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Abstract

To determine whether one or more opioid receptor types might be preferentially involved in
gliogenesis, primary mixed glial cultures derived from mouse cerebra were continuously treated
with varying concentrations of opioid agonists selective for mu () i.e., DAGO ([D-Ala2,MePhe?,
Gly(ol)®]enkephalin), delta (&) i.e., DPDPE ([D-Pen2,D-Pen®]enkephalin), or kappa (x) i.e.,
U69,593 opioid receptor types. In addition, a group of cultures was treated with [Met®]enkephalin,
an agonist for 8 opioid receptors as well as putative zeta ({) opioid receptors. Opioid-dependent
changes in growth were assessed by examining alterations in (1) the number of cells in mixed glial
cultures at 3, 6, and 8 days in vitro (DIV), (2) [®H]thymidine incorporation by glial fibrillary
acidic protein (GFAP) immunoreactive, flat (type 1) astrocytes at 6 DIV, and (3) the area and form
factor of GFAP-immunoreactive, flat (type 1) astrocytes. DPDPE at 1078 or 10710 M, as well as
[Met>]enkephalin at 1076, 1078 or 10710 M, significantly reduced the total number of glial cells in
culture; but this effect was not observed with DAGO or U69,593 (both at 1076, 1078 or 10710 m).
Equimolar concentrations (i.e., 1076 M) of [Met®]enkephalin or U69,593, but not DPDPE or
DAGO, suppressed the rate of [3H]thymidine incorporation by GFAP-immunoreactive, flat (type
1) astrocytes. DAGO had no effect on growth, although in previous studies morphine was found to
inhibit glial numbers and astrocyte DNA synthesis. [Met°]enkephalin (1078 M) was the only
agonist to significantly influence astrocyte area. Collectively, these results indicate that 6 (and
perhaps W) opioid receptor agonists reduce the total number of cells in mixed-glial cultures; while
[Met®]enkephalin (and perhaps ) responsive opioid receptors mediate DNA synthesis in
astrocytes. This implies that § opioid receptors, as well as [Met®]enkephalin-sensitive, non-&
opioid receptors mediate opioid-dependent regulation of astrocyte and astrocyte progenitor
growth. These data support the concept that opioid-dependent changes in central nervous system
growth are the result of endogenous opioid peptides acting through multiple opioid receptor types.
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INTRODUCTION

There is considerable evidence that endogenous opioid systems (i.e., endogenous opioid
peptides and opioid receptors) are involved in the regulation of neural growth in vivo (Vertes
et al., 1982; Zagon and McLaughlin, 1983; Hauser et al., 1987, 1989; Schmahl et al., 1989)
and in vitro (Ruffin et al., 1969; Vernadakis et al., 1982; Kornblum et al., 1987; Davila-
Garcia and Azmitia, 1989; Zagon and McLaughlin, 1989; Stiene-Martin and Hauser, 1989,
1990). By manipulating the interaction between endogenous opioids and their receptors, the
number and rate of differentiation of neural cells can be modified in vivo with opioid
peptides acting as negative trophic regulators of growth (Zagon and McLaughlin, 1983;
Hauser et al., 1987, 1989). More recently, a direct role for opioid systems as regulators of
growth is revealed by in vitro studies demonstrating that endogenous opioids (Stiene-Martin
and Hauser, 1990) and opiate drugs (Stiene-Martin, et al, 1991) can directly inhibit DNA
synthesis by developing astrocytes.

Opioid action is mediated through multiple, functionally distinct opioid receptor types (see
Martin et al., 1976; Gilbert and Martin, 1976; Goldstein, 1987). An unresolved question is
which opioid receptor type(s) mediate(s) the neurodevelopmental actions of opioids. Mu
(W)-, delta (5)-, and kappa (x)- opioid binding sites are present early in rodent brain
development (Spain et al., 1985; Kornblum et al., 1987; Ruis et al., 1991). Opiate-specific
binding sites have also been found in chick embryonic brain both in culture (Gibson and
Vernadakis, 1983) as well as in vivo (Geladopoulos et al., 1987). Reaggregate cultures from
guinea pig cerebellum express multiple types of opioid sites at 0, 7, and 14 days in vitro
suggesting that opioid receptors are expressed early and that expression of these sites can be
sustained for at least two weeks in chemically defined media in vitro (Barg and Simantov,
1989). Zagon and co-workers initially reported the presence of an opioid binding site in
tumor cell lines (Zagon et al., 1989) that preferentially binds [Met®]enkephalin (i.e., zeta [(]
receptor). Moreover, an identical opioid site present in the developing rat and human
cerebellum (Zagon et al., 1990a), is not detectable in the adult. The { opioid receptor is
reported to have a pharmacological selectivity and specificity profile that is unique
compared to l, 8, and k opioid receptors (Zagon et al., 1990a).

p-Selective ligands have been reported to directly inhibit neuronal (pyramidal cell) growth in
the rat cerebral cortex in vivo (Hammer et al., 1989; Ricalde and Hammer, 1990), to depress
[3H]thymidine incorporation in rat brain in a naloxone reversible manner (Kornblum et al.,
1987); increase ornithine decarboxylase in glial cell cultures (Vernadakis et al., 1982); and to
suppress [3H]thymidine incorporation by cerebellar neural cells in reaggregate cultures
(Barg et al., 1990). Conversely, other studies report direct opioid-dependent modulation of
growth by prototypic ligands that are selective for different opioid receptor types. Based on
correlative evidence that C opioid receptors are present in some developing tissues, and direct
evidence that [Met®]enkephalin can inhibit the growth of S20Y murine neuroblastoma cells
in culture, it has been inferred that C opioid receptors are preferentially involved in opioid-
dependent growth (Zagon et al., 1990b). In addition to | and {-selective opioid agents,
substances selective for other opioid receptor types also have been reported to modify
growth (Haynes, 1984).
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In general, studies of opioid action on nervous system development have been contradictory
(Ghadirian, 1969; Willson et al., 1976; Ilyinsky et al., 1987). Numerous side effects (e.g.,
opiates modify nutrition, respiration, and circulating hormone levels) make it difficult to
assess the in vivo action of opiate drugs per se (Sparber and Lichtblau, 1983), and perhaps
contribute to disparate results. In addition, brain region-specific critical periods of opioid
responsiveness or vulnerability (Sakellaridis and Vernadakis, 1986; Hammer et al., 1989), as
well as species (Pert et al., 1974; Mauer, 1982) and strain (Licata et al., 1990) differences in
opiate responsiveness that are, as yet, poorly defined, may additionally contribute to
conflicting results in vivo and in vitro. Because few reports have addressed the specific
effects of selective opioid ligands on the growth of identified neurons or glia in primary
cultures, we decided to assess the action of equimolar amounts of agonists prototypic for y, &
and x opioid receptors using a murine astrocyte culture model known to be developmentally
sensitive to opioids (Stiene-Martin and Hauser, 1989; 1990). The experiments presented
herein are part of a series of investigations which have simultaneously assessed the action of
multiple opioid agonists, as well as an opiate drug with abuse liability (i.e., morphine) using
glial cell growth itself as an end-point (Stiene-Martin et al., 1991). The studies presented
herein test the hypothesis that opioid effects on glial cells are mediated by specific opioid
receptors by using prototypic agonists selective for currently well established (i.e., y, 8 and
) opioid receptor types. Because [Met®]enkephalin has a demonstrated growth inhibiting
effect on astrocytes (Stiene-Martin and Hauser, 1990), it was included in several groups for
direct comparison with other agonists with the awareness that [Met>]enkephalin may be
acting on more than one opioid receptor type including putative  opioid receptor sites. The
results provide evidence that opioid-dependent alterations in the developing nervous system
are mediated by complex interrelationships between multiple opioid peptides and opioid
receptor types.

MATERIALS AND METHODS

Cell Culture

Primary cultures of glial cells were obtained from 1-day-old ICR mice (Harlen Sprague-
Dawley, Indianapolis, IN) as previously described (Stiene-Martin and Hauser, 1990) using
modifications of initial glial isolation steps reported by McCarthy and de Vellis (1978).
Briefly, using aseptic technique, mouse pups were decapitated, and the olfactory bulbs,
cerebellum and meninges removed from each brain. The cerebral hemispheres were minced,
and dissociated in 2.5% trypsin containing DNase (1 pg/ml) at 37°C by repeated agitation.
Cell suspensions were centrifuged at 40 x g for 5 min and the pellets resuspended in 3-4 ml
growth media containing Dulbecco's modified Eagle's medium (DMEM) with 0.5% glucose,
0.06% Na2CO3, and 10% fetal calf serum (FCS) (Hazelton, Lenexa, KS). The cell
suspension was triturated to break up cell aggregates and filtered through Nitex 130 (Tetko
Co., Elmsford, NY) to remove any remaining large clumps. The cell suspension was then
centrifuged at 40 x g for 3 min and the pellet resuspended in 1 ml of growth media with 10%
FCS. The cells were counted using a hemacytometer and were diluted to a density of
approximately 5 x 10° cells/ml with growth media and FCS. For labeling index studies 16
mm glass coverslips coated with poly-L-lysine (40.75 kDa; Sigma, St Louis, MO) were
placed into 22 mm wells and seeded with 1 ml of cell suspension. For absolute counts, 0.5
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Cell Counts

ml of cell suspension was delivered to 16 mm diameter culture wells (Primaria, Falcon,
Oxnard, CA). Cultures were incubated at 34—-34.5 °C in 5% C0,/95% air and high humidity.

The following opioid agonists were used in subsequent culture treatments: DAGO ([D-Ala2,
MePhe?, Gly(ol)°] enkephalin) (Handa et al., 1981) and DPDPE ([D-Pen?2, D-
Pen®]Jenkephalin) (Mosberg et al, 1983) obtained from Sigma (St. Louis, MO); U69,593 (5a,
7a,8b)-(—-)-N-methyl-N-(7-(1-pyrrolidinyl)-l-oxaspiro (4.5)dec-8-yl)benzeneacetamide)
(Lahti et al., 1985) a gift from the Upjohn Co., Kalamazoo, MI; [Met®]enkephalin (Tyr-Gly-
Gly-Phe-Met) acquired from Peninsula Laboratories (Belmont, CA); and naloxone from E.I.
Dupont, Wilmington, DE.

Two independent measures were used to assess glial growth in this culture system. First,
total cell numbers were examined in mixed glial cultures. Total cell numbers are dependent
on both the rate of cell proliferation and the rate of cell death. Second, to specifically assess
the effects of selective opioid agonists on astrocyte DNA synthesis, [3H]thymidine
incorporation was examined in glial fibrillary acidic protein (GFAP) immunoreactive
astrocytes at 6 days in vitro. In these studies, [3H]thymidine was administered for a 16 h
period from days 5 to 6 and labeling index assessed at 6 days in vitro, because previous
studies indicated that (at least in the case of [Met>]enkephalin and morphine) astrocyte DNA
synthesis is most reliably suppressed by opioids from 4 to 6 days in vitro (Stiene-Martin and
Hauser, 1989, 1990; Stiene-Martin et al., 1991; Stiene-Martin and Hauser, unpublished).

Methods for determining absolute cell counts have been previously reported (Stiene-Martin
and Hauser, 1990). Briefly, 24 h after plating (day 1), growth media and unattached cells
were removed from each culture well and replaced with either growth media plus 10% FCS
serum alone (controls), or growth media containing 10% FCS plus either 1075 M, 1078 M or
10710 M of the individual agonist drugs tested. Fresh medium was added to each culture
well on alternate days. On days 3, 6, and 8, cells were released from groups of culture wells
representing each treatment by trituration in the presence of 0.25% trypsin and 0.05% EDTA
after 10 min incubation at 34.5°C. Counts were performed using a hemacytometer;
microscopic examination verified that over 99% of cells were removed by this treatment.

Combined [3H]Thymidine Autoradiography and GFAP Immunocytochemistry

Twenty four hours after plating (day 1), growth media and unattached cells were removed
from each well (12 wells per group) and replaced with growth media containing 1076 M of
agonists selective for u (DAGO), § (DPDPE), k (U69,593), or § and { ([Met°]enkephalin)
opioid receptor types. Another set of culture groups was treated with each of the preceding
opioid agonists plus 3 x 1078 M naloxone. In addition, a control group was established and
treated with growth media alone, and one group received 3 x 1076 M naloxone alone.

Combined [3H]thymidine autoradiography and GFAP immunocytochemistry were
performed as previously described (Stiene-Martin and Hauser, 1990). Briefly, 0.24 pCi/ml
(6.7 Ci/mM) of [3H]thymidine (ICN Radiochemicals, Irvine, CA) was added to each culture
well on the evening of the 5th day in culture for a total of 16 h. On in vitro day 6, radioactive
media were removed and the cultures were washed twice with cold DMEM, fixed in
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Zamboni's fixative containing 3% paraformaldehyde for 1 h followed by 5 rinses in cold
PBS. To identify astrocytes, coverslips were stained immunocytochemically for the astrocyte
marker, GFAP, using a primary anti-GFAP polyclonal antibody (Bio-Genex Laboratories,
Dublin, CA) and a VectastainR-ABC kit (Vector Laboratories, Burlingame, CA).
Diaminobenzidine 4-HCI (Sigma, St Louis, MO) was used to visualize the reaction. The
coverslips were then dipped in NTB-2 emulsion (Kodak) and exposed for 4 weeks at 4 °C.
After development in D-19 (Kodak) for 5 min at 12 °C, the coverslips were counterstained
with Ehrlich's hematoxylin.

Labeling Index

At least 500 GFAP-positive astrocytes were counted per culture well (N = 12 wells/group) as
previously described (Stiene-Martin and Hauser, 1990). Based on morphology, GFAP-
immunoreactive astrocytes were categorized as being either (i) flat and polygonal (i.e.,
morphologically similar to A2B5-/GFAP+ type 1 astrocytes, or (ii) process-bearing (i.e.,
morphologically similar to A2B5+/GFAP+ type 2 astrocytes (see Raff et al., 1983; Miller et
al., 1985). Independent analyses were performed for each astrocyte type with an "unbiased"
observer unaware of which group was being sampled. Nuclei with a density of
autoradiographic grains greater than 5x background levels (typically 10 or more) were
considered to be positively labeled with [3H]thymidine. Using these criteria and assuming a
Poisson distribution for autoradiographic grains/cell, the probability of falsely counting a
cell with a high background signal is less than 0.001 (Arnold, 1981). The labeling index was
calculated for both flat-polygonal, and process-bearing astrocytes. The labeling index was
defined as the number of [3H]thymidine labeled cells divided by the total number of labeled
plus unlabeled cells for a given morphologic type. All cell counts were performed using a
Leitz microscope (40x, 0.65 NA objective).

Morphometry

Statistics

The cytoplasmic areas of randomly selected single, flat, GFAP-positive cells for each
treatment group (12-15 cells/4-6 culture wells/group) were outlined using a cursor-guided
digitizing tablet attached to a computerized video imaging system (MicroComp Software;
Southern Micro Instruments, Atlanta, GA) connected to a Leitz microscope. The system was
calibrated and the cells outlined using a 40x objective. For each cell, perimeter, area (um?),
and "form factor" were determined. Form factor is an index of the number of processes of a
cell and is defined as (4[r])(area)/perimeter?) (MicroComp Software).

Data were reported as the mean + the standard error of the mean. Overall differences due to
experimental treatments were tested using analysis of variance (ANOVA) and subsequent
(post hoc) comparisons were made using Newman-Keuls test (Statistica; StatSoft, Tulsa,
OK). Differences were considered significant if £< 0.05. For clarity, data for individual
agonists were presented separately. All experiments were independently replicated and
representative examples reported.
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RESULTS

Cell Numbers

Mu (p) opioid receptors—DAGO treatment 1076 M, 1078 M, or 10719 M concentrations
had no effect on the total numbers of cells in mixed-glial cultures at 3, 6, or 8 days in vitro
(DIV) compared to controls (Fig. 1A). Moreover, treatment with 107 M DAGO, 1076 M
DAGO combined with 3 x 1078 M naloxone, or 3 x 10-6 M naloxone did not influence the
rate of [3H]thymidine incorporation by GFAP-immunoreactive flat, polygonal (type 1)
astrocytes compared to control levels (Fig. 1B).

Delta (8) opioid receptors—There was a significant overall decline in the total number
of cells present in mixed-glial cultures caused by treatment with 1076 M, 108 M, or 10710
M of DPDPE (ANOVA; F3,81 = 5.28; P< 0.003). At 6 DIV, significant decreases in total
cell numbers were elicited by 1078 or 10719, but not 10~ M concentrations of DPDPE
compared to control values (Newman-Keuls; £< 0.05) (Fig. 2A). There were significant
overall treatment effects on the rate of [3H]thymidine incorporation by GFAP-
immunoreactive flat, polygonal (type 1) astrocytes (ANOVA: F3,42 = 16.11; < 0.01).
Subsequent comparisons showed that either 10- M DPDPE treatment or 3 x 1076 M
naloxone treatments alone did not influence [3H]Thymidine incorporation by astrocytes
compared to controls. However, a significant 13% increase in [3H]thymidine incorporation
compared to controls (Newman-Keuls; £ < 0.05) was observed at day 6 in GFAP-
immunoreactive flat, polygonal (type 1) astrocytes treated with 10- M DPDPE plus 3 x
1076 M naloxone (Fig. 2B).

[Met®]enkephalin treatment caused an overall reduction in mixed-glial cell numbers
(ANOVA; F3,80 = 16.06; P< 0.05.) (Fig. 3A). [Met]enkephalin-dependent suppression of
cell numbers was dose-dependent with 1076 M (45% of controls at day 6 and 62% of
controls at day 8) or 1078 M (44% of control on day 6 and 60% of control on day 8) yielding
the greatest amount of growth inhibition, while 10710 M [Met®]enkephalin treatment
resulted in intermediate values (65% of controls at day 6 and 70% of controls at day 8)
(Newman-Keuls significance in all of the above cases; £< 0.05). At 6 days in vitro, there
were significant overall treatment effects on [3H]thymidine incorporation by GFAP-
immunoreactive flat, polygonal (type 1) astrocytes (ANOVA: F3,44 = 26.3; £< 0.05). When
individual groups were compared, 1076 M [Met®]enkephalin-treated GFAP-immunoreactive
flat, polygonal (type 1) astrocytes displayed a marked 19% decline in the rate [3H]thymidine
incorporation compared to control levels (Fig 3B) (Newman-Keuls; £< 0.05).
[Met®]enkephalin-dependent changes were prevented by concomitant treatment with 3 x
1076 M naloxone, whereas naloxone (3 x 1076 M) treatment alone had no effect on
[3H]thymidine incorporation by astrocytes compared with control values.

Kappa (x) opioid receptors—Treatment with 108 M, 1078 M, or 10719 M U69,593 did
not alter the total number of cells in mixed-glial cultures at 3, 6, or 8 days in culture (Fig.
4A). However, examination of GFAP-immunoreactive flat, polygonal (type 1) astrocytes
continuously exposed to 1076 M U69,593, 1076 M U69,593 plus 3 x 10~5 M naloxone, or 3
x 1076 M naloxone alone demonstrated a marginally significant alteration in [3H]thymidine
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incorporation at 6 DIV (ANOVA; F3,44 = 6.95; £< 0.05). Post hoc comparisons revealed a
significant reduction in [3H]thymidine incorporation in astrocytes (Newman Keuls; P<
0.05) in response to 1076 M U69,593 treatment compared to control values. The reduction in
[3H]thymidine incorporation in astrocytes by 108 M U69,593 treatment was prevented by
the simultaneous addition of 3 x 1076 M naloxone; 3 x 1076 M naloxone alone had no effect
(Fig. 4B).

Astrocyte Area

An assessment of the area of individual astrocytes following continuous exposure to opioid
agonists selective for individual opioid receptor types resulted in a significant overall change
in the area of GFAP-immunoreactive, flat (type 1) astrocytes at 6 DIV compared to controls
(ANOVA; F5,46 = 3.29; P< 0.05), that was attributable to 1076 M [Met>]enkephalin
treatment (Newman-Keuls; £< 0.05) (Fig. 5). Neither 10-® M DPDPE, DAGO nor U69,593
treatment had any effect on astrocyte area. No differences were noted in the form factor
parameter as a result of treatment with 1076 M concentrations of either DPDPE, DAGO,
U69,593 or [Met>]enkephalin.

DISCUSSION

The results indicate that opioid-dependent alterations in glial cell growth are mediated by
multiple, yet selective opioid receptor-effector coupling mechanisms. Our discussion will
address each of the opioid receptor ligands examined in this study (DAGO, DPDPE,
U69,593 and [Met®]enkephalin) with respect to their effects on glial growth.

Our findings that the p selective opioid agonist DAGO had no effect on glial growth were
somewhat unexpected since previous findings indicated that morphine can inhibit astrocyte
growth in culture (Stiene-Martin et al., 1991), and both substances are reported to
preferentially bind p opioid receptors. One explanation might be that a 1 opioid receptor
subtype (i.e., u-1 or p-2) is involved in growth and that DAGO and morphine bind different
subtypes. For example, there is evidence that p-funaltrexamine-sensitive | opioid receptors
(believed to represent the p-2 subtype) are not involved in growth in vivo (Zagon and
McLaughlin, 1986). Reports from other laboratories, however, argue against this
explanation. Morphine, which affects growth in vivo (Loughlin et al., 1985; Kornblum et al.,
1987; Hammer et al., 1989) and in vitro (Ruffin et al., 1969; Sakellaridis and Vernadakis,
1986; Stiene-Martin et al., 1991), binds both p-1 and p-2 opioid receptor subtypes (Spiegel
etal., 1982). DAGO also acts as an agonist at both p-1 and p-2 opioid sites (Reviewed by
Wollemann, 1990); therefore, it would appear unlikely that | opioid receptor subtypes
explain the differences between DAGO and morphine. A second explanation is that
morphine is not acting via i opioid receptors. Studies on the selectivity of DPDPE for the &
opioid site have shown DAGO, morphine, and normorphine to have high affinity for a
portion of the & opioid receptor (Cotton, et al., 1985). To add to the complexity, in some
systems & and p opioid receptor types do not function independently; these two receptor
types are reported to interact to generate novel effects (Rothman and Westfall, 1983;
Schoffelmeer et al., 1989; Heyman et al., 1989; Rothman et al., 1991) and may, in fact, be
products of the same gene (Cabon et al., 1988). Thus, because DAGO had no noticeable
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effect on glial growth, morphine's ability to inhibit glial growth is likely to be mediated by a
non-y opioid receptor type.

8 Opioid agonists modify some aspects of glial growth. DPDPE, at concentrations of 1078 M
or 10710 M significantly reduced the number of cells present in mixed glial cultures. This
suggests that 6 opioid receptors influence the net production of immature glia which consist
primarily of astrocytes and astrocyte progenitors. However, 10~ M concentrations of the &-
selective agonist DPDPE (Goldstein, 1989; lyengar and Wood, 1990), had no effect on the
rate of [3H]thymidine incorporation or area of astrocytes. Conversely, equimolar
concentrations of [Met®]enkephalin, a less selective and lower affinity § opioid agonist than
DPDPE, significantly alters both these parameters. One explanation is that 1076 M is an
inappropriate concentration of DPDPE, since 1078 and 10719 M concentrations resulted in
more pronounced reductions in glial cell numbers. Such "U-shaped" dose-response curves
have been previously described for DPDPE action on learning and memory (Schulteis et al.,
1988), and further assessment of astrocyte growth in response to 1078 M and 10710 M
DPDPE is warranted. A second explanation might be that DPDPE and [Met®]enkephalin are
acting through a non-traditional opioid binding site such as the reported p-8 receptor
complex mentioned above. It is of interest that a recent report indicated that DPDPE has a
high affinity interaction with a receptor complex such as the p-6 complex in vitro (Rothman
et al., 1991). Further evidence that & opioid receptors per se are not involved in the opioid-
dependent growth effects found in this study is the fact that & opioid receptors are not
reported to be present during early postnatal development in rodents (however, see Zagon et
al., 1990a). In rats, & opioid receptors were first detected 10 — 14 days after birth (Spain et
al., 1985; McDowell and Kitchen, 1986; Kornblum et al., 1987). In mice, & opioid receptors
were undetectable at postnatal day 3, and constituted only 25% of the total opioid binding by
postnatal day 15 (Tavani et a., 1985). Because our cultures were derived from 1-day-old ICR
mice and maintained in vitro for 6 days, it is improbable that 5 opioid receptors were present
unless opioid receptor expression is altered as an artifact of our culture conditions.

The effects of DPDPE on [3H]thymidine incorporation by astrocytes underscore the fact that
the current understanding of opioid receptor types and subtypes is incomplete. When
DPDPE was combined with naloxone, there was a significant (Newman-Keuls; p < 0.05)
and reproducible increase in [3H]thymidine incorporation by astrocytes, yet neither DPDPE
nor naloxone alone had any measurable influence on this parameter. Perhaps continuous
exposure to opioid agonists and/or antagonists (as occurred in this study) elicits complex
patterns of up- or down- regulation of selective opioid receptor types and/or confers some
agonist properties to the antagonist, naloxone (Barg et al., 1989).

[Met°]enkephalin sensitive, non- opioid receptors mediate aspects of glial growth. Some
enkephalin analogues (e.g., D-Ala®-D-Leu®-enkephalin [DADLE]) have affinity for both -2
and & opioid receptors (lyengar and Wood, 1990). However, the lack of response to DAGO
treatment, as well as the observed reduction in glial cell numbers in the presence of low
concentrations (e.g., 10710 M) of [Met]enkephalin which is well below its K¢ for p-opioid
receptors, suggests that p1 opioid receptor subtypes are not involved. Could [Met°]enkephalin
action be mediated by C opioid receptors? As mentioned, a novel £ opioid receptor type has
been reported in the developing nervous system that has high affinity for [Met>]enkephalin
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but that does not appreciably bind DPDPE (Zagon et al., 1989; 1990b). Because both
DPDPE and [Met®]enkephalin yielded similar growth effects at low concentrations, there is
no compelling reason to assume that  receptors influence glial numbers based on the cell
count data alone. However, findings that [Met>]enkephalin suppressed [3H]thymidine
incorporation by astrocytes; whereas DPDPE did not alter this parameter, are compatible
with the concept of a { opioid receptor.

[Met>]enkephalin was the only opioid agonist in this study to cause increases in the
cytoplasmic area of astrocytes. Moreover, increased area was not associated with a
concomitant change in form factor as previously observed in astrocytes treated with 1076 M
morphine. One explanation is that the increased cell area may reflect astrocyte swelling
(Kimelberg and Ransom, 1986) in response to opioids. For example, binding of opioid
receptor(s) may result in altered ion fluxes and consequent osmotic swelling. An alternate
explanation is that astrocytes tend to be more spherical when proliferating compared to non-
replicating astrocytes. Because opioids are presumed to inhibit cellular proliferation (Stiene-
Martin and Hauser, 1990), fewer astrocytes are likely to be round.

The x agonist, U69,593 caused a marginally significant suppression of [3H]thymidine
incorporation by astrocytes despite findings that U69,593 had no effect on cell numbers. One
explanation might be that « receptors mediate growth effects in a small population of
astrocytes that was not detectable by total cell counts of mixed glial-cell cultures. It is also
of interest to note that k agonists have been reported to act as antagonists to both the p and &
receptors in a variety of tissues (lyengar and Wood, 1990).

In summary, based on current knowledge of opioid receptor selectivity, no single opioid type
can sufficiently account for all of our results. Collectively, the present results suggest that
agonists selective for § and £ and perhaps k opioid receptors can all modify some aspects of
glial growth. This is in agreement with recent observations that § and x, but not p opioid
receptor agonists cause a dose-dependent reduction in forskolin stimulated cCAMP formation
by rat astrocytes in vitro (Eriksson et al., 1990). Thus, the present findings provide new
insights concerning the role of endogenous opioid systems in the regulation of growth
because they suggest for the first time that multiple opioid receptor types mediate the
transduction of opioid-dependent signals affecting glial growth. Thus, critical periods of
opioid sensitivity in the developing nervous system are likely to be defined by the
differential expression of multiple opioid receptor types. Understanding the details of these
interactions will be of great importance toward understanding the role of endogenous opioid
systems in nervous system maturation.
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Fig. 1.

A: Continuous exposure to varying concentrations (1076 M, 1078 M, or 10710 M) of the
opioid receptor agonist, DAGO, did not affect the total number of cells in mixed-glial
cultures at 3, 6 and 8 days in vitro (DIV). The mean baseline cell number for all cultures
prior to the onset of treatment is indicated at day 1. The decrease in cell numbers between 1
and 3 DIV reflects, in part, the death of neurons as well as the loss of some cells that do not
incompletely attach to the surface of the culture well. B: DAGO (1078 M) did not influence
the rate of incorporation of [3H]thymidine by glial fibrillary acidic protein- (GFAP)
immunoreactive flat (type 1) astrocytes; 3 x 107 M Naloxone (Nal.).
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A: Continuous exposure to varying concentrations (1076 M, 1078 M, or 10710 M) of the §
opioid receptor agonist, DPDPE, caused marked differences in the total number of cells in
mixed-glial cultures (ANOVA; F3,81 = 5.28; £< 0.003). Post hoc comparisons using
Newman-Keuls test revealed that the number of cells in mixed glial cultures were
significantly decreased by 108 M or 10710 M DPDPE at day 6 compared to control values
(*P<0.05) (2A). At 8 days in vitro (DIV), DPDPE treated groups were similar to control
values; net increases in cell numbers in mixed glial cultures become smaller as these cells
become confluent. B: Neither DPDPE (1075 M) nor naloxone (Nal.; 3 x 1076 M) treatments
alone suppressed [3H]thymidine incorporation in glial fibrillary acidic protein- (GFAP)
immunoreactive, type 1 astrocytes at 6 DIV. However, there was an increase in the
proportion of astrocytes incorporating [3H]thymidine compared to controls (Newman-Keuls;
*p < 0.05) when treated with both 1078 M DPDPE and 3 x 1075 M naloxone.
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[Metlenkephalin

A: Continuous exposure to varying concentrations (1076 M, 1078 M, or 10719 M) of § and ¢
opioid receptor agonist, [Met®]enkephalin, altered the total number of cells in mixed-glial
cultures (ANOVA,; F3,80 = 5.49; P< 0.002). Significant decreases in cell numbers occurred

at 6 and 8 DIV as a result of treatment with all three [Met>]enkephalin concentrations

(Newman-Keuls; *P< 0.05). B: [Met®]enkephalin (ME) treatment caused a significant

suppression in the rate [3H]thymidine incorporation by glial fibrillary acidic protein-

(GFAP) immunoreactive, flat (type 1) astrocytes compared to controls (Newman-Keuls; *P

< 0.05) that was prevented by treatment with 3 x 1076 M naloxone (Nal.).
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A:g Continuous exposure to varying concentrations (1076 M, 1078 M, or 10710 M) of the «
opioid receptor agonist, U69,593 (U-69), did not affect the total number of cells in mixed
glial cultures compared to control values. B: However, 1076 M U69,593 caused a significant
decrease in [®H]thymidine incorporation by glial fibrillary acidic protein- (GFAP)
immunoreactive, flat (type 1) astrocytes when compared to controls (Newman-Keuls; *P <
0.05) that was prevented by 3 x 1076 M naloxone (Nal.).
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Fig. 5.

Cc?ntinuous exposure to 1076 M [Met®]enkephalin (ME) caused a significant increase in the
area of glial fibrillary acidic protein- (GFAP) immunoreactive, flat (type 1) astrocytes when
compared to controls at 6 days in vitro (Newman-Keuls; *P < 0.05) that was prevented by
the simultaneous treatment with 3 x 1076 naloxone (Nal.). Identical concentrations (1076 M)
of the selective agonists DAGO, DPDPE, and U69,593 (U-69) did not alter astrocyte area.
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Fig. 6.
Brightfield photomicrographs of cultured glial fibrillary acidic protein- (GFAP)

immunoreactive, flat (type 1) astrocytes at 6 DIV following continuous exposure to (A)
growth media alone or (B) to growth media supplemented with 1078 M [Met®]enkephalin.
[Met®]enkephalin caused a marked increase in astrocyte area when compared to control
cultures (see Fig. 5 for a quantitative assessment of opioid-dependent changes in astrocyte
area). Scale bar = 20 um.
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