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Abstract

Accumulating evidence, obtained largely in vitro, indicates that opioids regulate the genesis of
neurons and glia and their precursors in the nervous system. Despite this evidence, few studies
have assessed opioid receptor expression in identified cells within germinal zones or examined
opioid effects on gliogenesis in vivo. To address this question, the role of opioids was explored in
the subventricular zone (SVZ) and/or striatum of 2-5 day-old and/or adult ICR mice. The results
showed that subpopulations of neurons, astrocytes, and oligodendrocytes in the SVZ and striatum
differentially express (4, 8, and/or x receptor immunoreactivity in a cell-type-specific and
developmentally regulated manner. In addition, DNA synthesis was assessed by examining 5-
bromo-2’-deoxyuridine (BrdU) incorporation into glial and non-glial precursors. In GFAP+ cells,
morphine (a preferential p agonist) significantly decreased BrdU-labeled astroglia compared to
controls or mice co-treated with naltrexone plus morphine. Alternatively, in S100p+ cells,
morphine did not significantly decrease BrdU incorporation; however, significant differences were
noted between morphine and morphine plus naltrexone-treated mice. The majority of cells were
non-GFAP+/non-S100B+. When BrdU incorporation was assessed within the total population (glia
and non-glia), morphine had no net effect but naltrexone alone markedly increased BrdU
incorporation. This suggests DNA synthesis in non-GFAP+/non-S100B+ cells is tonically
suppressed by endogenous opioids. Assuming S1008 and GFAP, respectively, distinguish among
younger and older astroglia, this implies that astroglial replication becomes increasingly sensitive
to morphine during maturation, and suggests that opioids differentially regulate the development
of distinct subpopulations of glia and glial precursors.
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Introduction

There is abundant evidence that u (OP5), 6 (OP4), and k (OP3) opioid receptors are present
in the developing central nervous system (CNS) (Petrillo et al., 1987; Rothman et al., 1990;
Barg and Simantov, 1991; Leslie and Loughlin, 1992; Leslie et al., 1998; Zhu and Pintar,
1998). These opioid binding sites appear to increase in number during postnatal
development in both mice and rats (Tavani et al., 1985; Petrillo et al., 1987; Rothman et al.,
1990). In vitro cultures of newborn rodent CNS cells have shown that heterogeneous
subpopulations of astrocytes can express one or more opioid receptor types (Bunn et al.,
1985; Maderspach and Solomonia, 1988; Eriksson et al., 1990; Stiene-Martin and Hauser,
1991; Eriksson et al., 1992; Ruzick et al., 1995; Stiene-Martin et al., 1998). Protein and/or
mRNA for y, 8, and/or k receptors has been found in astrocyte cultures derived from
different regions of the rat CNS (Ruzicka et al., 1995). Astrocytes, oligodendrocytes and/or
microglia in the rat CNS in vivo and/or in vitro express x receptors (Gurwell et al., 1996;
Chao et al., 1996; Knapp et al., 1998; Tryoen-Toth et al., 1998). Investigations of mouse
prenatal brain for opioid receptor mRNA found both p and x mRNA in the basal ganglia and
mid brain by E11.5 with extension into other brain regions by mid to late gestation, whereas
& receptor mRNA expression was detectable but low during the late gestational period (Zhu
etal., 1998). Little u and no & receptor mMRNA was found in regions of neuronal proliferation
prior to birth, but k receptor mMRNA was widely expressed in midbrain germinal centers
(Leslie et al., 1998). Alternatively, subsets of germinal cells in the E16 mouse neocortical
germinal zone possessed p and/or k receptor immunoreactivity while the distribution of &
receptor immunoreactivity among cells was more diffuse and less intense. Functional
changes in the cell cycle were also seen following exposure to , §, or k agonists or
naloxone, suggesting opioids were directly or indirectly affecting growth (Reznikov et al.,
1999).

Based largely on cell culture studies, we and others have found that subpopulations of
neurons and glia respond developmentally to |, 8, and x opioid receptor activation. More
importantly, the pattern of opioid receptor expression and developmental response is cell-
type specific. For example, astrocytes and oligodendrocytes both express y receptors;
however, in astrocytes p receptor activation inhibits cell division, while p receptor
stimulation in oligodendrocytes is mitogenic (Stiene-Martin and Hauser, 1991; Hauser et al.,
1996; Knapp et al., 1998). Depending on the particular cell target, opioids have been shown
to enhance or restrict growth (Vértes et al., 1982; Dodge Miller et al., 1982; Zagon and
McLaughlin, 1983; Kornblum, et al., 1987; Hauser et al., 1989; Stiene-Martin and Hauser,
1990; Bartolome et al., 1997) and this may result in part from the direct activation of
mitogen-activated protein (MAP) kinase pathways via specific phosphotyrosine signaling
events (Mangoura and Dawson, 1993; Wilson et al., 1997; Polakiewicz et al., 1998; Bohn et
al., 2000a, b). Although expression of opioid receptors by glia in culture has been well
documented, whether similar patterns of expression occur in vivo remains unclear. Glial
fibrillary acidic protein (GFAP) has been a frequently used marker for differentiated type 1
astrocytes (Lee et al., 2000). S100p is a Ca2* binding protein that preferentially labels
astrocytes (Donato, 1999) but may additionally label limited numbers of neurons (Rickmann
and Wolff, 1995), oligodendrocytes and Schwann cells (Brennan et al., 2000; Huttunen et
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al., 2000) and microglia (Adami et al., 2001). A potential advantage of S1008 is that it may
label astrocyte precursors that may be GFAP negative (Barger et al., 1992; Seifert et al.,
1997). The purpose of this study was fourfold: (1) to assess whether y, § and x opioid
receptors are present in the immature murine subventricular zone (SVZ) and striatum; (2) to
assess the ubiquity of opioid receptor expression in astrocytes (GFAP), oligodendrocytes
(04), or neurons (NeuN); (3) to compare patterns of receptor expression in immature and
adult brains; and (4) to evaluate the effects of morphine on DNA synthesis in astrocytes.

Materials and Methods

Materials

Primary antibodies to &, 4 and k receptors were obtained as follows: Rabbit anti & opioid
receptor was purchased from Chemicon, Inc., Temecula, CA. Rabbit anti p opioid receptor
(a gift from Dr. R. Elde) was generated against a synthetic peptide (NHQLENLEAETAPLP)
corresponding to amino acids 384-398 of the cloned rat P receptor (Arvidsson et al., 1995).
Rabbit antibodies generated against the amino terminal region of the rat x opioid receptor
was obtained from PharMingen International. Anti-glial fibrillary acidic protein (GFAP)
monoclonal mouse antibody was obtained from Boehringer-Mannheim, GmbH, Mannheim,
Germany. A polyclonal anti GFAP made in rabbit was obtained from Chemicon
International in Temecula, CA (AB5040). O4 rat IgM monoclonal antibody was a gift from
Dr. M. Schachner. This antibody reacts almost exclusively with a sulfated galactolipid
expressed specifically on the surface of oligodendrocytes and myelin (Bansal et al., 1989).
Guinea pig anti-glutamate transporter, GLT-1 (GLAST) polyclonal antibody, mouse anti-
neuronal nuclei (NeuN) monoclonal antibody, as well as mouse 1gG1 anti-5-bromo-2’-
deoxyuridine (BrdU) monoclonal antibody were all obtained from Chemicon International
(Temecula, CA). Goat polyclonal anti S100p chain antibody was obtained from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA).

Secondary antibodies included Cy2 and Cy3 conjugates and biotinylated antibodies obtained
from Jackson ImmunoResearch Laboratories (West Grove, PA). Anti-rabbit 1gG in goat
conjugated to Alexa ™488 fluorochrome, and streptavidins conjugated to either Alexa™
350 or to Alexa™488 were all obtained from Molecular Probes, Eugene, OR.

Both morphine sulfate and 5-bromo-2’-deoxy uridine (BrdU) were obtained from Sigma (St.
Louis, MO); and, naltrexone HCI was purchased from Research Biochemicals International
(Natick, MA). The polyethylene glycol resin embedding media (ProLong™) was obtained
from Sakura Finitek USA (Torrence, CA).

Opioid Drug Effects on DNA Synthesis

Postnatal day (P) 4-5 mouse pups from the same litter were arbitrarily assigned to a saline
control, morphine (20 mg/kg), morphine (20 mg/kg) + naltrexone (60 mg/kg), or naltrexone
(60 mg/kg) treatment group. Pups were weighed and injected subcutaneously with the above
opioid drugs (dissolved in 200-pl saline) using a 30-gauge needle (Hamilton). Pups
receiving morphine + naltrexone were pretreated with naltrexone 30 min before morphine
injection. Pups were then returned to their home cage and mother. 3.5 h following opioid
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drug exposure, pups were reweighed, injected with BrdU (75-mg/kg i.p.) using a 30-gauge
syringe, and allowed to recover for 1 h. Following 1 h of BrdU exposure (4.5 h following
opioid drug exposure), pups were euthanized by inhalation of ether vapor followed by
intracardiac perfusion as described below.

To minimize the inherent variability among animals and in histochemical procedures, the
above design was repeated across pups from the same litter and in identically processed
tissue sections. The above design was repeated six times (n = 6).

Tissue Preparation

P2-5 ICR mouse pups and 8 month old adult ICR mice (Harlan Sprague Dawley, IN) were
euthanized by exposure to ether vapors according to NIH and IACUC guidelines and
perfused through the heart with Zamboni's fixative (Zamboni et al., 1967) containing 4%
paraformaldehyde. After perfusion, the brains were removed and placed in Zamboni's
fixative for 18-24 h at 4° C (pH 7.2). The brains were washed in four changes of phosphate
buffered saline (PBS) over 6 h and then placed into 10% sucrose overnight at 4° C. This was
followed by another 2-4 h wash in PBS.

Brains were cut at the midline on a sagittal plane and right and left-brains were embedded in
polyethylene glycol and resins. The embedded tissue was quick-frozen on dry ice and
maintained at -80° C until sectioned.

One side of the brain was used for all sections stained with GFAP whereas the opposite side
was used for all sections stained with S100p chain. Frozen serial sections (16 um thick) were
cut using a cryostat and thaw-mounted onto SuperFrost (Fisher Scientific, Pittsburgh PA)
slides (4-6 sections per slide). Serial sections were treated sequentially for p-, 8-, or k-
immunocytochemistry or stained with cresyl violet so that no section was more than 32 um
from its cresyl-violet stained counterpart. Cresyl-violet stained sections were examined light
microscopically to verify anatomic position and to select the best slides for
immunofluorescence.

Immunocytochemistry

Co-localization of opioid receptors and GFAP or O4—Slides (controls are
described separately) were post-fixed in Zamboni's fixative for 35 min and washed four
times in PBS on a rotator (125 rpm). 1.5% goat serum and 0.1% bovine serum albumin
(BSA) in PBS with 0.1% Triton-X-100 was used to reduce nonspecific binding. The primary
antibodies against the 8-, x-, and p-opioid receptors were diluted 1:1000, 1:500 and 1:2000
respectively. Sections were incubated with primary antibodies overnight at 4° C. Secondary
antibodies consisting of anti-rabbit 1gG in goat conjugated to Alexa™488 (1:250 dilution)
were placed over the sections for 45 min. The sections were then incubated for at least 1
hour in either anti-GFAP monoclonal antibodies (1:600 dilution), or monoclonal rat IgM
antibodies against O4 (1:2 dilution). The secondary antibody for GFAP was an anti-mouse
IgG in goat conjugated to Cy3 fluorochrome (1:250 dilution) and incubated for 45 minutes
at room temperature. The secondary antibodies for O4 were anti rat IgM in goat conjugated
to Cy3 fluorochrome (1:250 dilution) also incubated for 45 minutes at room temperature.
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Combined detection of opioid receptors, NeuN and glutamate transporter
(GLAST)—Tissue sections were initially treated as described to detect opioid receptors
(controls will be described separately). To detect GLAST, sections were incubated in guinea
pig anti GLAST polyclonal antibodies (1:4000 dilution) overnight at 4° C. Sections were
then covered with biotinylated goat anti guinea pig 1gG (1:250 dilution) for 1 h at room
temperature. The reaction was visualized using streptavidin, Alexa™350 conjugate (10
ug/ml) for 1 h at room temperature. To detect NeuN, sections were incubated with mouse
anti-neuronal nuclei (NeuN) monoclonal antibodies (1:100 dilution) for at least 1 h at room
temperature. Anti mouse 1gG conjugated to Cy3 fluorochrome (1:250 dilution, 1 h at room
temperature) was used to visualize NeuN antigenicity.

Combined detection of BrdU, with GFAP, or S100p and Cell Nuclei—Sections
were incubated for at least four hours in ice-cold 70% ethanol. After washing, the DNA was
denatured by incubating the sections for 30 min in 2N HCI followed by three 3 min washes
in 0.1 M borate buffer (pH 8.5) and three 10 min washes in PBS with 0.1% Triton-X-100.
Sections were covered with a 1:100 dilution of mouse anti BrdU and incubated overnight at
4° C. The secondary antibody was a 1:200 dilution of anti-mouse in goat (or donkey)
conjugated to Cy3. Astrocyte labeling consisted of a 1:500 dilution of anti-GFAP polyclonal
antibodies in rabbit overnight at 4° C. The secondary antibody was a 1:200 dilution of
biotinylated anti-rabbit 1gG in goat for 45 min and the antibody-antigen reaction was
visualized with streptavidin conjugated to Alexa™488. Goat anti-S100p antisera (1:10
dilution) was used to detect immature astrocytes. Donkey anti-goat 1gG (1:100 dilution)
conjugated to Cy2 was used to visualize S100B immunoproduct. Nuclear labeling (Hoechst
33342) was diluted to 15 pg/ml and the sections were incubated for 15 min after which they
were rinsed.

After the final wash, the slides were air dried in the dark and coverslipped with ProLong™
antifade mounting media. They were maintained in the dark until examined.

Immunocytochemical Controls

All batches of immunocytochemical stains were accompanied by slides of tissue sections on
which each of the primary antibodies was omitted. These were included to assure specificity
of each antibody and to evaluate background staining. The opioid receptor antibodies were
originally characterized by Western blot analysis, by examining immunoreactivity in known
(positive and negative) opioid-receptor expressing regions throughout the brain and/or by
co-localization with other markers in chimeric receptors transfected into test cells
(Arvidsson et al., 1995; Stiene-Martin et al., 1998).

Quantitative Determinations

Opioid Receptor Localization in Neurons and Glia—Sections were examined using
both a Nikon fluorescent inverted microscope with attached digital camera (Spot 2;
Diagnostic Instruments, Inc.) and a confocal microscope (Leica, Model TCS SP). Nissl
stained slides were used to aid in locating the structures. Three or four adjacent areas of 100
square um, each containing 30-100 cells per area, were sampled in each of 6 sections from
the SVZ (four fields adjacent to the lateral ventricle and four fields 200 um in from the
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lateral ventricle) and striatum (200 um from the corpus callosum) per animal. Thus, a total
of about 1000 cells were sampled for each marker in the SVZ and 600 cells per marker in
the striatum. The mean + SEM were calculated from three or typically four mice.

BrdU Detection in Astrocytes—Sections were examined using a Nikon Microphot-SA
fluorescent microscope with a stage micro-coder (Boeckeler Instruments) and digital camera
(Carl Zeiss, Inc). Nissl (cresyl violet) stained slides were used to aid in locating the
structures. Computer-aided image analysis was used to define a 100 pm? sampling area and
record/track the x, y & z-axis positions of individual cells. Hoechst positive nuclei were
counted for the total number of cells per field. BrdU positive nuclei, GFAP positive cells
and S100p positive cells were counted. Percentages of total cells as well as the percentage of
GFAP or S100p positive cells that were also BrdU positive were reported. Four fields each
from the SVZ and striatum were arbitrarily sampled in 3-4 sections per mouse. The total
number of cells sampled was about 1000 cells in the SVZ and 800 in the striatum per mouse.
Four to six mice were analyzed per group.

Statistical Analysis

Results

To minimize the inherent variability in the immunohistochemical procedures, comparisons
between treatments were made between pups from the same litter and in tissue sections that
had been processed simultaneously.

Data were reported as the mean £ SEM. Significant overall differences among experimental
groups were assessed using ANOVA. When overall differences were noted by ANOVA
(P<0.05), individual group differences were compared post hoc using Newman-Keuls test.

Opioid Receptor Localization in Astroglia and Oligodendroglia of P5 Animals

SVZ—In the SVZ, 4.6% + 0.3 of the cells possessed GFAP (Fig.1) and 7.7% + 1.4
expressed O4 immunoreactivity (Fig.2). When opioid phenotype was considered for all SVZ
cells (glia and non-glia), p opioid receptors were the most abundant opioid receptor type
(37.8% + 1.6), whereas & and « receptors were present in less than 3% of the cells (Table 1).
Glia in the SVZ did not display & or k opioid receptor immunoreactivity, although a few glia
possessed [ receptor immunoreactivity. 14.2% =+ 3.0 of GFAP+ cells coexpressed p opioid
receptor immunofluorescence (Table 2), while 37.5 % + 5.0 of O4+ cells coexpressed
receptors (Table 3).

Striatum—y-Opioid receptors were also the most abundant opioid receptor type in striatal
cells; however, the percentage was about one half of that seen in the SVZ (Table 1).
Expression of & and x receptors was slightly greater in the striatum than the SVZ. The §
receptor, however, was present in less than 5% of cells, while only about 10% of cells
expressed «k receptors. There was more than a two-fold increase in total GFAP positive cells
(12.3% = 1.9) and almost a twofold increase in total O4 positive cells (13.0% + 1.5) when
compared to the SVZ. Co-labeling with GFAP was also increased in the striatum compared
to the SVZ. 39.3 + 13.5% of GFAP+ cells co-expressed p receptors, 34.7% + 16.4 co-
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expressed «k receptors, and 6.2% + 3.3 co-expressed 6 receptors (Table 2). There was little
difference in oligodendrocyte colabeling between the two areas (Table 3).

Opioid Receptor Localization in Neurons and GLAST-Immunoreactive Cells

SVZ—Neurons could be detected adjacent to the few interspersed GLAST positive cells
(Fig. 3). About 30% of all cells were labeled with i receptor and 3-5% exhibited GLAST
positivity. p-Receptors could be found in both GLAST and NeuN immunoreactive cells,

while & or k receptor-positive cells were not apparent.

Striatum—AImost 80% of the cells were NeuN positive neurons, while about 10% of cells
were GLAST positive. Because GLAST may be particularly ambiguous as an astroglial
marker (Domercq et al., 1999; Weickert et al., 2000; Lee et al., 2000; Plachez et al., 2000),
we limited further assessment of this marker.

Effects of Opioids on DNA Synthesis in Astroglia

DNA synthesis was assessed by determining the proportion of cells incorporating BrdU
(BrdU labeling index). BrdU labeled nuclei were counted both as a percentage of total cells
and as a percentage of either GFAP or S100p immunoreactive astroglia. The data from the
SVZ and striatum were compressed into a single value, because similar trends were noted in
both regions and to increase the sample size (Fig. 5). The results indicate that opioids alter
DNA synthesis in astroglial as well as non-astroglial cells. Morphine tended to have an
inhibitory effect on BrdU incorporation into S100p labeled cells (Fig. 5). Naltrexone
administration alone significantly increased the percentage of BrdU positive cells when all
cells were considered together. A significant difference was observed between morphine and
naltrexone treated animals (P< 0.01).

In our hands, there were some differences between GFAP and S100p markers. S100p
seemingly detected slightly more immature astrocytes than GFAP, since the BrdU labeling
index tended to be higher in S1008 compared to GFAP+ cells in control mice (Fig.5).

Morphine caused a significant decrease in the percentage of BrdU positive GFAP+ cells
(P<0.005 versus saline-injected controls) (Fig 5). There was a decrease in the percentage of
BrdU positive cells that were S1008+ (astrocytes and their precursors) in morphine treated
mice (P< 0.005 versus animals treated with both morphine and naltrexone) (Fig 5).

Last, neither acute morphine nor naltrexone exposure affected the total percentage of GFAP
positive cells. The proportion of GFAP positive cells was 8.0 = 1.2 in control mice, 5.8 + 2.0
in morphine treated mice, 8.4 £ 1.2 in naltrexone treated mice, and 8.6 = 1.2 in animals
treated with both naltrexone and morphine. Likewise, the total percentage of S100p cells
was not significantly different following acute opioid treatments. The percent of S10083
positive cells was 7.5 £ 0.8 in control mice, 7.2 = 0.3% in morphine treated mice, 6.9 +
0.4% in naltrexone treated animals, and 6.5 + 0.4% in animals receiving both naltrexone and
morphine. This was important because it indicated that acute (4-5 h) opioid exposure did not
affect GFAP or S100p expression, which would potentially confound our ability to count
cells expressing those markers. It is assumed that with more prolonged exposure; opioid
induced changes in cell cycle would eventually be manifested as changes in cell numbers.
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Opioid Receptor Localization in Mature Astroglia

In general, the proportion of cells displaying | receptors in the SVZ and striatum declined in
adults compared to P5 mice (Table 1). Similarly, the proportion of GFAP+ astrocytes
possessing | receptors in the SVZ of P5 mice (14.2% + 2.1) declined significantly in adults
(2.1% = 3.0) (Table 2) whereas oligodendrocytes possessing [ receptors remained
essentially the same in the SVZ between P5 and adult animals (Table 3). Significant age-
related changes in the proportion of p receptor-expressing astroglia or oligodendroglia were
not detected in the striatum. The considerable variability in measurements at P5 suggests,
perhaps, that P5 is a critical period of dramatic change in the expression of this receptor
type. Unlike | receptors, the proportion of 3 or x expressing cells in the SVZ tended to
increase with maturation and this trend was noted in both astrocytes and oligodendrocytes.
Alternately, the proportion of « opioid receptor-immunofluorescent astrocytes did not
change significantly in the striatum and k expressing oligodendrocytes decreased slightly in
the striatum (Tables 2 and 3). Because their overall numbers are small, opioid receptor
immunoreactive astrocytes and oligodendrocytes represent a relatively small proportion of
total cells in the SVZ and striatum.

Discussion

The results indicate that 4, 8, and k opioid receptor immunoreactivity is present in
subpopulations of neurons, astrocytes and oligodendrocytes in vivo. Moreover,
pharmacological manipulation of the opioid system affected DNA synthesis in replicating
cells including astroglia, suggesting that opioid receptor immunoreactivity identifies
functional receptors that are coupled to cellular development. In these studies, morphine
and/or naltrexone exposure differentially affected BrdU incorporation in populations of
GFAP- or S100p- expressing cells, as well as in cells lacking the astrocytic markers. The
diversity of opioid peptides and receptor types, and the unique temporal patterns of
expression by subsets of proliferating glial precursors, may strategically position the opioid
system to coordinate the development of these heterogeneous cell types.

Our in vivo data suggest that  receptors are expressed by less mature cells in the SVZ,
while cells in the striatum tended to express x receptors. Although this may reflect regional
differences, cell culture studies suggest the differences are related to maturation. In vitro,
oligodendrocytes initially express | receptors that are coupled to mitogenic signaling events,
but later express « receptors that influence oligodendrocyte differentiation (Knapp et al.,
1998; Tryoen-Toth et al, 1998). Moreover, the expression of | receptor mMRNA by
oligodendrocytes is developmentally regulated and declines with progressive maturation in
vitro (Tryoen-Toth et al., 2000). Likewise, cultured oligodendrocytes uniformly expressed p
and later x receptors, but failed to express & receptors at any time in vitro (Knapp et al.,
1998). These in vivo studies do not show significant decreases in oligodendrocyte p
receptors with age and although only a few oligodendrocytes expressed 6 receptors in the
immature animal, the percentage of oligodendroglia expressing & opioid receptors tended to
increase in the adult. The differences between these results and previous in vitro studies may
be a result of one or more of the following: 1) the specific areas examined in vivo may not
correlate totally with the sources of oligodendrocytes in culture; 2) the fact that relatively
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few oligodendrocytes in this study were sampled compared to neurons and astrocytes,
whereas culture conditions are frequently manipulated to select oligodendrocytes; or 3) the
local environmental milieu lost in vitro might influence opioid receptor expression by
oligodendrocytes.

Our data additionally provide novel evidence that opiates regulate DNA synthesis in both
GFAP- and S100B-immunoreactive astroglia in vivo. Previous studies have showed that
opiates inhibit [3H]-thymidine incorporation in brain regions and/or at stages of
development in which the proliferating cells are predominately glia, but failed to positively
identify the particular glial type that was responding (Schmahl et al., 1989; Zagon and
McLaughlin, 1991). With the discovery that oligodendrocytes express | receptors, and
realization that opioids increase DNA synthesis nearly 3-fold in oligodendroglia, but inhibit
mitosis in cultured astrocytes (Stiene-Martin and Hauser, 1991; Knapp et al, 1998), it
became imperative to identify the particular cell types responding to opioids in vivo. Our
data further suggest that endogenous opioids are present that can tonically inhibit DNA
synthesis in GFAP-immunoreactive astroglia, since significant differences were noted
between morphine and naltrexone-treated groups but not in mice treated with morphine
alone. Numerous earlier studies have found that tonic blockade of endogenous opioid-
receptors is sufficient to affect development, (e.g., Zagon and McLaughlin, 1983; Hauser et
al., 1989; Hauser and Stiene-Martin, 1993). Moreover, the influence of tonically acting,
endogenous opioids was even more evident in the non-GFAP-expressing population of SVZ
cells since naltrexone alone increased DNA synthesis, while morphine had no effect on
BrdU incorporation in these cells. The identity of these cells needs to be investigated in
future studies.

In the present study, substantial numbers of cells demonstrated p receptors in the
proliferating area of the SVZ, whereas the percentages decreased by almost half between the
SVZ and the more differentiated striatum. Moreover, there was a decline in the proportion of
U receptor-expressing cells in adult mice compared to younger animals (Table 1). The
receptor has been associated with the regulation of the proliferation of cultured neurons
(Bartolome et al., 1994; Hauser et al., 2000) and glia (Barg et al., 1994; Hauser et al., 1996;
Knapp et al., 1998). Furthermore, it has long been reported that opioid drugs of abuse, which
are typically preferential | receptor agonists, can interfere with neural cell division (Hauser
and Stiene-Martin, 1993; Eisch et al., 2000). In contrast to the role of p opioid receptors in
cell replication, k receptors show a very different pattern of spatial and temporal maturation.
This suggests that p and « receptors influence different aspects of development. There is
considerable evidence that « receptors affect cell proliferation, differentiation and/or
neuroprotection differently from y receptors (Tortella and DeCoster, 1994; Knapp et al.,
1998; Boutin et al., 1999; Hauser et al., 1999; Chao et al., 2000), and that in many instances
K and k opioid receptors mediate opposing actions in developing neural cells (Pan et al.,
1998).

Only a very small fraction of cells within the subventricular zone of the P5 animal possess &
receptors and the fraction remains small in the striatum. This was surprising because &
opioid receptor agonists, such as Met- and Leu-enkephalin, have been reported to inhibit the
proliferation of astroglia isolated from the cerebral forebrain (Stiene-Martin and Hauser,
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1990; Zagon and McLaughlin, 1991). We did find significantly higher numbers of §
expressing cells in the adult animal. Several studies show that & opioid receptors appear
relatively late during development compared to L or x receptors (Spain et al., 1985; Volterra
el al., 1986; Petrillo et al., 1987; Kornblum et al., 1987; Hurlbut et al., 1987). In fact,
weaning at P21 appears to significantly increase & opioid binding in the rat brain (Kelly et
al., 1998). Importantly, detailed spatiotemporal patterns of 5 receptor expression are just
beginning to be systematically described in the germinative zones. (Leslie et al., 1998; Zhu
et al., 1998b).

The significance of the diversity of opioid receptor expression among the various cell types
is unclear. Based on findings that opioid receptor activation can regulate cellular
development, it seems probable that the varied patterns of opioid receptor and peptide
expression within diverse cell types permit the simultaneous and coordinated control of
development within heterologous subpopulations of cells. Moreover, findings that many
neural precursors likely express |1 receptors and that morphine acutely alters astroglial
development, prompt speculation that chronic opiate drug exposure might cause lasting
changes in neural function by disrupting gliogenesis. Interestingly, infant rats made tolerant
and dependent to fentanyl from P14-P17, but not exposed thereafter, show lasting tolerance
to morphine as juveniles and young adults (Thornton and Smith, 1998). These novel
findings suggest that brief exposure to opiate drugs at critical periods during development
permanently alter the CNS. Equally interesting, Nestler and coworkers provide compelling
evidence that opioid control of neurogenesis may not be limited to the developing nervous
system (Eisch et al., 2000). These provocative studies show that chronic heroin or morphine
inhibit neurogenesis in the adult hippocampus and suggests that the brain remains highly
plastic and modifiable by opioids throughout life.
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Photomicrographs showing combined glial fibrillary acidic protein (GFAP) and p or x
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receptor immunofluorescent cells in postnatal day 5 mice. Subpopulations of immature

astrocytes (GFAP, red immunofluorescence) within the subventricular zone (SVZ) co-

express 4 (Mu, green immunofluorescence) (A) or k (Kappa, green immunofluorescence)

(B) opioid receptor immunoreactivity (arrows). Similarly, subpopulations of striatal

astrocytes co-express | (C, E) or x (D, F) immunofluorescence (arrows). E & F are confocal
images, while the images in A-D were obtained by standard fluorescence microscopy. Scale
bar in A =25 uym. A-D and F are the same magnification. Scale bar in E = 50um
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Figure 2.
Photomicrographs showing combined O4 and either [ or k-opioid receptor

immunofluorescence in cells from postnatal day 5 mice. Arrows indicate examples of
immature oligodendrocytes (O4 positive, red fluorescence) that express p or k opioid
receptors (green fluorescence), while other non-oligodendroglial cells types are positive for
u opioid receptors (asterisks) Scale bar = 25 um.
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Figure 3.
(A-C) Photomicrographs showing combined neuronal nuclear (NeuN), glutamate transporter

(GLAST) and p-opioid receptor immunofluorescence. Subpopulations of both neurons (red
nuclear fluorescence) and astroglia (blue fluorescence) express | receptors (green
fluorescence). Arrows show p receptor immunoreactive neurons, while the asterisk indicates
a GLAST positive cell that lacks u receptors. Panel A is a low power view (scale bar = 20
pum). The dashed lines in A represent the borders of the lateral ventricle. Panel D shows
combined BrdU immunofluorescence (red), GFAP immunofluorescence (green), and
nuclear counterstaining using Hoechst 33342 (blue). Arrows indicate GFAP positive
astrocytes labeled with BrdU (the dashed line is for orientation and parallels the lateral
ventricle). Panel E shows combined BrdU immunofluorescence (red), S1003
immunofluorescence (green) and nuclear counterstaining (blue). Arrows indicate S1003
positive astrocytes labeled with BrdU. Panels B through E are the same magnification; scale
bar in B =25 pm.
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Figure 4.
Effect of morphine and/or naltrexone on bromodeoxyuridine (BrdU) incorporation in total

cells within the postnatal day 5-mouse brain. BrdU-labeling indices were assessed in cells in
which BrdU and Hoechst 33342 were co-localized. BrdU labeled cells are expressed as a
percentage of total cells (BrdU plus non-BrdU-labeled cells). There was a significant
difference in BrdU labeling between morphine treated and naltrexone treated mice
(*P<0.01).

Glia. Author manuscript; available in PMC 2015 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stiene-Martin et al.

Page 18

o
o

W
o
—

W
o

N
o

-

o
-t
o

o

Astrocytes (% BrdU+S100R)
o

Astrocytes (%BrdU+GFAP)
N
o

Morph/Ntx
Naltrexone
Morph/Ntx
Naltrexone

Untreated
Morphine
Untreated
Morphine

Figure 5.
Effect of morphine and/or naltrexone on bromodeoxyuridine (BrdU) incorporation in glial

fibrillary acidic protein (GFAP) and S100p expressing cells in postnatal day 5 mouse brain.
Panel A indicates the percentage of S1003-expressing cells that were co-labeled with BrdU.
Morphine exposure significantly decreased the proportion of S100p+ cells compared to
morphine plus naltrexone treated mice (*P<0.05). Panel B indicates the percentage of GFAP
+ cells that were co-labeled with BrdU. Morphine treatment caused a significant decrease in
GFAP+ astrocytes incorporating BrdU compared to vehicle-treated controls (*P<0.05) or
mice treated with naltrexone (*P<0.05)
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Table 1
Cells in immature (P5) and adult (8mo.) murine brains expressing opioid receptors in

SVZ and Striatum. Expressed as percent of total cells + S.E.M

P5 Adult
Svz
p-receptor  3784+16° 83%38
S-receptor  09+10F 79x16
w-receptor  9g4+128 17761
Striatum

y-receptor  22.7+49 113+23
S-receptor 46+18 10.2+1.0

Kk-receptor 102+3.7 246%74

*
P< 0.05 versus adult, t test;

§P<0.05 versus adult, Mann-Whitney U test
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Percentage of differentiated astroglia (GFAP+ cells) in immature (P5) and adult (8 mo)

Table 2

murine brains expressing opioid receptors + S.E.M

P5

svz

W-receptor 142 +3,0"

S-receptor 554 25"

K-receptor 33430
Striatum

p-receptor  39.3 +13.5

3-receptor g o 433"

k-receptor  34.7 + 16.4

Adult

21%20
20.7+19

215+43

43+40
259+5.6

43.4+6.6

*
P <0.05 versus adult, t test
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Percentage of Oligodendroglia (O4+ cells) in immature (P5) and adult (8 mo) murine

Table 3

brains expressing opioid receptors = S.E.M

svz
p-receptor
S-receptor
K-receptor

Striatum
p-receptor

8-receptor

K-receptor

P5

37.5+5.1
10.0+8.0
29.3+11.0

46.0 £10.0
13.2+11.0
33.0+10.7

Adult

44.0+8.0
26.0+8.0
37.0+5.01

35.0+4.7
26771
17.7+£5.1
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