Journal of Neurochemistry
Lippincott—Raven Publishers, Philadelphia
© 1996 International Society for Neurochemistry

Rapid Communication

Interleukin-13-Mediated Regulation of y-Opioid Receptor
mRNA in Primary Astrocyte-Enriched Cultures

Bianca B. Ruzicka, Robert C. Thompson, Stanley J. Watson, and Huda Akil

Mental Health Research Institute, University of Michigan, Ann Arbor, Michigan, U.S.A.

Abstract: Opioids have been found to modulate the immune
system by regulating the function of immunocompetent cells.
Several studies suggest that the interaction between immune
and opioid systems is not unidirectional, but rather reciprocal,
in nature. In the CNS, one cellular target of immune system
activation is the astrocytes. These glial cells have been shown
to produce the opioid peptide, proenkephalin, to express the u-,
6-, and k-opioid receptors, and to respond to the immune factor
interleukin-14 (IL18) with an increased proenkephalin synthesis.
To characterize more completely the astrocytic opioid response
to immune factor stimulation, we examined the effect of IL13 (1
ng/ml) on the u-receptor mMRNA expression in primary astrocyte-
enriched cultures derived from rat (postnatal day 1-2) cortex,
striatum, cerebellum, hippocampus, and hypothalamus. A 24-h
treatment with IL13 produced a 70-80% increase in the p-re-
ceptor mRNA expression in the striatal, cerebellar, and hippo-
campal cultures but had no effect on this expression in the corti-
cal and hypothalamic cultures. This observation represents one
of the few demonstrated increases in levels of the p-receptor
mRNA in vitro or in vivo, since the cloning of the receptor. The
enhanced p-receptor mRNA expression, together with the previ-
ous observation that IL15 stimulates proenkephalin synthesis in
astrocytes, supports the IL15-mediated regulation of an astro-
glial opioid peptide and receptor in vitro, a phenomenon that
may be significant in the modulation of the gliotic response to
neuronal damage. Therefore, the astroglial opioid *“system’ may
be important in the IL18-initiated, coordinated response to CNS
infection, trauma, or injury. Key Words: Astrocytes —Interieukin-
18— u-Opioid receptor—Immune system activation—Im-
mune-—opioid system interactions.
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Opiates, such as morphine and heroin, as well as endoge-
nous opioid peptides, such as endorphins, enkephalins, and
dynorphins, exert their biological effects via the activation of
specific opioid receptors, classified as 4, 8, and k (Goldstein,
1987). Opioids have been found to modulate the immune
system by regulating the growth, proliferation, and activity
of various immunocompetent cells (Sibinga and Goldstein,
1988). However, studies suggest that the interaction between
the opioid and immune systems is not unidirectional, but
rather reciprocal, in nature (Blalock, 1989). In the CNS,
one cellular target of immune system activation is the
astrocytes, glial cells that are believed to play a critical role
in the response to CNS infection and to neuronal trauma or
injury.

Astrocytes have been shown to synthesize proenkephalin
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(Vilijn et al., 1988; Shinoda et al., 1989) and to possess
opioid binding sites (Hendrickson and Lin, 1980; Lightman
et al.,, 1983). Two separate investigations of the regulation
of astroglial enkephalin by interleukin-15 (IL13) have dem-
onstrated that this immune factor enhanced the proenkepha-
lin mRNA level in a time-, concentration-, and region-depen-
dent fashion (Low et al., 1992; Negro et al., 1992), sug-
gesting that the IL13-mediated elevation in proenkephalin
gene expression may be important in CNS infection or in-
Jjury. More recently, cultured astrocytes have also been found
to express the mRNA for all three opioid receptors in a
manner dependent on the receptor type and the brain region
from which the culture was derived (Ruzicka et al., 1995).
However, no evidence exists regarding the regulation of
astrocytic opioid receptors by immune factors. The objective
of the present study was to characterize more completely the
nature of the astrocytic opioid response to immune factor
exposure, by examining the effects of IL13 on the u-receptor
mRNA expression in several different astrocyte-enriched
cultures.

EXPERIMENTAL PROCEDURES

Cell culture

Astroglial cells were isolated and cultured as described
previously (Ruzicka et al., 1995). In brief, mixed neuronal -
glial cell suspensions were generated from the cortex, stria-
tum, cerebellum, hippocampus, and hypothalamus of 1-2-
day-old rat pups. A fixed cell number (5 X 10° per plate)
was seeded onto each uncoated 10-cm-diameter plastic cul-
ture dish. The growth medium (Eagle’s minimal essential
medium with D-valine and Earle’s salts plus 10% fetal calf
serum and 3.2 g of glucose/500 ml) was completely replaced
with ice-cold medium the next day (day 1 in vitro). Thereaf-
ter, half the growth medium was replaced every 3 days.
Cells reached confluence by day 8—10 in vitro and were
maintained for a total of 11 days in culture.
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On day 10 in vitro, the growth medium was replaced by
medium supplemented with glucose but lacking fetal calf
serum and containing IL15 (human recombinant IL14, 1
ng/ml; Bachem, Torrance, CA, U.S.A.) or vehicle (10 mM
acetic acid). The 1 ng/ml dose of IL13 was previously
shown to elicit a maximal up-regulation of astroglial proen-
kephalin mRNA (Negro et al., 1992). Cells were incubated
with IL18 or under control conditions for 24 h and were
then lysed directly on the culture dishes with Trizol reagent
(GibcoBRL, Grand Island, NY, U.S.A.) to extract total
RNA, as described previously (Ruzicka et al., 1995).

Immunohistochemistry for glial fibrillary acidic
protein (GFAP) and neuron-specific enolase
(NSE)

Immunohistochemical analysis was performed as detailed
previously (Ruzicka et al., 1995). In brief, cells grown on
glass coverslips were fixed within their culture wells with
Zamboni’s fixative. Primary antibody incubations were con-
ducted with rabbit anti-GFAP and anti-NSE, whereas sec-
ondary antibody incubations were carried out with biotinyl-
ated goat anti-rabbit IgG. After adequate washing, the cells
were incubated with avidin—biotin complex (Vector Elite
kit; 1:50). The staining reaction, conducted in 0.1 M sodium
acetate with diaminobenzidine tetrahydrochloride (Sigma,
St. Louis, MO, U.S.A)), 2.5% NiSO, (Sigma), and 0.01%
H,0,, was terminated by adding excess potassium phos-
phate-buffered saline. Coverslips were sequentially dehy-
drated through graded alcohols, xylene-cleared, and then
mounted onto slides for viewing under a light microscope.
Under the cell culture conditions described, no neurons were
detected following NSE immunohistochemistry, whereas
>95% of the cells were immunohistochemically positive for
GFAP, an astrocyte-specific marker (Fig. 1). In this regard,
the remaining cells presumably represented other glial cell
types, namely, oligodendrocytes and microglia.

Solution hybridization/RNase protection assays

Solution hybridization/RNase protection assays for y-opi-
oid receptor mRNA were carried out as reported previously
(Ruzicka et al.,, 1995). In brief, hybridizations were con-
ducted with a [**P]UTP-labeled cRNA probe generated from
a 432-bp PCR fragment designated 5A1. This fragment was
cloned into a modified EcoRV site of PT7 Blue (Novagen,
Madison, WI, U.S.A.). Linearization with EcoRI and com-
plete transcription of the linearized insert yielded a cRNA
of 514 bp in length. The hybridization reaction was per-
formed at 60°C for an overnight period and was then termi-
nated by addition of RNase A (40 pg/ml at room temperature
for 1 h). Following proteinase K treatment and organic ex-
traction, the RNA was precipitated by addition of ethanol.

The obtained cRNA:mRNA fragments were heat-dena-
tured and fractionated on a 4% polyacrylamide denaturing
(7 M urea) gel in 1 X TBE (89 mM Tris, 89 mM boric acid,
and 2 mM EDTA). Following electrophoresis, the gel was
dried under vacuum and then exposed to x-ray film (Kodak
XAR) with two enhancer screens for a period ranging from
24 h to 7 days.

Dot-blot hybridizations

To provide an index of total RNA quantity in each sample,
10% of each RNA sample analyzed by RNase protection
assay was concomitantly analyzed by dot-blot hybridization
as previously described (Ruzicka et al., 1995). In brief, the
RNA samples were heat-denatured and then directly applied,
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FIG. 1. GFAP immunohistochemical staining of a cortical glial
cell culture. After 11 days in culture, the GFAP-positive cells
exhibited either a flat, polygonal morphology (A) or a stellar,
process-bearing morphology (B). Such a phenotype was typical
of all cultures used in the study, regardless of the brain region
from which they were derived or the presence or absence of
IL18.

under vacuum, to a Nytran membrane (Schleicher and
Schuell, Keene, NH, U.S.A.) contained within a hybridiza-
tion manifold. The RNA was fixed to the membrane by UV
cross-linking using a Stratagene UV cross-linker.
Following prehybridization of the membrane, a [*P]-
UTP-labeled cRNA probe for 1B15 (cyclophilin; a ubiqui-
tous ‘‘housekeeping’’ gene product) was added to a final
concentration of 1 X 10° cpm/ml. Following an overnight
hybridization at 60°C, the membrane was washed at 70°C in
0.1X saline-sodium citrate and 0.1% sodium dodecyl sulfate
and then exposed to x-ray film (Kodak XAR) at room tem-
perature for 5—24 h. Previous studies using northern blot
analysis of astroglial RNA revealed that the 1B15 cRNA
probe hybridized to a single RNA species of the expected
and apparent molecular size of 1.4 kb (data not shown}).

Data expression and analysis

Autoradiogram signals generated from [**P]cRNA:
mRNA hybrids during the solution and dot-blot hybridiza-
tions were analyzed for the gray level intensity using compu-
terized image analysis (NTH Image). Regarding the solution
hybridization, only those signals generated from the appro-
priately sized protected mRNA fragments were analyzed.
The gray value determined for the signal generated by each
protected fragment was corrected for autoradiogram expo-
sure time and standardized with respect to the level of 1B15
expression. Differences between control and IL1/ treatment
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FIG. 2. Effects of IL18 (1 ng/ml) on u-receptor mRNA expres-
sion in primary astrocyte-enriched cultures. Representative auto-
radiograms were generated from striatal cultures following an
RNase protection assay for y-receptor mRNA (A), and a dot-blot
analysis for 1B15 mRNA (B). Exposures shown are for illustrative
purposes only and are not necessarily those used for quantitative
analysis. C: The standardized data for all five astrocyte-enriched
cultures, expressed as percentages of the control value. Data are
mean + SEM (bars) values of five to 10 observations obtained in
four separate studies. C, control; IL13, IL143 treatment for 24 h;
Ctx, cortex; Str, striatum; Cb, cerebellum; Hippo, hippocampus;
Hypo, hypothalamus. *p < 0.05 compared with control.

values were compared using a paired Student’s ¢ test and
were considered significant if p < 0.05. Results obtained
from four separate studies have been expressed as percent-
ages (mean = SE) of control values.

RESULTS AND DISCUSSION

A 24-h exposure of the astrocyte-enriched cultures to IL15
produced a significant elevation in the y-receptor mRNA
level in those cultures derived from the striatum, cerebellum,
and hippocampus (Fig. 2). The enhanced p-receptor mRNA
expression in these cultures, which represented an ~70—
80% increase beyond control levels, was observed only after
a 24-h incubation with IL14 and not after a 4-h incubation
with the cytokine (data not shown). In contrast, a 24-h treat-
ment with IL13 did not produce any apparent change in
the p-receptor mRNA level in astrocyte-enriched cultures
derived from either the cortex or the hypothalamus (Fig. 2),
suggesting a brain region-dependent action of the cytokine.

The enhanced p-receptor mRNA expression by IL1S rep-
resents one of the few demonstrated increases in this RNA
species since the cloning of the y-receptor (Chen et al., 1993;
Thompson et al., 1993; Wang et al., 1993). In addition, it
is, to our knowledge, the first demonstration that opioid re-
ceptor mRNA can be modulated by this cytokine.

The region-dependent nature of the IL15 effect raises the
question of whether this specificity results from differential
IL12 receptor expression in these cultures. Although IL13

receptors have been localized to astrocytes (Ban et al., 1993)
and IL14 receptors have been found to be heterogeneously
distributed among brain regions (Yabuuchi et al., 1994),
their relative abundance in these brain regions may not ac-
count for the observed IL1/ action. Indeed, significant levels
of the IL18 receptor have been demonstrated in the rodent
cortex (Takao et al, 1990), a brain region generating
astrocyte-enriched cultures that were unresponsive to the
IL12 treatment. In contrast, relatively low levels of the IL143
receptor have been observed in the cerebellum (Cunningham
et al.,, 1992), a brain region generating astrocyte-enriched
cultures that responded to the IL18 exposure with an almost
doubling in their p-receptor mRNA levels. It is unclear
whether the IL14 receptor distributions described in these
studies represent predominantly neuronal, glial, or both types
of localization, but it is interesting that the region-dependent
nature of the IL1g3-elicited elevation in p-receptor mRNA
level may not be associated with the relative abundance of
the IL.143 receptor in these cultures. This issue awaits further
study.

The IL1B-mediated elevation in p-receptor mRNA ex-
pression apparently also is not associated with the basal u-
receptor mRNA levels in these cultures. We have previously
shown that cortical astrocyte-enriched cultures contain ap-
proximately twice the level of u-receptor mRNA as each
of the striatal, cerebellar, hippocampal, and hypothalamic
cultures (Ruzicka et al., 1995). Although the latter four
cultures produce comparable levels of p-receptor mRNA,
only those derived from the striatum, cerebellum, and hippo-
campus responded to the IL13 with an increased p-receptor
mRNA expression. Thus, the basal level of u-receptor
mRNA expression did not appear to influence the capacity
of the astrocytes to respond to the cytokine.

The mechanism of the IL13 action on the p-receptor
mRNA expression is currently not known and is complicated
by the fact that the cytokine can activate both astrocytes and
microglia, is produced by both these glial cell types, and may
be modulated in vivo by the presence of soluble interleukin-1
receptors and an interleukin-1 receptor antagonist (Dina-
rello, 1991). The astrocyte-enriched cultures in this study
may contain a small proportion of microglia. Thus, the possi-
bility that the mechanism of L1/ action may involve, at
least in part, the activation of microglia and/or the activity
of endogenously-derived IL1S cannot be dismissed. Simi-
larly, the presence of other endogenous factors such as solu-
ble interleukin-1 receptor or receptor antagonist, and their
potential IL14-modulating effects, should also be consid-
ered.

Biochemically, cyclic AMP, prostaglandin E,, and Ca**
have all been implicated as intracellular signaling molecules
in the actions of 118 (Dinarello, 1991; Rothwell, 1991).
In addition, IL15 has been shown to induce activity of the
nuclear factor AP-1 via increases in the expression of c-jun
mRNA (Muegge et al., 1989). It is interesting that the u-
receptor gene promoter has also recently been characterized,
by sequence analysis, to contain a consensus sequence for
the cytokine response element NF-IL6 (nuclear factor-in-
terleukin 6) (Min et al., 1994). Therefore, the possibility
exists that [L.1 5 may mediate its effects on u-receptor mRNA
expression either indirectly through an intracellular signaling
cascade involving immediate-early gene expression (c-fos
and c-jun) or directly through its own binding to a stimula-
tory cytokine response element on the u-receptor gene. Al-
ternatively, IL18 may up-regulate u-receptor mRNA expres-
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sion via an increased stability, i.e., half-life, of the RNA
transcript.

The physiological significance of the IL18-mediated ele-
vation in astroglial u-receptor mRNA expression is not clear
and is confounded by the fact that the cytokine effects on
the p-receptor protein levels are currently unknown. The
effects of IL.18 on the remainder of the y-receptor biosyn-
thetic pathway await further study. However, it is interesting
to note that both IL14 and opioids have been implicated in
the modulation of cell proliferation in the CNS. CNS infec-
tion, trauma, or injury has been shown to enhance IL1S5
synthesis and secretion in immunocompetent cells, neurons,
and astrocytes (Dinarello, 1991; Rothwell, 1991). The se-
creted IL13 has numerous effects, including the stimulation
of astrocyte proliferation (gliosis) and activity (IL15 and
nerve growth factor synthesis) (Dinarello, 1991; Rothwell,
1991), components of the neuroprotective response. IL1J3
has also been shown to enhance astroglial proenkephalin
synthesis (Low et al., 1992; Negro et al., 1992). Enkepha-
lins, in turn, have been demonstrated to exert antimitogenic
effects on both neurons and astroglial cells (Stiene-Martin
and Hauser, 1991; Zagon and McLaughlin, 1991). Itis there-
fore intriguing to speculate that the concomitant increase in
astroglial proenkephalin and yu-receptor mRNA expression
by IL15 may result in the autoregulation of the gliotic re-
sponse via the enkephalinergic activation of the u-receptors.
Such a modulation of the astroglial opioid ‘‘system’” (both
peptide and receptor) by IL18 would permit this cytokine to
regulate finely the intensity of its own actions on astrocytes,
particularly with respect to cell proliferation. A regulation
of the gliotic response would minimize possible neuropatho-
logical events resulting from excessive immune system acti-
vation or chronic inflammation. Therefore, the astroglial opi-
oid ‘‘system’” may be important in the IL1g-initiated, coor-
dinated response to CNS infection, trauma, or injury.

Acknowledgement: This work was supported by grants
1RO1DA08920 and SROIDA02265 from the NIDA, grant
PO1DK07367 from the NIDDKD, and grant 88-46 from the
Markey Trust. B.B.R. was supported by fellowships received
from the Medical Research Council of Canada and grant
T32-DA07268 from the NIDA.

REFERENCES

Ban E. M., Sarlieve L. L., and Haour F. G. (1993) Interleukin-1
binding sites on astrocytes. Neuroscience 52, 725-733.

Blalock J. E. (1989) A molecular basis for bidirectional communica-
tion between the immune and neuroendocrine systems. Physiol.
Rev. 69, 1-32,

Chen Y., Mestek A, Liu J., Hurley J. A., and Yu L. (1993) Molecu-
lar cloning and functional expression of a u-opioid receptor
from rat brain. Mol. Pharmacol. 44, 8—-12.

Cunningham E. T., Wada E., Carter D. B., Tracey D. E., Battey J. F.,
and De Souza E. B. (1992) In situ histochemical localization of

J. Neurochem., Vol. 66, No. 1, 1996

type I interleukin-1 receptor messenger RNA in the central
nervous system, pituitary and adrenal gland of the mouse. J.
Neurosci. 12, 1101-1114.

Dinarello C. A. (1991) Interleukin-1 and interleukin-1 antagonism.
Blood 77, 1627-1652.

Goldstein A. (1987) Binding selectivity profiles for ligands of multi-
ple receptor types: focus on opioid receptors. Trends Pharma-
col. Sci. 8, 114-118.

Hendrickson C. M. and Lin S. (1980) Opiate receptors in highly
purified neuronal cell populations isolated in bulk from embry-
onic chick brain. Neuropharmacology 19, 731-739.

Lightman S., Ninkovic M., Hunt S. P., and Iversen L. L. (1983)
Evidence for opiate receptors on pituicytes. Nature 305, 235—
237.

Low K. G., Allen R. G., and Melner M. H. (1992) Differential
regulation of proenkephalin expression in astrocytes by cyto-
kines. Endocrinology 131, 1908—-1914.

Min B. H., Augustin L. B., Felsheim R. F., Fuchs J. A., and Loh
H. H. (1994) Genomic structure and analysis of promoter se-
quence of a mouse p opioid receptor gene. Proc. Natl. Acad.
Sci. USA 91, 9081-9085.

Muegge K., Williams T. M., Kant J., Karin M., Chiu R., Schmidt
A., Siebenlist U., Young H. A., and Durum S. K. (1989) In-
terleukin-1 costimulatory activity on the interleukin-2 promoter
via AP-1. Science 246, 249-251.

Negro A., Tavella A., Facci L., Callegaro L., and Skaper S. D.
(1992) Interleukin-15 regulates proenkephalin gene expression
in astrocytes cultured from rat cortex. Glia 6, 206—212.

Rothwell N. J. (1991) Functions and mechanisms of interleukin-1
in the brain. Trends Pharmacol. Sci. 12, 430-436.

Ruzicka B. B., Fox C. A., Thompson R. C., Meng F., Watson S. J.,
and Akil H. (1995) Primary astroglial cultures derived from
several rat brain regions differentially express 4, 6 and « opioid
receptor mRNA. Mol. Brain Res. 34, 207-218.

Shinoda H., Marini A. M., Cosi C., and Schwartz J. P. (1989) Brain
region and gene specificity of neuropeptide gene expression in
cultured astrocytes. Science 245, 415-417.

Sibinga N. E. S. and Goldstein A. (1988) Opioid peptides and opioid
receptors in cells of the immune system. Annu. Rev. Immunol.
6, 219-249.

Stiene-Martin A. and Hauser K. F. (1991 ) Glial growth is regulated
by agonists selective for multiple opioid receptor types in vitro.
J. Neurosci. Res. 29, 538-548.

Takao T., Tracey D. E., Mitchell M., and DeSouza E. B. (1990)
Interleukin-1 receptors in mouse brain: characterization and
neuronal localization. Endocrinology 127, 3070-3078.

Thompson R. C., Mansour A., Akil H., and Watson S. J. (1993)
Cloning and pharmacological characterization of a rat mu opioid
receptor. Neuron 11, 903-913.

Vilijn M.-H., Vaysse P. J.-J., Zukin R. S., and Kessler J. A. (1988)
Expression of preproenkephalin mRNA by cultured astrocytes
and neurons. Proc. Natl. Acad. Sci. USA 85, 6551-6555.

Wang J. B., Imai Y., Eppler C. M., Gregor P., Spivak C. E., and
Uhl G. R. (1993) Mu opiate receptor: cDNA cloning and ex-
pression. Proc. Natl. Acad. Sci. USA 90, 10230-10234.

Yabuuchi K., Minami M., Katsumata S., and Satoh M. (1994) Local-
ization of type I interleukin-1 receptor mRNA in the rat brain.
Mol. Brain Res. 27, 27-36.

Zagon 1. S. and McLaughlin P. J. (1991) Identification of opioid
peptides regulating proliferation of neurons and glia in the de-
veloping nervous system. Brain Res. 542, 318-323.



