association with human T4 cells, has impor-
tant ramifications from the standpoint of
potential vaccine strategies. The binding of
native gpl20 as it might exist in a vaccine
preparation to T4 cells could mask relevant
epitopes that would otherwise be available
for immunologic recognition. In addition,
strong interactions with CD4 may have
negative influences on various T4 cell func-
tions as has been shown, for example, with
the Leu-3 antibody suppression of soluble
antigen proliferative responses (29). In view
of this, the PB1 recombinant peptide might
be a more attractive candidate for an
HTLV-III/LAV vaccine than native viral
gp120 even though both induce neutraliz-
ing antibodies. However, the efficacy of
PBI as a vaccine is still untested and final
decisions must depend on immunizing
chimpanzees that are susceptible to HTLV-
III/LAV infection (30, 31). Even though
many people exposed to HTLV-III/LAV do

have neutralizing antibodies, it is unknown
under what circumstances these are protec-
tive against viral infection. To what extent
artificial immunization can mimic or im-
prove natural immunity awaits further
study.
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Oligodendrocyte Adhesion Activates Protein Kinase C—
Mediated Phosphorylation of Myelin Basic Protein

TIMOTHY VARTANIAN, SARA SZUCHET,* GLYN DAWSON,

ANTHONY T. CAMPAGNONI

When isolated adult oligodendrocytes adhere to a substratum myelinogenesis occurs.
Investigation of the mechanism by which this happens indicated that the oligodendro-
cyte-substratum interaction (i) activated protein kinase C—dependent phosphorylation
of myelin basic protein and (ii) promoted the synthesis of myelin basic protein. In
addition, when agents that activate protein kinase C (second messenger diacylglycerol
or a tumor-promoting phorbol ester) were added to nonattached oligodendrocytes,
they mimicked the influence of the substratum by inducing phosphorylation of myelin
basic protein; and reagents that increase cellular adenosine 3’, 5'-monophosphate
(cyclic AMP) inhibited phosphorylation of myelin basic protein. Thus, at least in vitro,
the interaction between oligodendrocytes and the substratum may mediate myelino-
genic events, and phosphorylation of myelin basic protein may be an early requirement
in the sequence of steps that ultimately results in myelin formation.

IRCUMSTANTIAL EVIDENCE INDI-

cates that cell-cell and cell-substra-

tum interactions are key elements in
central nervous system (CNS) myelination,
but the origin and nature of the signals that
initiate and control assembly and mainte-
nance of myelin are unknown. In oligoden-
drocytes (OLG), the cells that assemble and
maintain CNS myelin (1), myelination is
preceded by the synthesis of myelin basic
protein (MBP) and other myelin proteins
and lipids. Myelin basic protein is phosphor-
ylated (2); the functional significance of this
modification is unclear, although it may be a
signal for myelination (3). The fact that
isolated OLG in culture express myelino-
genic properties (4, 5) makes them suitable
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for investigating mechanisms that control
myelin assembly. We have shown that, upon
attachment onto a polylysine substratum,
mature OLG re-enact events associated with
myelinogenesis (6—8) and, over time in cul-
ture and without neurons, reform myelin, a
process termed myelin palingenesis (9). We
have now extended this work to investigate
the mechanism by which the substratum
influences myelinogenesis by observing ear-
ly changes in metabolism after cell-substra-
tum interaction. Our results indicate that
the substratum transmits a signal that acti-
vates protein kinase C (PKC)—mediated
phosphorylation of MBP, as well as promot-
ing the synthesis of MBP.
Oligodendrocytes are isolated from ovine

white matter (Fig. 1) and maintained in
culture (10) as floating clusters (B3.f) or
attached to a polylysine substratum (B3.fA).
The appearance of live B3.f OLG, as viewed
by phase microscopy, is shown in Fig. 1A.
When B3.f OLG are plated onto a polyly-
sine substratum, after having been main-
tained in vitro for 4 days as floating clusters,
they adhere within 6 hours and undergo
modifications in metabolism and morpholo-
gy (10). Over time in culture, changes in
morphology become readily apparent by
light microscopy (Fig. 1, B and C). We can
maintain B3.fA cultures for 120 days and
longer with 99% purity, as assessed by
immunocytochemical criteria (9, 10).

We then examined the influence of attach-
ment on the synthesis and phosphorylation
of MBP. B3.f and B3.fA cultures were la-
beled with 3?PO,*~ for 30 minutes, MBP
was immunoprecipitated, and the amount of
radiolabel incorporated into MBP was as-
sessed by autoradiography of the proteins
separated by SDS—polyacrylamide gel elec-
trophoresis (Fig. 2). The uptake of *PO,*~
into MBP was low in B3.f cells but was
considerably higher in B3.fA cultures (Fig.
2, lanes a and b, respectively). This differ-
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ence between the two cultures occurred after
only 24 hours of attachment for the B3.fA
cultures; total time in culture was the same.
Parallel cultures were labeled with ['C]

Fig. 1. Cultured oligodendrocytes. The proce-
dures for cell isolation (24) and culture (5, 10), as
well as the characterization of these cells (25),
have been described. OLG are isolated as follows.
White matter from lamb brain is trypsinized,
disrupted by passage through nylon and metal
screen from a pore size of 350 um to 30 pm;
myelin is removed by taking advantage of its low
density; and the crude cell suspension is resolved
on a linear sucrose gradient into three bands (1 to
3 from top to bottom). Only cells from band 3
(24) were used for our experiments. We maintain
OLG in two culture conditions (10). B3.f OLG
are OLG from band 3 plated onto tissue culture
dishes and kept floating for 3 to 5 days; they do
not adhere to culture plates. B3.fA OLG are B3.f
OLG transferred to polylysine-coated petri dishes
to which they adhere. After attachment, these cells
undergo drastic changes in their morphology.
Except where indicated, cultures are kept in Dul-
becco’s modified Eagle’s medium (DMEM) sup-
plemented with 20% horse serum and 2 mM -
glutamine, and fed twice weekly. (A) Phase-
contrast micrograph of live B3.f OLG 4 days after
isolation. The cells are round, phase bright, and
gathered in clusters. Neither cellular processes nor
redundant membranes are seen in these cultures,
even if cells are kept for 2 weeks. (B) Phase-
contrast micrograph of live B3.fA OLG after 21
days in culture. Note that cells are aligned in rows
as they are in vivo and have extended a network of
processes. (C) Fixed B3.fA OLG after 21 days in
culture, viewed by Nomarski optics. Note the
very fine processes covering the surface; these
cannot be seen by ordinary phase microscopy.
Bar = 20 pm.
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leucine for 16 hours, and the net synthesis of
MBP in B3.f and B3.fA cultures assessed
from autoradiograms of immunoprecipitat-
ed MBP that had been resolved on SDS
polyacrylamide gels (Fig. 2, lanes ¢ and d,
respectively). Although the net rate of MBP
synthesis is greater in B3.fA than in B3.f
OLG, B3.f OLG clearly synthesize MBP
(Fig. 2). Thus, the lack of significant
32PO*~incorporation into MBP by B3.f
OLG must be the consequence of factors
other than synthesis. Moreover, incorpo-
ration of 32PO,*” into other cellular phos-
phoproteins by B3.f OLG is similar to that
of B3.fA OLG.

To identify the kinase responsible for the
phosphorylation of MBP in OLG cultures,
we used compounds known to activate,
directly or indirectly, specific protein kinases
in intact cells (11). Twenty-one-day-old
B3.fA cultures were labeled with 32PO,*~
for 20 minutes and then exposed to various
drugs for another 20 minutes. Total radioac-
tivity incorporated into immunoprecipitated
32p03~-MBP was measured on bands ex-
cised from SDS polyacrylamide gels. Two
compounds that elevate cellular adenosine
3',5'-monophosphate  (cAMP), isobutyl-
methylxanthine (IBMX), a cAMP phospho-
diesterase inhibitor, and forskolin, an activa-
tor of adenylate cyclase, both inhibited
32PO,*~ incorporation into MBP by 50%
when compared to controls (Fig. 3A). An
even greater suppression than that achieved
with either IBMX or forskolin was attained
with trifluoperazine (TFP), an inhibitor of
Ca?*-dependent protein kinases. No signifi-
cant effect was obtained with the Ca®*
ionophore A23187, which is known to af-
fect Ca?*-calmodulin dependent protein ki-
nase, but 48-phorbol 12-myristate 13-ace-
tate (TPA), which activates PKC, induced a
fourfold increase in the uptake of 32PO,*~
into MBP (Fig. 3A).

The stimulation of MBP phosphorylation
by TPA, in conjunction with the inhibitory
action of elevated intracellular cAMP; the
lack of effect of the Ca’* ionophore; and the
nearly complete suppression of MBP phos-
phorylation by TFP, suggest that PKC is the
sole mediator of MBP phosphorylation in
intact OLG. These results contrast with
those obtained from cell-free systems, where
MBP has been found to be a substrate for
other kinases (12-14), as well as for PKC
(15). This finding supports the suggestion
by Turner et al. (16) that PKC catalyzes
MBP phosphorylation in vivo.

The physiological activation of PKC in-
volves a receptor-mediated breakdown of
phosphoinositides (PtdIns) by phospholi-
pase C that results in a transient liberation of
the second messenger diacylglycerol (DAG),
which in turn activates PKC (17, 18). We

therefore hypothesized that, upon adhesion
of OLG to a substratum, there is an increase
in the turnover of PtdIns with the subse-
quent release of DAG. This possibility sug-
gests an explanation for the lack of MBP
phosphorylation in B3.f OLG—the absence
of a DAG signal. Hence, we treated B3.f
cultures with either the DAG, 1-oleoyl 2-
acetylglycerol, or TPA for 5 minutes after a
25-minute initial labeling with 2po,2-. A
dramatic (> tenfold) increase in MBP phos-
phorylation resulted from the action of these
drugs (Fig. 3B), suggesting that DAG is the
limiting factor in MBP phosphorylation in
the cultures of nonattached OLG.
Diacylglycerol or TPA is thought to mo-
bilize PKC from cytosol to a membrane
compartment (19), where PKC is activated.
This is accompanied by a reduction in cyto-
solic PKC activity (20). Measurement of
PKC activity in OLG homogenates, assayed
by transfer of 32PO,*~ from [y*2P]adeno-
sine triphosphate (ATP) to histone III-S,
revealed no significant differences between

!-‘30
— s —x 18
a b c d 5]

Fig. 2. Comparison of the extent of phosphoryl-
ation and synthesis of myelin basic protein by B3.f
and B3.fA OLG cultures. Cultures of B3.f and
B3.fA OLG after 5 days in vitro (1 day of
adhesion for B3.fA; see Fig. 1) were labeled with
cither PO~ (50 pCi/ml) in Hepes-buffered
phosphate-frre DMEM (Hepes-PFM) for 30
minutes or ['“C]leucine (1 pC/ml) in leucine-free
DMEM for 16 hours. Exposure to label was
terminated by aspiration of medium and addition
of 10% trichloroacetic acid (TCA) containing 1
mM EDTA. TCA precipitates were solubilized in
buffer A (50 mM tris-HCl, 0.15M NaCl, 1%
Triton X-100, 0.4% SDS, pH 7.4). To each
solubilized sample containing 60 pg of protein
(Bio-Rad protein assay), 2 ul of rabbit polyclonal
antibody to bovine MBP (18,500 daltons) were
added, and samples were incubated with rotation
for 16 hours at 4°C to immunoprecipitate MBP
(26). Immune complexes were precipitated by the
addition of protein A—Sepharose beads (Pharma-
cia) and centrifuged for 6 minutes at 10,000y (26,
27). Immunoprecipitates were washed six times
with buffer A, boiled for 1 minute in sample
buffer [3% SDS, 1 mM 1,4 dithio-L-threitol, 60
mM tris-HCl, pH 6.8, 10% glycerol (weight to
volume), 0.05% bromophenol blue (weight to
volume)], and resolved by SDS—polyacrylamide
gel electrophoresis (28). Autoradiograms were
obtained by exposing the dried gel to Kodak XK-
5 film. Representative autoradiograms: lane a,
32pQ,3~-labeled MBP from B3.f OLG; lane b,
32pQ,3~-labeled MBP from B3.fA OLG (24
hours of attachment); lane ¢, ['*C]leucine-labeled
MBP from B3.f OLG; lane d, ["Cchucinc-la-
beled MBP from B3.fA OLG; lane e, '*C molecu-
lar weight standards. Numbers on the right indi-
cate M, x 1073. MBP has a M, of 18,000.
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Fig. 3. Effect of various drugs on the incorpo-
ration of **PO,*>~ into MBP. OLG cultures were
labeled as described below, and MBP was
immunoprecipitated and resolved by SDS—poly-
acrylamide gel electrophoresis as described in Fig.
2. Labeled MBP bands were identified by autora-
diography, gels were cut accordingly, and radio-
activity quantitated as described by Aloyo (29).
Values given are cpm per mg of total cellular
protein and are averages from triplicate experi-
ments. Individual values differed by no more than
6%. (A) 21-day-old B3.fA OLG cultures were
initially labeled with 50 wCi/ml of PO’ in
Hepes-PFM for 20 minutes; drug or vehicle alone
was added and incubation continued for another
20 minutes (40 minutes of total labeling time).
Drug concentrations were: IBMX, 5 x 107/,
forskolin, 1 x 1077M; A23187, 5 x 107%Af;
TPA, 1 X 1077M; and TFP, 1 x 107 7M. Reac-
tions were terminated by aspirating the media and
adding ice-cold 10% TCA containing 1 mM
EDTA. Samples were processed as described
above. (B) Four-day-old B3.f OLG cultures were
initiall;l labeled for 25 minutes with 50 nCi/ml of
2P0~ in Hepes-PFM, then incubated with
either DAG (1 X 1077M), TPA (1 x 1077M), or
vehicle alone for an additional 5 minutes. Cells
were centrifuged for 10 seconds at 8000y, super-
natants removed, and the reaction terminated by
the addition of ice-cold 10% TCA with 1 mM
EDTA. Samples were then processed (see above).

B3.f and B3.fA OLG. However, when PKC
activities in cytosolic fractions of B3.f and
B3.fA OLG were compared, a marked de-
crease of activity in B3.fA cytosol was de-
tected (Fig. 4). Furthermore, treatment of
B3.f OLG with TPA for 15 minutes resulted
in the total abolition of PKC activity in the
cytosolic compartment (Fig. 4). Interpreta-
tion of these results must be tentative in
view of (i) our and others (21) inability to
totally account for the lost PKC activity
(only approximately 50% was found in the

Fig. 4. Effect of adhesion to the substratum or of
TPA treatment on PKC activity in cytosolic frac-
tions of cultured OLG. Subcellular fractions were
obtained as described (30) with minor modifica-
tions. Briefly, OLG were harvested in buffer B
(20 mAM tris, pH 7.5, 50 mM B-mercaptoethanol,
2 mM EDTA, 1 mM phenylmethylsulfonyl fluo-
ride, and leupeptin) (0.1 mg/ml), disrupted by
passing three times through a cell disrupter (31)
at 4°C, centrifuged for 1 hour at 100,000y, and
the supernatant used to measure PKC activity
(20). Supernatants were applied to a DE-52 col-
umn (1.8 cm by 0.5 cm) that had been equilibrat-
ed with buffer B. The column was washed with

TPA

A23187

Forskolin

IBMX

Control

TPA

Control

T T T | 1
0 1 2 3 4 5

32pp 43~ (103 cpm/mg cellular protein)

membrane fraction) and (ii) a recent report
that shows a TPA-induced reduction in
PKC activity toward histone III-S as a sub-
strate, but not with other substrates (22).
Independent of the mechanism, our obser-
vations demonstrate distinct behavior of
PKC in B3.f and B3.fA OLG.

We have shown that (i) OLG-substratum
adhesion initiates a signal that activates
PKC-mediated phosphorylation of MBP [as
well as a previously observed increased up-
take of [*H]glycerol into phosphatidylinosi-

-
N
N |

@®
1

Protein kinase C activity
(104 cpm/mg cellular protein)

Fraction number

four column volumes of buffer B and PKC was eluted with a 0 to 400 mA linear NaCl gradient (0.8 ml
per fraction). 50-ul aliquots from each fraction were assayed for PKC activity (32) with an assay system
that contained: histone III-S (320 pg/ml), 20 mA tris at pH 7.5, 500 M Ca**, 400 pM [**P]ATP, in
the presence or absence of phosphatidylserine and diolein. Incubation time was 4 minutes at 30°C. The
reaction was terminated by the addition of 1 ml of ice-cold 25% TCA. Precipitated proteins were
collected by filtration through 0.45-pum Millipore filters and washed three times with 2 ml of 5% TCA.
Filters were placed in vials, 4 ml of aqueous scintillation fluid added, and radioactivity determined in a
Hewlett-Packard spectrophotometer. Values represent differences in cpm between corresponding
samples with and without phosphatidylserine and diolein. Plots show distribution of PKC activities in
cytosolic fractions from (@) 5-day-old B3.f OLG; (M) 5-day-old B3.fA OLG (1 day of attachment);
and (O) 5-day-old B3.f OLG treated with TPA (1 x 1077M) for 15 minutes before subcellular
fractionation. Values are means from triplicate experiments. Individual values differed by no more than

5%.
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tol (6)]; (i1) adhesion of OLG also results in
an increased synthesis of MBP; (iii) exog-
enously added DAG or TPA mimics the
influence of substratum by stimulating non-
attached OLG to phosphorylate MBP; and
(iv) reagents that elevate intracellular cAMP
have an inhibitory effect on the incorpo-
ration of 3?PO,*~ into MBP, possibly by
blocking inositol trisphosphate and DAG
release (23). These observations are consis-
tent with the hypothesis that an initial event
following attachment of OLG to the sub-
stratum involves generation of DAG.
Whether or not DAG is a signal for myelin-
ogenesis in vivo remains to be shown. This
work substantiates our earlier observations
on the plasticity of mature oligodendrocytes
and provides new evidence on the mecha-
nism of substratum effects on myelinogene-
sis.
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The Nucleocapsid of Hepatitis B Virus Is Both a
T-Cell-Independent and a T-Cell-Dependent Antigen

DaviD R. MILICH* AND ALAN MCLACHLAN

One characteristic of the immune response during hepatitis B virus (HBV) infection in
humans is the vigorous production and subsequent persistence of antibodies of
immunoglobulin (Ig) classes M and G to the nucleocapsid antigen (HBcAg). In this
study HBcAg was shown to be similarly immunogenic in mice. When injected into
athymic (nude) B10.BR and athymic BALB/c mice, HBcAg induced IgM and IgG
class antibodies to HBc in spite of the absence of T cells in nude mice. In euthymic
mice, HBcAg efficiently stimulated T-cell proliferation in vitro and helper T-cell
function in vivo. The dual functions of HBcAg as a T-cell-independent and a T-cell-
dependent antigen may explain its enhanced immunogenicity. Denaturation of HBcAg
yields a nonparticulate antigen designated HBeAg; when HBeAg was used as the
immunogen, antibody production required helper T-cell function. Although HBcAg
and HBeAg are serologically distinct, they are structurally related, and in these
experiments were highly cross-reactive at the T-cell level. These results suggest that the
elevated levels of IgM antibodies to HBc and the enhanced immunogenicity of HBcAg
during HBV infection in humans reflect the ability of HBcAg to directly activate B
cells to produce antibodies to HBc in the presence or absence of HBcAg- or HBeAg-
sensitized T cells.

exception since high titers of anti-HBc are

URING INFECTION WITH HEPATI-
D tis B virus (HBV), at least four

antigen-antibody systems are ob-
served: hepatitis B surface antigen (HBsAg)
and its antibody (anti-HBs); the pre-S anti-
gens associated with HBsAg particles and
their antibodies; the particulate nucleocap-
sid antigen (HBcAg) and anti-HBc; and an
antigen structurally related to HBcAg,
namely, HBeAg and its antibody (anti-
HBe). When HBcAg is treated with proteo-
lytic enzymes or mild detergent it is convert-
ed to HBeAg (I, 2). This has been con-
firmed by the finding that cryptic HBeAg
determinants are present on recombinant
HBcAg (rHBcAg) (3).

The HBsAg, including the pre-S region,
is an early marker of HBV infection. Al-
though the development of antibodies to
HBsAg may be delayed, antibodies to pre-S
antigens may occur quite early in infection
(4). Nevertheless, the humoral responses to
the envelope antigens may vary considerably
from patient to patient during infection and
after vaccination, ranging from high to non-
responder phenotypes (5). Despite being
internal components of virions, nucleocap-
sid antigens of a number of human viruses
are efficient immunogens (for example,
HTLV-1, HTLV-1II, hepatitis Delta virus,
and Epstein-Barr virus). The HBcAg is no
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regularly produced by virtually 100% of
HBV-infected patients. Furthermore, anti-
HBc of the immunoglobulin M (IgM) class
appears early in acute hepatitis B, and IgM
and IgG anti-HBc can persist with slowly
decreasing titers for many years (6). In
contrast, antibodies to HBeAg may not
develop or may appear at various times after
the appearance of anti-HBc, and are corre-
lated with viral clearance (7).

Table 1. Comparison of primary antibody re-
sponses after immunization with HBsAg and
HBcAg.

. Anti-HBs Anti-HBc
Strain* H-2 (titer) (titer)
B10 b 256 40,960
B10.D2 d 1024 81,920
B10.S s 0t 163,840
B10.BR k 32 163,840
B10.M f 0t 20,480
CH.Q q 2048 327,680
BALB/c d 1024 327,680

*Groups of five mice from each strain were immunized
with 4.0 pg of HBsAg or HBcAg in CFA, and pooled
sera were analyzed by solid(—iphase RIA for IgG antibod-
ies of the indicated specificities at day 24. Data are
expressed as the reciprocal of the highest serum dilution
to yield four times the counts of the sera before immuni-
zation (titer).  The H-2° and H-2 haplotypes are
nonresponsive to HBsAg even after secondary immuni-
zation (21).

Although HBcAg and HBeAg are sero-
logically distinct, the primary amino acid
sequences show significant identity [serum
HBeAg lacks the COOH-terminal 35 resi-
dues of HBcAg (8)]. One might therefore
predict that these antigens cross-react at the
T-cell level. Why then do the immune re-
sponses to HBcAg and HBeAg appear to be
regulated independently? This apparent
contradiction, the enhanced immunogenic-
ity of HBcAg, and reports that vaccination
with HBcAg confers protection against
HBYV infection prompted us to examine the
murine humoral and cellular immune re-
sponses to HBcAg.

A number of inbred murine strains, in-
cluding a series of H-2-congenics, were im-
munized with 4 pg of rHBcAg or HBsAg
(both particulate antigens) in complete
Freund’s adjuvant (CFA), and the primary
IgG antibody responses were analyzed by
solid-phase radioimmunoassays (RIA) of
approximately equal sensitivities. The results
of these assays correlated with results ob-
tained with commercially available anti-HBs
and anti-HBc assays (Abbott), and were of
equal to greater sensitivity. All strains im-
munized with HBcAg showed a vigorous,
primary, IgG anti-HBc response (Table 1).
The influence of H-2-linked genes on the
anti-HBc response is apparent (B10.S,
B10.BR>B10, B10.D2, B10.M), although
no nonresponder strains were identified.
The anti-HBc responses were significantly
greater (at least 80-fold) than the anti-HBs
responses in all strains tested. Furthermore,
high-titered anti-HBc persisted in these
mice a year after this single dose of HBcAg.
The comparative magnitudes of the primary
anti-HBc and anti-HBs responses, and the
lack of nonresponsiveness to HBcAg are, in
general, consistent with the human immune
responses to these HBV antigens.

The enhanced immunogenicity of HBcAg
in mice prompted us to examine the ability
of HBcAg to activate B cells directly. There-
fore, B10.BR euthymic (+/+) and B10.BR
athymic (nw/nu) mice were immunized with
various doses (0.5, 1.5, and 4.0 pg) of
rHBcAg in CFA, and sera were analyzed for
anti-HBc at 10 and 24 days after immuniza-
tion. As expected, the B10.BR +/+ mice
produced dose-dependent anti-HBc at 10
days and a 4- to 16-fold increase in the anti-
HBc titer at 24 days (Fig. 1A). However,
the B10.BR nu/nu mice also produced dose-
dependent, anti-HBc antibody at 10 days
after immunization (Fig. 1B), but showed
no increase in the anti-HBc titer at 24 days.
Complete Freund’s adjuvant was not re-
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