GSH is not. Meredith and Reed (20) also
reported that depletion of mitochondrial
GSH is accompanied by increased lipid
peroxidation, indicating that the antioxi-
dant function of GSH in mitochrondria
may be its most critical role.
Entamoeba histolytica is also unusual
in that it uses a more primitive form of
cell division than higher eukaryotes and
appears to lack microtubules (/0, chap-
ter 2). Thus, we cannot exclude the
possibility that GSH plays a specialized
role in microtubule function or mitosis in
some higher eukaryotes (22). In many
respects E. histolytica resembles anaero-
bic or microaerophilic bacteria more
than it resembles most other eukaryotes.
It does not tolerate normal oxygen ten-
sions (23), has a high level of iron-sulfur
protein (/4), and does not produce gluta-
thione. It meets many of the criteria
outlined by Margulis (24) as characteris-
tics of protoeukaryotes, the primitive
anaerobes that served as cytoplasmic
host in the symbiotic acquisition of mito-
chondria (22). Data from RNA and pro-
tein sequence studies may help us under-
stand how E. histolytica is related to
prokaryotes and to higher eukaryotes.
RoBERT C. FAHEY*
GERALD L. NEWTON
Department of Chemistry,
University of California, San Diego,
La Jolla 92093
BRADLEY ARRICK
TOBIE OVERDANK-BOGART
STEPHEN B. ALEYT
Laboratory of Cellular Physiology
and Immunology, Rockefeller
University, New York 10021

References and Notes

1. E. S. G. Barron, Adv. Enzymol. 11, 201 (1951);
S. Colowick et al., Glutathione: A Symposium
(Academic Press, New York, 1954); A. Meister,
in Metabolism of Sulfur Compounds, D. M.
Greenburg, Ed. (Academic Press, New York,
1975), p. 101; E. M. Kosower and N. S. Ko-
sower, in Glutathione, L. Flohé, H. Ch. Ben-
ohr, H. Sies, H. D. Waller, A. Wendel, Eds.
(Academic Press, New York, 1974), p. 287. For
a recent review see: A. Meister and M. E.
Anderson, Annu. Rev. Biochem. 52, 711 (1983).

. L. Rapkine, Ann. Physiol. Physicochim. Biol. 9
383 (1931).

. J. A. Fuchs and H. R. Warner, J. Bacteriol. 124,
140 (1975); P. Apontoweil and W. Berends,
Biochim. Biophys. Acta 399, 10 (1975).

4. R. C. Fahey, W. C. Brown, W. B. Adams, M.

B. Worsham, J. Bacteriol. 133, 1126 (1978).

5. R. C. Fahey and G. L. Newton, in Functions of
Glutathione—Biochemical, Physiological, and
Toxicological Aspects, A. Larsson et al., Eds.
(Raven, New York, 1983), pp. 251-260.

6. C. A. Price, Nature (London) 180, 148 (1957); P.
R. Camegle Biochem. J. 89, 471 (1963).

7. A. Larsson, in Transport and Inherited Disease,
N. R. Belton and C. Toohhill, Eds. (MTP Press,
Lancaster, England, 1981), p. 277; E. M. Tuck-
er, J. D. Young, C. Crowley, Br. J. Haematol.
48, 403 (1981); A. Meister, in The Metabolic
Basis of Inherited Disease, J. B. Stanbury, J. B.
Wyngaarden, D. S. Fredrickson, J. L. Gold-
stein, M. S. Brown, Eds. (McGraw-Hill, New
York, ed. 5, 1983), p. 348.

8. £§8C5 Jones, Bull. N.Y. Acad. Med. 57, 227

1).

9. F. D. Gillin and L. S. Diamond, Exp. Parasitol.

51, 382 (1981).

72

W N

10. A. Martinez-Palomo, The Biology of Entameba
Histolytica (Research Studies Press, New York,
1982).

11. G. L. Newton, R. Dorian, R. C. Fahey, Anal.
Biochem. 114, 383 (1981).

12. R. Saetre and D. L. Rabenstein, Anal. Chem.
50, 276 (1978).

13. R. E. Reeves, D. J. South, H. J. Blytt, L. G.
Warren, J. Biol. Chem. 249 7737 (1974).

14. For enzyme assays cells were washed three
times, extracted in 0.5 percent Triton X-100, and
centrifuged for 5 minutes in a Beckman Micro-
fuge at 4°C. Glutathione reductase was assayed
by oxidation of nicotinomide adenine dinucleo-
tide phosphate, reduced form (NADPH) [see D.
Roos, et al. Blood 53, 851 (1979)]. The back-
ground level of NADPH oxidation was 12 nmole
per minute per 10° cells and increased less than
10 percent upon addition of 0.1 mM oxidized
glutathione (GSSG). Activity was also measured
in 0.1M phosphate buffer, pH 7.5, containing 5
mM EDTA, 0.2 mM GSSG, 0.2 mM NADPH,
and 0.6 mM 5,5'-dithiobis(2-nitrobenzoic acid)
by following GSH production at 412 nm [see F.
Tietze, Anal. Biochem. 27, 502 (1969)], a proce-
dure that is inherently more sensitive and
also_circumvents the problem of background
NADPH oxidation not linked to GSSG reduc-
tion. By this method GSSG reductase activity
was less than 1.5 nmole per minute per 10° cells.
y-Glutamyl transpeptidase activity was mea-
sured at 410 nm in tris buffer, pH 8, containing
25 mM glycylglycine and 2.5 mM L-y-glutamyl-
p-nitroanilide at 25°C, and found to be less than
1 nmole per minute per 10° cells.

15. H. W. Murray, S. B. Aley, W. A. Scott, Mol.
Biochem. Parasitol. 3, 381 (1981).

16. E. C. Weinback, L. S. Diamond, C. E. Claggett,
H. Kon, J. Parasitol. 6, 127 (1981).

17. R. M. Rosenbaum and M. Wittner, J. Cell Biol.
45, 367 (1970); E. C. Weinbach, D. R. Harlow,
T. Takeuchi, L. S. Diamond, C. E. Claggett, H.
Kon, in Proceedings of the International Con-
ference on Amebiasis, B. Sepulveda and L. S.
Diamond, Eds. (Instituto Mexicano del Seguro
Social, Mexnco City, 1976), pp. 190-203.

18. C. R. Woese, J. Gibson, G. E. Fox, Nature
(London) 283, 212 (1980); M 0. DayhoﬁandR
M. 8S)chwanz Ann. N.Y. Acad. Sci. 361, 92
(1981).

19. G. E. Fox et al., Science 209, 457 (1980).

20. M. J. Meredith and D. J. Reed, Biochem. Phar-
macol. 32, 1383 (1983).

21. A. Meister and O. W. Griffith, Fed. Proc. Fed.
Am. Soc. Exp. Biol. 42, 2210 (1983); O. W.
Griffith and A. Meister, personal communica-
tion.

22. L. 1. Rebhun, in Cell Reproduction, E. Dirksen,
D. Prescott, L. Goldstein, Eds. (Academic
Press, New York, 1978), pp. 547-556.

23. F. D. Gillin and L. S. Diamond, Exp. Parasitol.
52, 9 (1981).

24. L. Margulis, Symbiosis in Cell Evolution (Free-
man, San Francisco, 1981), pp. 205-210.

25. We are indebted to O. W. Griffith who promoted

the collaboration which made this study possible

and we thank R. F. Doolittle, D. J. Reed, and A.

Russo for critically reviewing the manuscript.

Supported by NASA grant NAGW-342, Rocke-

feller Foundation grant GA HS 7915, and NIH

grants AI-07012 and CA-22090.

To whom requests for reprints should be sent.

1 Present address: Laboratory of Parasitic Dis-

eases, National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health,
Bethesda, Md. 20205.

22 September 1983; accepted 26 January 1984

Schwann Cell Galactocerebroside Induced by Derivatives of

Adenosine 3',5'-Monophosphate

Abstract. Indirect immunofluorescence was used to show the presence of galacto-
cerebroside (galC), a lipid found in myelin, on the surface of about half of the
Schwann cells isolated from neonatal rat sciatic nerves and cultured for 1 day
without neurons. By day 4 in vitro, the Schwann cells had all lost their surface galC.
Three days after beginning treatment with 107> molar 8-bromo-adenosine 3',5'-
monophosphate (8-bromo cyclic AMP) or N°,07 -dibutyryl adenosine 3',5'-mono-
phosphate (dibutyryl cyclic AMP), galC reappeared on the Schwann cells, and 2
days later 48 percent of the cultured Schwann cells showed surface galC. Tritium
from tritiated p-galactose was incorporated into galC by the 8-bromo cyclic AMP-
and dibutyryl cyclic AMP—treated cultures at a rate 15 times the control rate.

Schwann cells synthesize myelin, a
differentiated, galactolipid-rich form of
plasma membrane, only when they are in
contact with appropriate axons (/). The
nature of the axonal signal that triggers
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Schwann cell myelin synthesis is not
known.

Derivatives of adenosine 3',5'-mono-
phosphate (cyclic AMP) in millimolar
concentrations stimulate biosynthesis of

Fig. 1. Time course of disappearance of sur-
face galC from cultured neonatal rat Schwann
cells and of reappearance of this lipid upon
treatment of the cultures with 1073M 8-bromo
cyclic AMP (solid bars) or 1073M dibutyryl
cyclic AMP (striped bars). The cyclic AMP
derivatives were added to the medium on day
4 of culture (indicated by arrow). The inci-
dence of galC-positive Schwann cells in con-
trol cultures without treatment is indicated by
open bars. Results were expressed as the
mean * standard deviation of 5 to 10 determi-
nations. Cover slips were processed at the
times indicated. Each cover slip was rinsed

with phosphate-buffered saline (PBS) (1.4 X 107'M NaCl, pH 7.4) then exposed to a 1:20
dilution of rabbit antiserum to galC for 20 minutes at 25°C. After being rinsed with PBS, the
cover slips were exposed to a 1:50 dilution of rhodamine-conjugated goat antiserum to rabbit
immunoglobulin G (Cappel) for 20 minutes at 25°C. The cover slips were exposed to 5 percent
acetic acid in ethanol at 5°C for 5 minutes, then mounted in glycerol.
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specialized plasma membrane compo- appeared to be fibroblasts by morpholog-
nents by human promyelocytic leukemia ical criteria and indirect immunofluores-
and F9 cells (2) and increase the specific cence examination (6).
activity of an enzyme characteristic of One day after the cultures were insti-
myelin—2',3’-cyclic nucleotide 3’-phos-
phohydrolase—in both C6 glioma and
cultured nonneoplastic oligodendroglia
(3). We decided to test whether such
cyclic AMP derivatives induce synthesis
of myelin components by Schwann cells
cultured in the absence of neurons.
Galactocerebroside (galC), a glycolip-
id found in myelin and myelin-forming
cells, can be detected by indirect immu-
nofluorescence on the surfaces of both
newly cultured Schwann cells and newly
cultured oligodendroglia (4—6). Whereas  Fig. 2. Phase-contrast and in-
oligodendroglia continued to express direct immunofluorescence
surface galC for months in the absence of ‘r‘u“:‘r‘;ic‘;gi’c‘”;g: ?:3:0*}“;37;
neurons, Schwa}nn cells mamtal.ned with- [(A) and (B). re spectively] and
out neurons uniformly lost their surface  ce|is treated with dibutyryl cy-
galC within 4 days in culture (5). Wenow  clic AMP [(C) and (D), respec-
report that such Schwann cells are in- tively]. The cells were main-
duced to synthesize galC and to express (2ined in culture for 9 days;
. ee . Ry . the last 5 days were with or
this ““myelin marker”” on their surface by  yihout 10-3M dibutyryl cy-
treatment with either 8-bromo cyclic clic AMP. Original magnifica-
AMP or N%,0%-dibutyryl cyclic AMP. tion x780.
Schwann cells were isolated from neo-
natal rat sciatic nerves by enzymatic
dissociation followed by differential ad-
hesion and were cultured on poly-D-
lysine—coated glass cover slips in Eagle’s
minimum essential medium containing
10 percent calf serum (by volume) (6).
More than 95 percent of the cells had the
typical bipolar or tripolar morphology of
of Schwann cells, and less than 5 percent

Table 1. Induction of surface galC by cyclic AMP derivatives is concentration dependent,
whereas butyrate has no effect. Schwann cells were applied to each polylysine-coated, round
cover slip (diameter, 13 mm). The cyclic AMP derivatives were added on day 4 of culture, and
the cells were examined by indirect immunofluorescence (as described in Fig. 1) on day 9 of
culture. The cultures were inspected with a 50x fluorescence objective and a Leitz microscope.
Since the cultures appeared to be radially symmetric, the total population of galC-positive cells
per cover slip was estimated by counting galC-positive cells in an area measuring 0.2 by 13 mm
along one diameter of the cover slip and correcting for total area. The percentage of Schwann
cells with surface galC was calculated by dividing the number of galC-positive cells by the total
number of bipolar and tripolar cells, and multiplying the result by 100. Results are means
+ standard deviations, with the number of determinations indicated in parentheses.

Cells with surface galC

tuted, indirect immunofluorescence mi-
croscopy permitted detection of galC on
the surface of almost half of the Schwann
cells, but by day 4 in vitro, all of the

Table 2. Incorporation of tritiated D-galactose
into galactocerebroside. Radioactivity is ex-
pressed as disintegrations per minute per mi-
crogram of total cell protein. Schwann cells
were cultured for 4 days in poly-D-lysine-
coated wells (diameter, 16 mm). Then fresh
medium, with or without the cyclic AMP
derivative, was added. After 2 days, D-
[1-3H]galactose (3.9 Ci/mmole, New En-
gland Nuclear) was added at 15 pCi per
milliliter of medium, and the cultures were
washed and harvested 55 hours later. Lipids
were extracted from the cell pellets witha 2:1

Treatment - (by volume) mixture of chloroform and meth-

Per cover slip (No.) Total (%) anol, and the lipid extracts were washed by

the Folch method. Cerebroside was isolated

g%!‘rgg}o cyclic AMP 06 00 from the washed lipid extracts by thin-layer
10-5M 06) 005 chromatography (TLC) on silica gel G plates,
10-*M 065 005 and galC was purified from total cerebroside

S x 10-*M 485 + 164 (5) 6.9+ 4.2 (5 by borate-TLC (9). Total cell protein (63 ug
10-3M 4164 + 802 (6) 48- 4 N 8.7 Q0) for the control, 48 pg for the cells treated with
10-2M 4418 N 977 (4) 45‘ 4 . 7‘ 405 8-bromo cyclic AMP, and 59.5 pg for the cells

Dibutyryl cyclic AMP - o trt::ated.with dibutyryl cyclic AMP) was deter-
10-5M 05 005 mined in parallel wells.

107*M » 0(5) 0(5) Radio-
5 >f310 M 278 + 145 (5) 4.4 =205 Treatment activity
107°M 1286 * 419 (5) 226 +58(7) recovered
1072M <14 (3) <1(3)

Butyrate None 4.4
1073M 003 03 8-Bromo cyclic AMP (1073M) 67.3
5% 1073M 0(3) 0(3) Dibutyryl cyclic AMP (1073M) 68.1
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Schwann cells had lost their surface galC
(Fig. 1). Addition of 107*M 8-bromo
cyclic AMP or 107*M dibutyryl cyclic
AMP on day 4 of culture resulted in the
reappearance, within the next 3 days,
of Schwann cells bearing surface galC.
The proportion of galC-bearing Schwann
cells peaked 5 days after addition of 8-
bromo cyclic AMP or dibutyryl cyclic
AMP (Fig. 1). Schwann cells positive for
surface galC were not detected when
concentrations of the cyclic AMP deriva-
tives were less than 5 x 107*M. 8-Bromo
cyclic AMP at 10™3M was a more potent
inducer of surface galC than was dibu-
tyryl cyclic AMP at the same concentra-
tion. The high concentrations of the cy-
clic AMP analogs necessary to produce
this effect may be attributable, at least in
part, to relatively poor penetration of the
analogs (7) into the Schwann cells. Larg-
er concentrations of these agents did not
increase the proportion of galC-positive
cells (Table 1) and, in fact, treatment
with 1072M dibutyryl cyclic AMP did
not yield galC-positive Schwann cells.
Because a maximum of 48 percent of the
Schwann cells became positive for sur-
face galC after treatment with the cyclic
AMP derivatives, we cannot exclude the
possibility that the cultures contained
two populations of Schwann cells that
appeared to be morphologically identical
but that differed in their capacity to
respond to such treatment.

To test whether induction of galC by
dibutyryl cyclic AMP was attributable to
butyrate, we cultured the cells in the
presence of 107>M butyrate. No cells
with surface galC appeared in such cul-
tures during the ensuing week. Nor did
treatment with 5 x 1073M butyrate in-
duce the appearance of galC-positive
cells (Table 1).

Binding of antibodies to galC on the
surface of cells treated with 8-bromo
cyclic AMP and dibutyryl cyclic AMP
showed a granulofioccular distribution,
and the perinuclear region was more
prominently fluorescent than the periph-
eral processes (Fig. 2). This distribution
of binding of antibodies to galC resem-
bled that observed in freshly isolated
galC-positive Schwann cells.

In order to determine whether the ap-
pearance of galC on the surface of the
treated Schwann cells was due solely to
redistribution of this lipid from the interi-
or of the cells or whether these cyclic
AMP derivatives also stimulated Schwann
cells to synthesize this myelin lipid, we
incubated treated and control Schwann
cells with p-[1-*H]galactose. Incorpo-
ration of *H into galC by the 8-bromo
cyclic AMP- and dibutyryl cyclic AMP-
treated cultures was 15 times greater
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than that in the controls (Table 2).
These results indicate that derivatives
of cyclic AMP can induce Schwann cells
to synthesize galC and to express this
myelin component on their surface; they
also strengthen the possibility that cyclic
AMP is a messenger involved in the
process by which axons signal Schwann
cells to synthesize myelin (8).
GEN SOBUE
DAVID PLEASURE
Children’s Hospital of Philadelphia
and Departments of Neurology and
Pediatrics, University of Pennsylvania,
Philadelphia 19104
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A New Charge-Mosaic Membrane from a

Multiblock Copolymer

Abstract. A charge-mosaic membrane was prepared from a pentablock copolymer
of the BABCB type by selectively introducing anion and cation exchange groups into
the microseparated phases. The three-layer lamellar structure of the starting
pentablock copolymer film was not disturbed by the modifications. The membrane
obtained was highly permeable only to sodium chloride in mixed aqueous solutions
of sodium chloride and organic species of low molecular weight, such as sucrose.
Marked pH-dependent permeabilities were also observed for amino acids.

Charge-mosaic membranes, which are
composed of cation- and anion-perme-
able domains, have been of continuing
interest since being proposed by Sollner
(I) in connection with biological phe-
nomena. Theories concerning their
structure have been presented (2); in
practice, their transport properties, such
as high permeability for salts, piezodialy-
sis, or negative osmosis, have been ob-
served in membranes prepared in vari-
ous ways (3, 4). Early methods for pre-
paring charge-mosaic membranes were
reviewed by Leitz (¢). However, those
membranes were fragile and lacked well-
defined domain structures.

If the microphase separation phenom-
enon of block copolymers (5) can be
used to prepare charge-mosaic mem-
branes, resulting membranes should
have many pairs of anion and cation
exchange microdomains. To prevent the
formation of a poly-ion complex in such

membranes, a triblock copolymer of the
ABC type—composed of terminal poly-
mer blocks A and C into which cation
and anion exchange groups, respective-
ly, are introducible and a middle polymer
block B into which neither ion exchange
group is introducible—should be used.
This type of triblock copolymer forms a
three-layer lamellar structure with the
repeating unit -A-B-C-B-, where A, B,
and C represent the domains consisting
of their polymers (6-8). However, our
early trial with triblock copolymers of
the ABC type revealed that the lamellar
structures do not withstand chemical
treatments for introducing ion exchange
groups, even if the neutral B domains are
cross-linked.

Anionic polymerization allowed us to
prepare a pentablock copolymer of the
BABCB type that can generate the same
three-layer lamellar structure as the
ABC triblock copolymer (8, 9). But, in
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