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ABSTRACT In the immune system, T-lymphocyte prolif-
eration depends on interleukin 2 [IL-2 (T-cell growth factor)]
interaction with specific receptors. In this study we show that
IL-2 can specifically inhibit the proliferation of neonatal rat
oligodendrocyte progenitor cells cultured in a serumless, chem-
ically defined medium (oligodendrocyte-dermed medium;
ODM). IL-2 inhibited both [ HIthymidine incorporation and
increase in cell number. Specificity was shown by precipitating
IL-2 activity with anti-IL-2 antiserum. Furthermore, growth
inhibition depended on the expression of Tac (an anti-IL-2
receptor monoclonal antibody)-positive receptors (IL-2 recep-
tor). When cells were cultured in the presence of IL-2, both
Tac-positive staining and growth inhibition were no longer
expressed. The addition of interleukin 1 had no effect on
[3H]thymidine incorporation or changes in cell number. How-
ever, when IL-1 was subsequently added together with IL-2,
Tac expression and IL-2-mediated inhibition of cell prolifera-
tion was induced. This inhibitory effect was not due to a
sensitive subpopulation because >90% of the culture was Tac
positive. Taken together, these data show that IL-: can
specifically inhibit oligodendrocyte proliferation and acts via
Tac-positive receptors.

A growing body of data suggests that bidirectional commu-
nication can exist between the immune and central nervous
system (for review, see ref. 1). In addition to the potential
involvement of neuroendocrine influence on immune func-
tion (2, 3), there are also reports ofimmunoregulation ofbrain
activity (4, 5). The most striking examples of the latter con-
dition are in patients with immune-mediated neurological
disorders such as multiple sclerosis. The pathological de-
scription of axonal demyelination and glial hyperplasia in
multiple sclerosis suggests the intimate involvement of T-
cells (6-8), macrophages (9-11), and possibly their secreted
peptide hormones (12).
The direct immunoregulation of central nervous system

function by immune system growth factors has been shown
only recently. Increased leukocyte number in demyelinated
areas provides within the central nervous system a source of
interleukin 1 (IL-1), interleukin 2 (IL-2), and y interferon (11,
12). In vivo and in vitro studies have shown specific inter-
action with brain cells: 'y interferon induces both H-2 (class
I major histocompatibility antigen) and Ia antigen (class II
major histocompatibility antigen) on astrocytes and H-2
antigen on oligodendocytes and neurons (10); IL-1 can both
be synthesized by and act as a mitogen for astrocytes (13, 14);
and products produced by the human T-cell line Mo can
induce IL-2 receptors, as detected by the anti-IL-2 receptor-
monospecific antibody anti-Tac, on oligodendrocytes and

induce glial cell proliferation (15). However, several studies
have shown that IL-2 has no effect on oligodendrocyte
proliferation (14, 15). These studies were carried out in serum
with culture conditions where the capacity of isolated oligo-
dendrocytes to proliferate is minimal (16, 17).

Recently, we developed a serum-free chemically defined
medium (oligodendrocyte-defined medium; ODM) that sup-
ports the rapid proliferation of immature oligodendrocytes
purified from primary rat cerebral cultures (17). The purified
cell population is 95-98% homogeneous with respect to the
oligodendrocyte marker, glycerol phosphate dehydrogenase,
and the glial progenitor cell marker, the mouse monoclonal
antibody A2B5, but largely lacks galactocerebroside and
myelin basic protein. Since the immunological marker galac-
tocerebroside is now generally used as a criterion for the
identification of oligodendrocytes, we find it useful for
purpose of clarification to call the preparation of A2B5/
glycerol phosphate dehydrogenase-positive cells "oligoden-
drocyte progenitor cells." We feel this is justified because,
under the conditions of ODM, these cells give rise in 5 days
to cells identified as oligodendrocytes by biochemical, im-
munological, and ultrastructural criteria (17).

In the present report, we demonstrate that the T-cell
growth factor IL-2 (18, 19) can modulate the proliferation of
oligodendrocyte progenitor cell cultured in ODM. IL-2 in-
hibits both [3H]thymidine incorporation and increase in cell
number. This action of IL-2 was specifically mediated by
Tac-positive receptors.

MATERIALS AND METHODS
Cell Culture. Purified cultures of rat oligodendrocyte

progenitor cells were prepared as modified (17) and seeded in
Falcon plastic 24-well culture plates at a density of 105 cells
per well. The culture medium was Dulbecco-Vogt-modified
Eagle's medium/Ham's F-12 medium, 1:1 (vol:vol), with 1.2
g of NaHCO3 per liter and 15 mM Hepes buffer (serum-free
medium; SFM) supplemented with 10% (vol/vol) fetal calf
serum. SFM was routinely made with pyrogen-free, ultrapure
distilled water.
ODM. ODM consisted of SFM, pyruvate (110 pg/ml),

insulin (5 /Lg/ml), transferrin (500 ng/ml), and pituitary
fibroblast growth factor (FGF; 75 ng/ml).

Cell Proliferation. Purified oligodendrocyte progenitor
cells were initially seeded in culture medium. After 18-24 hr
of incubation to allow attachment, cells were washed three

Abbreviations: ODM, oligodendrocyte-defined medium; IL-1 and
IL-2, interleukins 1 and 2; FGF, fibroblast growth factor; SFM,
serum-free medium.
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times with SFM and ODM with or without experimental
supplements added. Cells were counted in an aliquot, and this
cell density was used as the actual seeding density. Cells were
subsequently cultured and counted as described (17). There
was never evidence of cell death or debris in either control or
experimental cultures.

[3H]Thymidine incorporation was estimated from tri-
chloroacetic acid-precipitated material. Briefly, oligodendro-
cytes were cultured in ODM with and without experimental
supplements for 22 hr and subsequently were exposed to 1.0
,Ci (1 Ci = 37 GBq) of [3H]thymidine per ml for 2 hr. Cultures
were then processed and assayed for radioactivity as de-
scribed (20).
Immunocytochemical Staining. For immunocytochemical

staining, cells were cultured on glass coverslips and incubat-
ed with either anti-Tac antibody or control sera at a dilution
of 1:5000 in phosphate-buffered saline (0.03 M phosphate
buffer/0.9% NaCl, pH 7.4) for 1-2 hr at room temperature.
Cells were rinsed three times in phosphate-buffered saline
and fixed in 2% paraformaldehyde (wt/vol) for an additional
2 hr. After the phosphate-buffered saline washes were re-
peated, cells were incubated with biotin-conjugated goat
anti-mouse IgG at a dilution of 1:125 in phosphate-buffered
saline for 16-18 hr at 40C. Subsequently, cultures were rinsed
three times and incubated with tetranitroblue tetrazolium in
the dark for 15 min at room temperature. The stained cultures
were then rinsed, mounted, and photographed.

IL-2 Bioassay. IL-2 bioactivity of both purified astrocyte-
and oligodendrocyte-conditioned media was determined by
its ability to induce [3H]thymidine incorporation in the
murine IL-2-dependent CTLL-2 cell line (21). Purified
astrocytes (22) were grown to confluence in culture medium.
Cultures were then washed three times with SFM and
cultured for an additional 48 hr in SFM. The conditioned
medium was then processed as described (17). Purified
oligodendrocytes were cultured in ODM for 48 hr, and the
conditioned medium was processed similar to astrocyte-
conditioned medium.

In all experiments, one unit of IL-2 activity-0.12 ng/ml as
determined for recombinant IL-2-gives 50% of maximum
proliferation in this assay and is equivalent to 1.5 IL-2
"Reference Reagent units" as defined by the Biological
Response Modifiers Program of the National Cancer Insti-
tute. Dose-response experiments of both conditioned media
were performed, and no IL-2 activity was detected.

IL-2. Human IL-2 (natural IL-2) was prepared from the
supernatant of the Jurkat culture medium as described by
Robb et al. (23) and purified by using a rabbit anti-human
recombinant IL-2 immunoaffinity column. By gel electro-
phoresis, this IL-2 preparation appeared homogeneous.
Recombinant IL-2 was a gift from Cetus (Emeryville, CA).

Materials. Unless otherwise stated, all chemicals were
purchased from Sigma. Pituitary FGF was purified by a
modification (20) of the procedure of Gospodarowicz (24).
Ham's F-12 medium (H-17), Dulbecco's modified Eagle's
medium (H-12), Hanks' balanced salt solution (Mg2+/Ca2+-
free), and fetal calf serum were obtained from Irvine Scien-
tific (Irvine, CA). Trypsin (1% Enzar-T) was from Reheis
(Kankakee, IL), protein A-Sepharose was from Pharmacia,
and IL-1 was from Collaborative Research (Waltham, MA).
The monoclonal antibody to the Tac-positive receptor was a
generous gift of T. Waldman (National Institutes of Health).

RESULTS
Isolated rat oligodendrocyte progenitor cells induced to
proliferate when grown in ODM have been characterized
biochemically, ultrastructurally, and immunologically (17).
After 5 days of growth, routine cultures are 95-98% oligo-
dendrocytes with 2-5% of the cells staining positive for glial

Table 1. IL-2 inhibition of [3H]thymidine incorporation into
oligodendrocyte progenitor cells

Medium Treatment cpm SD

Treatment added at day 1
ODM None 2365 88

IL-1 2250 100
IL-2 1636 197*
IL-1/IL-2 1790 105*

SSM None 260 15
IL-1 254 16
IL-2 190 21t
IL-1/IL-2 211 ±ot

Treatment added at day 3
ODM

SSM

None
IL-1
IL-2
IL-1/IL-2
None
IL-1
IL-2

2840 ± 234
2434 ± 316
1588 ± 390*
1989 ± 185*
439 ± 119
449 ± 101
233 ± 55

IL-1/IL-2 350 102

The method of detection of [3H]thymidine incorporation is given
in the text. Treatments are added at either the initial medium change
to defined medium (day 1) or at the next medium change (day 3). IL-2
was used at 5 units per ml, and IL-1 was used at 3 units per ml; cpm
represent the mean of three cultures SD. The results are repre-
sentative of triplicate experiments. SSM, serum-supplemented me-
dium.
*Significant at P < 0.005.
tSignificant at P < 0.01.

fibrillary acid protein (astrocytes) and none for nonspecific
esterase-positive cells (macrophages).

IL-2 Inhibition of [3H]Thymidine Incorporation. IL-2 inhib-
ited incorporation of [3H]thymidine in oligodendrocyte pro-
genitor cells cultured in both ODM and serum-supplemented
medium (Table 1). IL-2 was active over a wide range of
concentrations (Fig. 1). Affinity-purified IL-2 and recombi-
nant IL-2 dosage was examined (data not shown).
To examine whether IL-2 could inhibit thymidine incor-

poration in cells in logarithmic-phase growth, purified oligo-
dendrocyte progenitor cells were allowed to proliferate for 2

4
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FIG. 1. Dose-response curve of [3 ]thymidine incorporation into
oligodendrocyte progenitor cells as a response to IL-2. Oligoden-
drocyte progenitor cells were isolated and cultured for 24 hr in ODM
containing varying amounts of IL-2 (affmity-purified). Radiolabel
was added 2 hr before termination of the experiment. Cultures were
processed and assayed for radioactivity as described in the text.
(Inset) Data derived from low concentrations of IL-2. Both graphs
represent three experiments, and data points are means of triplicate
trials ± SD.
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Table 2. The precipitation of 11-2 activity with specific antiserum
against IL-2

Condition cpm ± SD

None 700 ± 75
IL-2 402 ± 50*
IL-2/anti-IL-2 antiserum 637 ± 57
IL-2/preimmune serum 385 ± 35*

IL-2 activity is based on [3H]thymidine incorporation into acid-
precipitated material as described in the text. IL-2 was used at 5 units
per ml. IL-2 was allowed to interact with anti-IL-2 antiserum for 18
hr at 40C, at which time protein A-Sepharose was added. After 6 hr
at 40C, the solution was centrifuged in a Microfuge for 2 min before
added to the bioassay system. In the control experiments, either
sterile saline or preimmune serum was substituted for IL-2 or
anti-IL-2 antiserum. In this experiment, cells were seeded at 5 x 104
cells per ml; cpm represents the mean of three cultures ± SD. This
experiment is representative of duplicate experiments.
*Significant at P < 0.005.

days in ODM. Then the medium was changed, and IL-2 was
added for 24 hr. IL-2 inhibited the incorporation of
[3H]thymidine (Table 1). IL-2 was also active on 5-day-old
cultures (data not shown).
The specificity of IL-2 action on oligodendrocyte progen-

itor cells was ascertained in two ways. First, IL-2 had no
effect on purified cultures of astrocytes in the [3H]thymidine
incorporation assay (data not shown), indicating that con-
taminating astrocytes did not affect the thymidine incorpo-
ration data. Second, monospecific antibodies to IL-2 (25)
abrogated IL-2 activity on oligodendrocytes, whereas preim-
mune serum had no effect (Table 2).

IL-2 Inhibition of Cell Proliferation. The exclusive use of
[3H]thymidine incorporation data to define modulation of
actual cell numbers may lead to false conclusions (26). To
substantiate [3H]thymidine incorporation data, we performed
cell-growth experiments over a 5-day period (Fig. 2). Added
by itself, IL-2 had no effect on cell growth. After 5 days of
culture, those cultures with IL-2 present during the entire 5
days had 3.46 (± 0.20) x 105 cells, whereas those cultures
without IL-2 present had a cell count of 3.62 (± 0.27) x 105
cells. However, in combination with IL-1, IL-2 significantly
inhibited cell proliferation (Fig. 2). By itself, added IL-1 had
no effect on cell number (data not shown).

IL-1 Regulation of Anti-Tac-Positive Receptors. Tac, an
anti-IL-2 receptor monoclonal antibody (27, 28), was used to

U

1 3 5
Time, days

FIG. 2. Growth curve of isolated oligodendrocyte progenitor
cells as a response to IL-1 combined with IL-2. Oligodendrocyte
progenitor cells were isolated and cultured in ODM with (o) or
without (e) IL-1 (3 units per ml) and IL-2 (2 units per ml). Data points
represent the cell number per well; values are means of six wells +
SEM. This is representative of duplicate experiments.
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FIG. 3. Immunocytochemical staining of pure isolated oligoden-
drocyte progenitor cells with anti-Tac monoclonal antibody. Micro-
graphs are bright-field photographs of the avidin-biotin complex,
with glucose oxidase staining of oligodendrocytes after 24 hr in
ODM. (A) Micrograph of oligodendrocytes stained with control sera.
(B) Sister culture stained with anti-Tac (1:5000). (x270.)

investigate whether IL-2 effects might be mediated by spe-
cific receptors as described on lymphocytes (23). Tac-
positive receptors were found on >90% of the purified
oligodendrocyte progenitor cells at the first medium change
to ODM (Fig. 3). When the cultures were continuously
exposed to IL-2 for 5 days in ODM, none of the cells
expressed Tac-positive receptors. However, when the cells
were not exposed to IL-2 or when IL-1 had been added alone
or together with IL-2 for 5 days, >90o of the surface
decoration varied greatly (Fig. 4).

IL-1 Modulation of IL-2 Inhibition of [3H]Thymidine Incor-
poration. IL-1 addition to cultures switched to ODM had no
effect on thymidine incorporation by itself nor enhanced IL-2
inhibition (Tables 1 and 3). After 48 hr of IL-2 treatment, no
significant effect on [3H]thymidine incorporation was ob-
served (Table 3). However, in sister cultures with added
IL-1, IL-2 inhibited thymidine incorporation (Table 3). This
effect was also found at 5 days in culture (data not shown).
Furthermore, the addition of IL-1 had no effect on cell
proliferation but induced Tac-positive receptors. The IL-2
inhibition of [3H]thymidine incorporation was only expressed
under conditions of Tac receptor expression: (i) cultured
oligodendrocytes not previously exposed to IL-2 (Table 1 and
Figs. 3 and 4) and (ii) where IL-1 was present (Table 3 and
Fig. 4). These data suggest the effect of IL-2 can be mediated
via IL-1 modulation of Tac-positive receptors.

DISCUSSION
IL-2 is a lymphokine synthesized and secreted by some T
cells after activation with antigen or mitogen in the presence
of IL-1 (29, 30). The present study demonstrates that IL-2
specifically inhibits the proliferation of isolated oligodendro-
cyte progenitor cells in culture. Specificity was demonstrated
by using homogeneous natural IL-2 and recombinant IL-2
and precipitating activity with specific antibodies to IL-2.
Both [3H]thymidine incorporation and cell number are re-
duced in the presence of IL-2. This inhibitory effect was only
found when oligodendrocyte progenitor cells expressed the
Tac receptor, suggesting a specific receptor-ligand-induced
response.
To exert a biological effect on T cells, IL-2 must interact

with specific high-affinity membrane receptors (23, 31). On T
cells, IL-2 receptors are expressed only after activation by an
antigen, mitogen, or anti-clonotype antibody in the presence
of IL-1 (32, 33). Once activated, receptor expression is
transient and lasts no longer than a few cell divisions (32, 33).
The monoclonal antibody anti-Tac is specific for IL-2 recep-
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FIG. 4. Immunocytochemical staining of isolated oligodendro-

cytes with anti-Tac monoclonal antibody after 5 days in culture.

Micrographs are of the avidin-biotin complex, with glucose oxidase

staining of pure oligodendrocytes cultured for 5 days, and utilize

bright-field optics. (A) Culture grown in the presence of IL-2 (2 units

per ml) and stained with anti-TAC antibody. (B) Parallel cultures

grown in the presence of both IL-i (3 units per ml) and IL-2 (2 units

per ml) and immunocytochemically stained with anti-Tac antibody.

(C) Parallel cultures grown in 0DM alone and stained with the

anti-Tac antibody. (x330.)

tors on lymphocytes (23, 27). Oligodendrocytes isolated and
cultured in 0DM express Tac-positive receptors throughout
the 5-day culture period. However, in the continued presence

of IL-2, the Tac-positive receptor disappeared. Furthermore,
the inhibition of [CH]thymidine incorporation was observed

only when the Tac receptor was expressed. Although it
cannot be ruled out that the anti-Tac antibody may be

interacting with a common epitope on another protein, the
modulation of IL-2 activity by the expression of the Tac-

positive protein strongly suggests that the oligodendrocyte
Tac receptor is the IL-2 receptor, or at least very similar to
the IL-2 receptor. The fact that picomolar IL-2 concentra-
tions inhibited oligodendrocyte-progenitor-cell proliferation
suggests that the effect of IL-2 is mediated by high-affinity
receptors because only such receptors would respond to such

IL-2 concentrations. A recent study (31) showed that only
high-affinity IL-2 receptors were internalized upon IL-2

Table 3. IL-1 modulation of IL-2 inhibition of [3H]thymidine
incorporation into oligodendrocyte progenitor cells previously
exposed to IL-2

Treatment cpm ± SD

None 2360 ± 86
IL-1 2010 ± 150
IL-2 1850 ± 194
IL-1/IL-2 1260 ± 132*

Oligodendrocytes were prepared and seeded as described in the
text. Both IL-1 (3 units per ml) and IL-2 (5 units per ml) were added
at the initial medium change and at the medium change at day 3. At
this time cultures were assayed for thymidine incorporation as
described in the text; cpm represents the mean of three cultures ±
SD. Experimental data shown are representative of three such
experiments.
*Significant at P < 0.005.

binding. Thus, the down-regulation of oligodendrocyte Tac-
positive receptor may also reflect the receptor high-affinity
status. However, the exact affinity of this receptor remains
to be determined.

Recently, Meuer et al. (34) have shown that some normal
activated T cells may be induced by IL-2 to express IL-2
receptors. In the presence of IL-2, Tac-positive receptors on
oligodendrocytes were down-regulated. The addition of IL-1
was found to induce the expression ofTac-positive receptors,
even in the presence of IL-2. This suggests that IL-1 is
regulating, at least in part, the expression of IL-2 receptors
on oligodendrocytes. Conditioned media from purified pop-
ulations ofastrocytes and oligodendrocytes were not found to
contain IL-2-like activity. Thus, it seems unlikely that an
IL-2-like activity from the culture system could be affecting
Tac protein expression. In T-cell stimulation, IL-1 induction
of IL-2 receptors requires a costimulator (29, 30). What the
costimulator would be in our system is presently unknown.
Another intriguing finding is the initial expression of Tac-
positive receptors. Prior to isolation, oligodendrocytes are
grown together with astrocytes in the presence of serum.
Fontana et al. (35) and Giulian and Lachman (14) have found
that, given the proper stimulator, astrocytes can secrete IL-1.
Together with a component(s) in serum, the astrocyte-
derived IL-1 may induce the expression of IL-2 receptors.
However, at this time we cannot speculate what the initial
Tac-positive-receptor inducer might be. Although IL-2 inter-
action with its specific receptor induces proliferation of
resting T cells, this interaction can also give negative growth
signals to T cells (36). In our study, this ligand-receptor
interaction partially inhibited oligodendrocyte-progenitor-
cell proliferation. This partial inhibition is probably not the
result of IL-2 action on a subpopulation of cells, since IL-2
receptors are expressed on almost the entire population of
cells and this population has been shown to be proliferative
(17). In addition, IL-2 inhibition of [3H]thymidine incorpo-
ration was not the result of cytotoxicity effects. There was
never a difference of cell degeneration or death between
treated and untreated cells. Furthermore, the specificity of
IL-2 action in concert with its receptor expression on
oligodendrocytes strongly suggests a peptide-mediated phys-
iological effect on oligodendroglial function.

Several studies indicate that cells of the central nervous
system can respond to and produce mediators of immune
function. Astrocytes have been shown to produce IL-1 (14,
35) and to proliferate upon exposure to IL-1 (14). Peptides
released from ameboid microglia after trauma induce prolif-
eration of cultured astrocytes (37). Oligodendrocytes prolif-
erate in response to a growth factor derived from superna-
tants of a transformed human T-cell line, Mo (15, 38).
However, two recent studies indicated that IL-2 had no effect
on oligodendrocytes (14, 15). In one study (14) IL-2 had no
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effect on cell number when oligodendrocytes were cultured
in serum-containing medium. Our data indicate that IL-1
needs to be present for changes in cell number to occur. The
other study found no mitogenic effects of IL-2 on galacto-
cerebroside-positive oligodendrocytes (15). Recently, Tem-
ple and Raff (39) have shown that oligodendrocytes cultured
from rat optic nerve may cease to proliferate upon expressing
galactocerebroside. The maturity ofthe oligodendrocyte may
account for lack of an IL-2 effect. The population of oligo-
dendrocytes used in this study are developmentally less
mature (17). They rapidly undergo proliferation and express
the progenitor cell marker A2B5. The marker A2B5 has been
shown to be expressed on progenitor cells that can eventually
express galactocerebroside (39, 40). Under our defined con-
ditions, the proliferating cell type does not express the
astrocyte marker protein glial fibrillary acidic protein (40).
Furthermore, this cell expresses the oligodendrocyte marker
glycerol phosphate dehydrogenase and its induction by
hydrocortisone (41) and later expresses galactocerebroside
and myelin basic protein (17, 42). This would suggest that
IL-2 is acting on an immature oligodendrocyte or oligoden-
drocyte progenitor cell.
The data presented show that IL-2 can specifically inhibit

the proliferation of isolated oligodendrocyte progenitor cells.
This action of IL-2 is mediated by expression of Tac-positive
receptors. The specificity of lymphokine with its receptor on
oligodendrocyte progenitor cells suggests the potential of
immunoregulation of oligodendrocyte physiology. In the
context of potential remyelination by oligodendrocytes, lim-
ited remyelination occurs in immune-mediated demyelina-
tion, whereas in other conditions, such as lysolecithin-
induced demyelination (43), remyelination readily occurs.
The extrapolation to our cell culture observations to in vivo
leads us to speculate that lymphokines in a lesion can affect
proliferative potential of astrocytes and oligodendrocytes
differentially and, thus, have an impact on whether gliosis
and scar formation or remyelination and repair predominate.
Thus, the further characterization of IL action on oligoden-
drocyte function may reveal some of the mechanisms in-
volved in immune system mediation of central nervous
system diseases such as multiple sclerosis.
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