor cr in a murine macrophage cell
line. J, Exl~ Med. 1781:1283.
59. Glimcher, L.H., and C.J. Kara. 1992. Sequences and factors:
a guide to MHC class II transcription. Annu, Rev. Immunol.
10:13.
60. Pessara,U., and N. Koch. 1990. Tumor necrosisfactor c~regulates expression of the major histocompatibility complex class
II-associatedinvariantchain by binding of an NF-~B-likefactor
to a promoter element. Mol. Cell. Biol. 10:4146.
61. Voraberger, G., R. Schafer, and C. Stratowa. 1991. Cloning
of the human gene for intercellular adhesion molecule 1 and
analysisof its 5'-regulatory region. Induction by cytokines and
phorbol ester. J. Immunol. 147:2777.
62. Degitz, K., L.J. Li, and S.W. Canghman. 1991. Cloning and
characterization of the 5'-transcriptional regulatory region of
the human intercellularadhesionmolecule 1 gene.J. Biol. Chem.
266:14024.
63. CogsweU,J.P., N. Zeleznik-Le,andJ.P.-Y. Ting. 1991. Transcriptional regulation of the HLA-DRA gene. CRC Crit. Rev.
Immunol. 11:87.
64. Benoist, C., and D. Mathis. 1990. Regulation of major
histocompatibilitycomplexclass-IIgenes: X,Y and other letters
of the alphabet. Annu. Rev. Immunol. 8:681.
65. Sbaschnig-Agler, M., H. Dreyfus, W?T. Norton, M. Sensenbrenner, M. Farooq, M.C. Byrne, and R.W. Ledeen.1988. Gangliosides of cultured astroglia. Brain Res. 461:98.
66. Byrne, M.C., M. Farooq, M. Sbaschnig-Agler, WTF.Norton,
and K.W. Ledeen. 1988. Ganglioside content of astroglia and
neurons isolated from maturing rat brain: consideration of the
source of astroglial gangliosides. Brain Res. 461:87.
67. Dreyfus, H., J.C. Louis, S. Harth, and P. Mandel. 1980. Gangliosides in cultured neurons. Neuroscience. 5:1647.
68. Rodin, N.S., A. Brenkert, R.C. Arora, O.Z. Sellinger,and A.L.
Flangas. 1972. Glial and neuronal localization of cerebrosidemetabolizing enzymes. Brain Res. 39:163.
69. Kim, S.U., G. Moretto, and D.H. Shin. 1985. Expression of
Ia antigens on the surface of human oligodendrocytes and astrocytes in culture. J. Neuroimmunol. 10:141.

Downloaded from http://rupress.org/jem/article-pdf/178/4/1357/1104204/1357.pdf by guest on 23 June 2021

43.

mediated by conserved promoter elements, f ExI~ Med.
174:1583.
Lee,K.A., A. Bindereif, and M.R. Green. 1988. A small-scale
procedure for preparation of nuclear extracts that support
efl~dent transcriptionand pre-mRNA splicing. GeneAnal. Tech.
5:22.
Burke, P.A., S. Hirschfeld, Y. Shirayoshi, J.W. Kasik, K.
Hamada, E. Appella, and K. Ozato. 1989. Developmental and
tissue-specific expression of nuclear proteins that bind the
regulatory element of the major histocompatibility complex
class I gene. J. ExI~ Med. 169:1309.
Shirayoshi, Y., J. Miyazaki, P.A. Burke, K. Hamada, E. Appella, and K. Ozato. 1987. Binding of multiple nuclear factors
to the 5' upstream regulatory element of the murine major
histocompatibility class I gene. Mol. Cell Biol. 7:4542.
Baeuerle, P.A. 1991. The inducible transcription activator NFKB: regulation by distinct protein subunits. Biochim. Biophys.
Acta. 1072:63.
Picard, D., and W. Schaffner.1984. A lymphocyte-specificenhancer in the mouse immunoglobulin ~cgene. Nature (Lond.).
307:80.
Fried, M., and D.M. Crothers. 1981. Equilibria and kinetics
oflac repressor-operatorinteractionsby polyacrylamidegel dec_
trophoresis. Nucleic Acids Res. 9:6505.
Garner, M., and A. R.emrin.1981. A gel electrophoresismethod
for quantifyingthe binding of proteins to specificDNA regions:
applications to components of the E. colilactoseoperon regulatory system. Nucleic Acids Res. 9:3047.
Massa, P.T., K. Ozato, and D.E. McFarlin. 1993. Cell
type-specific regulation of major histocompatibility complex
(MHC) class I gene expression in astrocytes,oligodendrocytes,
and neurons. Glia. 8:201.
De),, A., A.M. Thornton, M. Lonergan, S.M. Weissman,J.W.
Chamberlain, and K. Ozato. 1992. Occupancy of upstream
regulatory sites in vivo coincideswith major histocompatibility
complex class I gene expression in mouse tissues. Mol. Cell.
Biol. 12:3590.
Israel, A., O. Le Bail, D. Hatat, J. Piette, M.Kieran, F. Logeat,
D. Wallach, M. Fellous, and P. Kourilsky. 1989. TNF stimulates expression of mouse MHC class I genes by inducing an
NF kappaB-likeenhancerbinding activity which displacesconstitutive factors. EMBO (Fur. Mol. Biol. Organ.)f 8:3793.
Chu, J.W., and EJ. Sharom. 1991. Effectofmicellar and bilayer
gangliosides on proliferation ofinterleukin-2-dependent lymphocytes. Cell. Immunol. 132:319.
Massa, P.T., and V. ter Meulen. 1987. Analysisof Ia induction
on Lewis rat astrocytes in vitro by virus particles and bacterial
adjuvants, f Neuroimmunol. 13:259.
Celada, A., and K.A. Maki. 1991. IFN-gamma induces the
expression of the genes for MHC class II I-A beta and tumor
necrosis factor through a protein kinase C-independent
pathway,f Immunol. 146:114.
Koide,Y., Y. Ina, N. Nezu, and T.O. Yoshida. 1988. Calcium
influx and the Ca2+-calmodulin complex are involved in
interferon-'y-induced expressionof HLA class II molecules on
HL-60 calls. Proa Natl. Acad. Sci. USA. 85:3120.

