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Abstract

Although opioids are known to affect neurogenesis in vivo, it is uncertain the extent to which
opioids directly or indirectly effect the proliferation, differentiation or death of neuronal
precursors. To address these questions, the intrinsic role of the opioid system in neurogenesis was
systematically explored in cerebellar external granular layer (EGL) neuronal precursors isolated
from postnatal mice and maintained in vitro. Isolated neuronal precursors expressed
proenkephalin-derived peptides, as well as specific | and 8, but negligible k, opioid receptors. The
developmental effects of opioids were highly selective. Morphine-induced p receptor activation
inhibited DNA synthesis, while a preferential 8,-receptor agonist ([D-Ala?]-deltorphin I1) or Met-
enkephalin, but not the §; agonist [D-Pen2, D-Pen®]-enkephalin, inhibited differentiation within
the same neuronal population. If similar patterns occur in the developing cerebellum,
spatiotemporal differences in endogenous 1 and § opioid ligand-receptor interactions may
coordinate distinct aspects of granule neuron maturation. The data additionally suggest that
perinatal exposure to opiate drugs of abuse directly interfere with cerebellar maturation by
disrupting normal opioid signaling and inhibiting the proliferation of granule neuron precursors.
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Introduction

The endogenous opioid system (endogenous opioids and opioid receptors) is widely
expressed by developing cells of neural and non-neural origin (\Vértes et al., 1982; Zagon et
al., 1985; McDowell & Kitchen 1987; Spruce et al., 1990; Leslie & Loughlin 1993; Bottger
& Spruce 1995; Leslie et al., 1998; Zhu et al., 1998), as well as in neoplastic cells (Bostwick
et al., 1987; Maneckjee & Minna 1990; Rosen & Bar-Shavit 1994; Bottger & Spruce 1995;
Pan et al., 1998; Panagiotou et al., 1998). In adults, opioid neuropeptides regulate numerous
physiological functions, including pain and central reward pathways (Nestler 1996; Kreek &
Koob 1998), digestion, respiration and tissue oxygen levels (Yeadon & Kitchen 1989),
immune (Sharp et al., 1998), and endocrine systems (e.g., thyroid and growth hormone axes)
(Akil et al., 1984; Millan & Herz 1985). During development, however, opioids additionally
regulate neural maturation (Zagon & McLaughlin 1983; Hammer, Jr. 1993; Hauser &
Mangoura 1998). Understanding how opioids modulate neuronal maturation is important,
because of ubiquity of endogenous opioids during normal development and because of the
potential impact of opiate drug abuse on neural development in children exposed in utero
(Hutchings 1982; Chasnoff et al., 1986; Pasto et al., 1993; Bunikowski et al., 1998).

Contributing to the lack of understanding of how opioids affect cellular maturation is the
complexity of the opioid system itself. Multiple opioid peptides and receptors exist. Each
follows unique spatial, temporal and cell-type specific patterns of expression during
development (Evans 1993; Leslie et al., 1998; Zhu et al., 1998). A second challenge is the
diversity of cell targets and opioid actions during development. Opioids affect neuronal
(Zagon & McLaughlin 1983; Zagon & McLaughlin 1987), astroglial (Gurwell et al., 1996;
Hauser et al., 1996; Hauser & Mangoura 1998), and oligodendroglial maturation (Knapp et
al., 1998). Thus, even within a single brain region, opioids may directly affect multiple cell
targets. Lastly, as mentioned above, opioids have many indirect effects that can in turn affect
brain development (Kuhn et al., 1991).

Opioids have been reported to inhibit neuroblast replication and differentiation in the
developing cerebellum in vivo (Zagon & McLaughlin 1983; Zagon & McLaughlin 1987;
Hauser & Mangoura 1998). However, the conclusions regarding cell division are based
largely on reductions in [3H]-thymidine labeling indices, without assessing whether opioids
affect cell turnover, the cell cycle, or programmed cell death. Because of the complexity of
opioid actions and targets, surprisingly few studies have systematically examined the
intrinsic effect of opioids on neuronal maturation [see (Hauser & Mangoura 1998; Reznikov
etal., 1999)]. To test whether opioids intrinsically affect granule neurogenesis, we examined
the effects of opioids on the development of isolated cerebellar external granular layer
(EGL) neuronal precursors (Hatten 1987; Gao et al., 1991; Opanashuk & Hauser 1998). The
EGL is a transient layer of granule neuron precursors (Ramon y Cajal 1960; Miale &
Sidman 1961; Altman 1972; Hallonet et al., 1990; Zhang & Goldman 1996; Yang et al.,
1996; Hallonet & Alvarado-Mallart 1997), that express naloxone binding sites and/or & or {
opioid receptors (Kinney & White, 1991; Zagon et al., 1992; Mansour et al., 1994) and
proenkephalin peptides in vivo (Zagon et al., 1985; Osborne et al., 1993), and whose
development is affected by opioids in vivo (Zagon & McLaughlin 1983; Zagon et al., 1985;
Zagon & McLaughlin 1986; Zagon & McLaughlin 1987; Hauser et al., 1989; Kinney &
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White 1991; Zagon et al., 1992; Osborne et al., 1993). Our findings indicate that opioids
intrinsically affect granule cell proliferation and differentiation in a highly selective manner.

Materials and Methods

Cell Culture

Enriched cultures of EGL neuronal precursors were established in re-aggregate culture
largely using procedures described before (Hatten 1985; Hatten 1987; Gao et al., 1991).
Briefly, postnatal (P) day 5 or 6 mice were euthanized by ether anesthesia followed by
decapitation. The meninges were carefully removed and whole cerebella washed in Ca2*
and Mg2*-free Tyrode’s solution and dissociated into single cells. Cerebellar cells were
filtered through 33 um mesh nylon (Tetko, EImsford, NY, USA), and separated by
centrifugation by layering cells onto a step density gradient of Percoll (35/60% in Ca2* and
Mg?2*-free Tyrode’s solution containing 2 mM EDTA) (Pharmacia, Piscataway, NJ, USA)
and centrifuging at 2,000 x g for 10 min at 5°C. EGL neuroblasts were gently removed,
washed and repelleted (50 x g) before plating on poly-D-lysine (15 min). Three panning
cycles, each consisting of pre-plating (15 min) followed by 30 sec agitation, were used to
further enrich the proportion of EGL neurons. EGL neuronal precursors were allowed to re-
aggregate in suspension in serum-containing basal medium for about 20-24 h to generate
neurospheres with cluster sizes of 20-50 cells. This medium consisted of Dulbecco’s
minimal essential medium with KCI (5 mM), glutamine (292 pg/ml), glucose (9 mg/ml),
donor horse serum (10%), and fetal bovine serum (5%). After 20-24 h, neurospheres were
place into suspension and cell density was determined by dissociating a small sample of the
neurosphere clusters using Ca2* and Mg2*-free Tyrode’s solution. The neurospheres were
transferred to 12 well plates (3 x 10° cells 1 mI~1 per well) at the beginning of each
experiment. Each well contained a centrally positioned 16 mm diameter glass or plastic
coverslip. The spatial geometry is such that the 1 ml volume of liquid is sufficiently large to
allow the neurospheres to be uniformly distributed onto the surface of the 16-mm diameter
coverslips placed within the 25 mm diameter wells (minimizing the effect of the culture
fluid meniscus). With these culture conditions we did not notice differences in the cells in
wells at perimeter of the culture plate (“edge effect”) nor were there differences in the
behavior or density of cells at the periphery of well. Cells were maintained in serum-free
medium consisting of Dulbecco’s minimal essential medium supplemented with (final
concentrations): KCI (5 mM), glutamine (292 ug/ml), glucose (9 mg/ml), B-27 supplement
(2% v/v), and N-2 supplement (1% v/v). Cell culture reagents were obtained from Gibco,
Life Technologies, Gaithersburg, MD, USA.

Immunocytochemical localization of Opioid Peptides and Receptors

Cultures were incubated in Zamboni’s fixative (Zamboni & De Martino 1967) for 30 min,
pH 7.2 at 4°C) and rinsed in phosphate buffered saline (PBS). Monoclonal antibodies
against a common epitope of the proenkephalin precursor protein (PE-18 or PE-25) were
used to detect enkephalin precursor in immature EGL neurons (Bottger et al., 1995).
Cultures were incubated in PE-18 or PE-25 antibodies diluted 1:1200 at 4°C on an orbital
shaker (40-60 rpm) for 24 h. Secondary, biotinylated donkey-anti-mouse antibodies
conjugated to avidin-peroxidase were used as directed (Vectastain-ABC kit, Vector
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Laboratories, Burlingame, CA, USA) to detect PE-18 and PE-25 antibodies. Nickel-
intensified diaminobenzidine (DAB) consisting of 2.5% nickel ammonium sulfate, 0.35%
DAB, and 0.012% H,05 in 0.1-M sodium acetate (pH 6.0) was used as a substrate for
peroxidase. To assess opioid receptor immunoreactivity, cultures were incubated in PBS
containing crystalline bovine serum albumin (BSA) (1%), goat serum (1%), and Triton X
100 (0.1%). Purified rabbit-antisera directed against p (MORL (Arvidsson et al., 1995a)), 5,
(DOR442 (Arvidsson et al., 1995b)), or k (KOR (Arvidsson et al., 1995c¢)) opioid receptors
were diluted, 1:5000, 1:5000, or 1:2500, respectively, in PBS containing Triton-X 100
(0.1%) and BSA (0.1%) (Calbiochem, San Diego, CA, USA). Cultures were incubated in
diluted primary antiserum at 4°C on an orbital shaker (40-60 rpm) for 24 h. Secondary,
biotinylated goat-anti-rabbit antibodies conjugated to avidin-peroxidase were used as
directed (Vectastain-ABC kit) to detect MOR1, DOR1 or KOR primary antibodies. Nickel-
intensified DAB was used as a substrate for peroxidase in all the above reactions (as
described earlier). Preabsorbed controls (against 4, 8 and k epitopes) and/or controls lacking
primary antiserum were included to assure the specificity of the reactions.

Electron Microscopy

For electron microscopy, neurosphere clusters were plated on poly-D-lysine-coated ACLAR
plastic coverslips. Cells were fixed in situ (on their coverslips) for 30 min at room
temperature in 4% paraformaldehyde (v/v), 2% glutaraldehyde (v/v) in Sorenson’s
phosphate buffer, pH 7.2 and transferred into ice-cold fixative for an additional 3.5 h. After
fixation, coverslips with neurospheres were rinsed 3 times (20 min per rinse) in ice-cold
PBS, post fixed for 1 h in 1% OsQ,4 in 0.1 M phosphate buffer at 4°C, dehydrated in graded
methanol:water and propylene oxide, and embedded in epoxy resin. After the epoxy was
polymerized, ACLAR coverslips were peeled away from epoxy-embedded neurospheres.
Neurospheres and cells in monolayers were sectioned on a LKB ultramicrotome and
examined using a Hitachi H-7000 transmission electron microscope at 75 kV.

Opioid Treatment

In all experiments, the developmental effects of opioids were compared in cultures
containing identical numbers of EGL cells (3 x 10° 1 mI~1 per well). Immediately after
plating, EGL cells were continuously exposed to opioid agonists and/or the antagonist
naloxone for 24 or 48 h. Met-enkephalin (Sigma, St. Louis, MO), the preferential 31 agonist
[D-Pen2, D-Pen®]-enkephalin (DPDPE; Chiron, San Diego, CA) (Mosberg et al., 1983), the
preferential 8, agonist [D-Ala?]-deltorphin 11 (deltorphin I1; Bachem, King of Prussia, PA,
USA) (Erspamer 1992), morphine sulfate (Sigma), and naloxone (E.l. Dupont, Wilmington,
DE) were dissolved in serum free medium immediately before use.

DNA Content

Total DNA content was assessed at 48 h following continuous opioid treatment using the
CyQuant DNA assay (Molecular Probes, Eugene, OR) as described by the manufacturer.
Cells were harvested following opioid treatment by removing the medium from the wells
and freezing the cell culture plates at —80°C. To assay DNA content, cells were thawed and
resuspended in lysis buffer containing EDTA (1 mM) and DNAse-free RNAse (Sigma) was
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then added to a final concentration of 1 ug/ml for 1 hr at room temperature. CyQuant dye
was added for 5 min at room temperature and DNA concentration measured by fluorescence
spectroscopy at 480 nM excitation and 520 nM emission wavelengths using a CytoFluor
2300 microplate reader (Millipore). The amount of DNA in each culture was extrapolated by
linear regression using bacteriophage DNA as a standard.

DNA Synthesis

DNA synthesis was assessed at 24 h following continuous opioid exposure by determining
the portion of EGL cells that incorporated 5’-bromodeoxyuridine (BrdU). EGL cells were
grown on glass coverslips inserted into the cell culture wells. Cultures were exposed to
BrdU (50 pM) for 14 h immediately before harvesting (Hauser 1992). Cultures were
harvested by fixing in Zamboni’s fluid for 30 min (Zamboni & De Martino 1967). Cells
were rinsed in PBS, pretreated with ice-cold ethanol (70%) for 24-48 h, HCI (0.5 N) for 30
min, and rinsed in PBS. Cells were incubated in mouse anti-BrdU 1gG; monoclonal
antibodies (MAB1467, Chemicon, Temecula, CA, USA) at a 1:1000 dilution (from ascites
fluid stock) for 24 h at 4°C. Cell cultures were rinsed in PBS and incubated in affinity
purified biotinylated donkey anti-mouse 1gG; conjugated to avidin-peroxidase as directed
(Vector ABC kit, Burlingame, CA, USA). Peroxidase-conjugated BrdU antibody complexes
were visualized with nickel-intensified DAB (see above). Coverslips with attached cells and
cell clusters were removed from culture plates and mounted on microscope slides using
Permount (Fisher, Pittsburgh, PA, USA). The BrdU labeling index (% BrdU labeled cells/
total cells) was determined by counting cells using a 100x oil-immersion objective aided by
a 10 x 10 square-lattice eyepiece reticule (Hauser 1992). About 2000 randomly chosen cells
from multiple neurospheres were counted per culture. To arbitrarily sample cells, the x-axis
microscope stage controller was moved along an equatorial line through the center of the
coverslip and all cell clusters entering the field of vision were sampled. At least 6 cultures,
each consisting of cells from separate mice were assessed per experimental group.

Neuron Viability

Neuron viability was assessed at 24 h following continuous opioid treatment. Viability was
assessed using a commercially available kit (Live-Dead Assay; Molecular Probes, Eugene,
OR, USA) (Opanashuk & Hauser 1998). Neurospheres were plated on to poly-L-lysine-
coated (1 mg/ml) glass coverslips for 2 h. Following opioid treatment, cultures were rinsed
and incubated in DPBS containing ethidium homodimer (3.5 M) and calcein-AM (4 uM)
(Molecular Probes) for 40 min at 35°C in 5% C0/95% air (Opanashuk & Hauser 1998).
Cells were rinsed with DPBS, stored at 4°C, and counted within 48 h. Red ethidium
fluorescence was detected at 535-nm excitation and 590-nm emission wavelengths; green
calcein fluorescence was detected at 485-nm excitation and 530-nm emission wavelengths.
Coverslips with attached cells and cell clusters were removed from culture plates and
mounted on microscope slides using Prolong Antifade (Molecular Probes). The proportion
of dead neurons was determined as a percentage of the total number of neurons using a
Nikon Diaphot fluorescent microscope (60x objective). About 600 neurons were counted in
each culture. To arbitrarily sample cells, the x-axis microscope stage controller was moved
along an equatorial line through the center of the coverslip and all cell clusters entering the
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field of vision were sampled. Four cultures were counted per group, with each culture
consisting of cells from separate mice.

Neurite Growth

Results

Neurite growth was assessed in the subpopulation of granule neurons that failed to
reaggregate into neurospheres. Immature granule neurons and neuritic processes were
labeled immunocytochemically-using antibodies against neuronal ubiquitin. Anti-neuronal
ubiquitin antiserum (PGP 9.5; Ultraclone Ltd., Cambridge, UK) was used at 1:750 dilutions,
and detected using secondary rabbit anti-human 1gG antibodies conjugated to peroxidase
(Wilkinson et al., 1989). Nickel-intensified DAB was used as a substrate (as described
earlier). Coverslips with attached cells and cell clusters were removed from culture plates
and mounted on microscope slides using Permount (Fisher, Pittsburgh, PA, USA). Neuritic
length was determined in PGP 9.5-immunoreactive neurites using a calibrated eyepiece
reticule with concentric circles as previously described (Sholl 1953; Volkmar & Greenough
1972; Hauser et al., 1989), except measurements were made using a 100x oil-immersion
objective and phase contrast optics (Nikon, Diaphot). About 25 randomly chosen, granule
neurons that were located away from the neurospheres were sampled from each culture, and
at least 4 cultures were assessed per experimental group. Each culture consisted of cells
from separate mice. The isolated neurons expressed | and & opioid receptor phenotypes in
the same proportion as those present in the neurospheres, and their numbers were unaffected
by opioids. There are significant spatiotemporal differences in the behavior of cerebellar
granule neurons (Raetzman & Siegel 1999). For this reason, the isolated neurons and
neurons within clusters are likely to behave differently, and the effects of opioids on each of
the two populations may need to be considered independently.

High rates of BrdU incorporation occurred 24-72 h following re-aggregation. At 96 h,
neuronal processes were evident on the surface of the clusters as well as in the outgrowth.
The outgrowth consisted of some neuronal cell bodies as well as extensive neuritic
processes. In addition, some isolated EGL cells were also present outside of the zone of the
outgrowth. These cells were uniformly distributed as a monolayer on the surface of the
culture dish. Presumably, the isolated EGL cells failed to re-aggregate or detach from the
clusters during or after plating. Importantly, less than 0.5% of the cells in these cultures
were GFAP immunoreactive astrocytes (data not shown). Physical contacts with astrocyte
plasma membranes inhibit DNA synthesis in EGL neuroblasts (Gao et al., 1991).

Opioid Receptor Immunoreactivity

Purified populations of EGL neuroblasts expressed [ and 8 receptor immunoreactivity;
however, few cells were x immunoreactive (Figs. 1A-E). u-Opioid receptor
immunoreactivity was punctate and tended to be polarized within the cell body, whereas the
& immunoproduct was more diffuse and uniformly distributed throughout the cell body and
neurites (Fig. 1). About 75-80% of the EGL neurons expressed | opioid receptor
immunoreactivity, and about the same proportion expressed & receptor immunoreactivity
suggesting many EGL cells co-expressed both  and & receptor types (Fig. 1F). The
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proportion of cells expressing either | or & immunoreactivity remained relatively consistent
at 2 and 7 days in vitro (Fig. 1F; mean + SEM of 4 experiments). Specific , 8, or x (x not
shown) receptor immunoreactivity was not evident in preabsorbed controls (Figs. 1B,C).

Intrinsic Opioid Neuropeptides

We examined whether proenkephalin-derived peptides were present in EGL neuronal
precursors cultured in serum free medium. Monoclonal antibodies that recognize the
partially processed proenkephalin protein precursor were used to identify proenkephalin
immunoreactivity (Bottger et al., 1995; Bottger & Spruce 1995). Proenkephalin-derived
peptides were detected in EGL cells using monoclonal antibodies PE-18 and PE-25 (Fig. 2).
Proenkephalin immunoreactivity, as detected with PE-18 and PE-25, was located
predominantly within cell bodies, with some immunoreactivity additionally extending into
the axon and dendrites of more mature neurons (Fig. 2).

HPLC-RIA was used to detect enkephalin within the EGL neuron cultures and spent
medium. Neuron clusters were plated so that each culture contained 3 x 10° cells per 1-ml of
serum free medium. Enkephalin levels were 39.5 + 6.9-pg/culture/24 h. These antibodies
detect Met-and Leu-enkephalin. Enkephalins were not detected in serum free medium and
the limit of detection by HPLC-RIA was 1 pg/ml.

DNA content

DNA content was assessed to estimate the effect of opioids on cell number. DNA content
was assessed at 48 h following opioid treatment to allow sufficient time for changes in DNA
synthesis (determined at 24 h) to be manifest as actual changes in cell numbers. DNA
content was significantly altered following 48 h of continuous opioid treatment at 3 days in
vitro (P < 0.02; ANOVA) (Fig. 3). The effects of opioids were highly selective. Following
treatment with Met-enkephalin, a preferential 8 receptor agonist, there was a trend toward
reduced amounts of DNA. However, this trend was not significant (P = 0.065) and was not
mimicked by other & opioid receptor agonists. In contrast, treatment with morphine
significantly reduced DNA content. Untreated control cultures contained 26.7 £+ 8.3 ug
DNA. Because the number of cells was identical in each culture at the start of each
experiment prior to morphine treatment, and morphine did not affect the rate of cell death
(Table 1), suggested that the change in DNA content resulted from reductions in the rate or
proportion of dividing cells. Examining DNA synthesis in individual neuronal precursors
further assessed this question.

DNA Synthesis

BrdU incorporation by EGL neuroblasts was affected by opioid treatment at 24 h following
drug treatment (P < 0.015; ANOVA) (Fig. 4A-D). Treatment with the endogenous &
receptor agonist Met-enkephalin (1 uM) for 24 h did not affect the percentage of EGL
neuroblasts incorporating BrdU (Fig. 4D). Similarly, incubation with more selective 6,
(DPDPE, 1 uM) or &, (deltorphin 11, 1 uM) opioid receptor agonists did not alter the BrdU
labeling index (Fig. 4D). In contrast, continuous exposure to morphine (1 uM), a preferential
u receptor agonist, markedly reduced the proportion of neuronal precursors incorporating
BrdU (P < 0.025; Newman-Keuls) (Fig. 4D). Importantly, the effects of morphine were
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attenuated by co-administering naloxone (3 M) suggesting morphine’s actions were
mediated by specific opioid receptors. Although enkephalins are present in these cultures,
exposure to naloxone alone had no effect on the BrdU labeling index.

Neuron Viability

Apoptotic granule cell death occurs during normal cerebellar development in vivo (Wood et
al., 1993) and in the re-aggregate EGL cell cultures (Gao et al., 1991) (Figs. 5A-B). To
determine whether opioids affected EGL neuron survival, the proportion of viable neurons
was determined following 24 h of continuous opioid exposure at 48-h in vitro. Living and
non-viable EGL cells were readily discernable ultrastructurally and by using the viability
assay (Fig. 5). Viable and non-viable cell markers did not overlap in the same cell; all cells
were labeled as living or dead (Figs. 5C-D).

Cell viability was unaffected by opioid exposure (Table 1). Survival rates were determined
following 24 h of continuous opioid exposure at 48-h in vitro. Importantly, morphine, which
caused significant declines in BrdU incorporation and DNA content, did not affect survival.
The proportion of dying EGL cells in untreated control cultures was 6.0 + 1.2%.

Differentiation

To explore the effect of opioids on granule cell differentiation, the effects of 48 h of
continuous opioid exposure were assessed at 6 days in vitro. At 4-6 days in vitro, a zone of
neuritic outgrowth surrounded the re-aggregate neurospheres and some differentiated
granule neurons were present. During this time, some immature granule neurons were
located away from the neurosphere clusters. These neurons were postmitotic (i.e., did not
incorporate BrdU) and displayed rapid increases in neuritic outgrowth with 1-5 partially
differentiated neurites. The number of isolated granule neurons present was unaffected by
opioids (data not shown).

Neurite length was significantly reduced following opioid treatment and the effects were
highly selective (P < 0.01; ANOVA) (Fig. 6). Following treatment with Met-enkephalin (1
UM), a preferential & receptor agonist, there was a significant reduction in neuritic length (P
< 0.05; Newman-Keuls) (Fig. 5C). Marked reductions were seen following deltorphin Il (P
< 0.015; Newman-Keuls), a 8, agonist, but not following treatment with the 8, agonist
DPDPE (Mosberg et al., 1983; Erspamer 1992; Rossi et al., 1997). This suggests that the &,
opioid receptor subtype specifically affects neuritic growth and Met-enkephalin is activating
8, receptors. In contrast, treatment with morphine had no effect on neuritic length.
Treatment with naloxone alone also had no effect on neuritic length.

Discussion

Our results show that opioids intrinsically affect the maturation of EGL neuroblasts and their
progeny, and are likely to be of fundamental importance during cerebellar development.
EGL neuronal precursors express | and 8, but few express k receptors in vitro and
developmental effects of opioids were segregated across different receptor types. p-Opioid
receptor activation inhibited neuroblast proliferation, while & opioid receptor agonists
preferentially inhibited neuritic differentiation (Fig. 7).
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Opioid Receptors

The cerebellum is traditionally viewed as a region devoid of opioid receptors, since opioid
receptor mRNA, protein, or radioligand binding sites are largely absent from mature
cerebellum (Mansour et al., 1994). In contrast, high levels y, 8, and putative  opioid
receptor binding sites during early postnatal maturation (Kinney & White 1991; Zagon et al.,
1992; Leslie et al., 1998). Opioid receptor abundance is highly correlated with the transitory
arrival of the EGL (Kinney & White 1991; Zagon et al., 1992). Few studies have
systematically assessed 1, 8 or k receptor mRNA expression in the postnatal EGL (Georges
etal., 1998; Leslie et al., 1998; Zhu et al., 1998). Adult granule neurons express low levels
of & receptor mMRNA (Mansour et al., 1994). Although putative  opioid receptor binding
coincides with the advent of the EGL (Zagon et al., 1992), the precise nature of  binding
sites (including their relationship to &, sites) is not known and awaits molecular
characterization.

Opioids and Cell Proliferation

Our findings that 1 receptors inhibit neuroblast proliferation are consistent with findings
suggesting that opiates inhibit division in other neural cell types (Vernadakis et al., 1982;
Sakellaridis & Vernadakis 1986; Kornblum et al., 1987; Hammer, Jr.1993; Bartolome et al.,
1997; Mangoura 1997). Because the reduction in the BrdU labeling index at 24 h was
followed by reductions in DNA content (cell numbers) at 48 h without alterations in cell
viability, suggests that morphine inhibited neuroblast proliferation. However, based on this
evidence alone, it is uncertain whether morphine is causing greater numbers of neuroblasts
to exit the mitotic pool (reducing the growth fraction) or whether morphine is altering the
duration of the cell cycle (Korr 1980; Reznikov et al., 1999). Morphine was used in the
present study because it is a preferential p agonist, but more importantly because of its role
as a drug of abuse, since heroin is largely deacetylated to morphine and 6-mono-acetyl
morphine before acting on the brain. Endogenous | agonist peptides, such as f-endorphin
and several of the casomorphin-related peptides, are present during development (Bayon et
al., 1979), and inhibit cell proliferation in the brain (Bartolome et al., 1991) and in cell lines
(Kampa et al., 1997). Endomorphins, a recently discovered novel class of endogenous
agonists (Zadina et al., 1997), are also expressed during perinatal development in rats (Barr
& Zadina 1998).

Mitogenic signaling has been traditionally associated with tyrosine kinase receptors.
However, recent evidence suggests that heterotrimeric G-protein coupled receptors such as
I, 8, and x opioid receptors activate specific phosphotyrosine pathways (Mangoura &
Dawson 1993; Burt et al., 1996; Georgoussi et al., 1997; Mangoura 1997; Wilson et al.,
1997). p or & opioid receptors can activate p21"@/mitogen-activated protein kinase (MAP-
kinase) (Burt et al., 1996; Georgoussi et al., 1997; Wilson et al., 1997; Mullaney et al., 1997;
Belcheva et al., 1998; Ignatova et al., 1999). Downstream p-activation may stimulate
phosphatidylinositol (P1) turnover, influencing PI-3-kinase and/or Ca2*-mobilization (Barg
etal., 1992; Barg et al., 1993; Hauser et al., 1996; Polakiewicz et al., 1998). The ability to
stimulate either traditional opioid signaling pathways [see (Huang 1995)] and/or MAP-
kinase may explain how opioids can have varied effects on cell division (Lee & Wurster
1994; Law & Bergsbaken 1995; Hauser & Mangoura 1998; Knapp et al., 1998).
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The lack of significant effects with Met-enkephalin on cell division was unexpected and
prompted us to additionally assess the actions of more selective & receptor agonists (DPDPE
and deltorphin 11). Enkephalin immunoreactivity is localized in germinal zones in the
cerebellum (Zagon et al., 1985; Osborne et al., 1993) and treatment with Met-enkephalin
reportedly decreases DNA synthesis in EGL neuroblasts in vivo (Zagon & McLaughlin
1991). Alternatively, other investigators suggest that opioids are strategically positioned to
affect differentiation, since enkephalins (i.e., Met- or Leu-enkephalin) and opioid receptor-
expressing cells can be found immediately outside germinative zones (Huntley et al., 1988;
Tecott et al., 1989; Casini et al., 1995; Leslie et al., 1998; Zhu et al., 1998), which agrees
with our present findings. In actuality, however, the effect of enkephalins on cell replication
may vary greatly depending on neuroblast type (Davila-Garcia & Azmitia 1989; DiCicco-
Bloom et al., 1990; Zagon & McLaughlin 1991; Hauser & Mangoura 1998). Although our
findings discount an involvement of & receptors in proliferation, Met-enkephalin might act
via alternative mechanisms that do not involve traditional & opioid receptors. Besides cell
surface receptors, the intracellular trafficking of proenkephalin to the nucleus correlates with
growth arrest and differentiation (Brooks et al., 1993; Bottger & Spruce 1995), and
enkephalins may act as transcriptional regulators (Bakalkin et al., 1991; Bakalkin et al.,
1995).

Opioids and Neuronal Differentiation

Our findings suggest the involvement of 8,-receptor subtypes in granule cell neuritic
growth. Opioids have been shown to affect neuritic differentiation in vivo and in vitro
(Hauser et al., 1989; Hammer, Jr. 1993; Hauser & Stiene-Martin 1993; Sklair-Tavron et al.,
1996). Met-enkephalin, a 8 agonist, significantly increases the phosphorylation of the Src
kinase substrate cortactin causing dramatic changes its localization and movement to the
cytosol, and accompanying phosphorylation of vinculin at focal adhesion sites (Mangoura
1997). As noted in the methods, however, isolated neurons may behave differently to
opioids than the neurons in neurosphere clusters, because of potential developmental
constraints imposed by each unique microenvironment. Thus, i agonists may potentially
affect the differentiation of granule neurons in neurospheres, whereas 8, agonists may have
fewer effects on neurons in clusters.

Findings that EGL cells transiently and coordinately express both opioid receptors and
peptides in this and other studies suggests paracrine or autocrine interactions occur among
developing granule cells (Zagon et al., 1985; Osbhorne et al., 1993). Despite this,
differentiation was unaffected by naloxone alone in the present study, suggesting that the
amount of Met-enkephalin present within our cultures was insufficient to inhibit neuritic
outgrowth. The relatively large volume of medium in our cultures may dilute the small
quantities of opioids released by the EGL cells and was a consistent finding even if
enkephalinase (neutral endopeptidase EC 3.4.24.11) inhibitors were added (data not shown).
This might be different in the intact central nervous system, where enkephalin is released
within a confined extracellular space. Alternatively, Purkinje cells, cerebellar astrocytes, as
well as enkephalin-containing mossy fibers, also express enkephalins within the developing
cerebellum (Williams & Dockray 1983; Walker & King 1989; Spruce et al., 1990; Oshorne
etal., 1993).
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Opioids and Neuronal Survival

Although opioids did not affect EGL cell viability, morphine or Met-enkephalin can inhibit
neuronal cell death in the avian ciliary ganglion (Meriney et al., 1985; Meriney et al., 1991).
In a cell line transfected with i opioid receptors, the p agonist D-Ala2-MePhe?, Gly-ol°-
enkephalin (DAMGO) activates Akt-induced neuroprotection (Polakiewicz et al., 1998).
Alternatively, in other studies, opioids only enhanced cell losses if apoptosis was induced by
other factors, such as staurosporine or wortmannin (Dawson et al., 1997; Goswami et al.,
1998). Together, the above findings suggest that the effects of opioids on cell death are
variable and cell type specific.

In summary, our findings provide strong evidence that multiple opioid receptor types
regulate different aspects of granule neuron maturation. When the effects of opioids on
neurons, astroglia, and oligodendroglia are considered together, it is apparent that 1, &, and «
opioid receptors control maturation in each cell-type differently (Hauser & Mangoura 1998;
Knapp et al., 1998). This diversity may strategically position the opioid system to coordinate
the development of granule neurons with the maturation of other neuronal and glial cell

types.
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Abbreviations

Brdu 5’-bromodeoxyuridine

DAMGO D-Ala2-MePhe?, Gly-ol®-enkephalin
DAB diaminobenzidine

Delt or deltorphin [D-Ala?]-deltorphin 1

DPDPE [D-Pen?, D-Pen®]-enkephalin

EGL external granular layer

Enk Met-enkephalin

Morph morphine

Gy pre-DNA synthesis phase of the cell cycle
MAP-kinase mitogen-activated protein-kinase

Nal naloxone

PBS phosphate buffered saline

PI-3-kinase phosphatidylinositol-3-kinase

PGP 9.5 protein gene product 9.5 (neuronal ubiquitin)
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Opioid receptor immunoreactivity in neuronal precursors. (A—E) Cerebellar external granule
layer (EGL) neuronal precursors expressed | (A) and & (C) opioid receptor
immunoreactivity in brightfield photomicrographs; however, few, if any, cells were k
immunoreactive (E) at 48 h in vitro. Specific immunoreactivity was not present in 1 (B) or &
(E) preabsorbed controls. Scale bar = 15 pm. (F) The proportion of EGL cells expressing
and & opioid receptor immunoreactivity was similar at 48 h and 7 days in vitro.

Eur J Neurosci. Author manuscript; available in PMC 2015 January 26.



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

yduasnuel Joyny vd-HIN

Hauser et al. Page 19

Fig. 2.
Proenkephalin immunoreactivity in neuronal precursors. Proenkephalin precursor protein

immunoreactivity was detected in cerebellar external granular layer (EGL) neuronal
precursors using PE-18 or PE-25 monoclonal antibodies. Scale bars = 10 pm.
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Fig. 3.
Effect opioids on neuron number. (A-B) Compared to untreated controls, external granular

layer (EGL) neurosphere clusters were reduced the size following 48 h of morphine
treatment (B). Hoffman-modulation contrast optics; scale bar = 25 um. (C) DNA content
was significantly reduced following morphine exposure (*P < 0.05 vs. untreated controls).
The effects of morphine were prevented by co-administering naloxone. Neither the & opioid
receptor agonists (Met-enkephalin, DPDPE, or deltorphin I1) nor naloxone affected DNA
content. Met-enkephalin (Enk), [D-Pen2]-enkephalin (DPDPE), [D-Ala?]-deltorphin I1
(Delt), Morphine (Morph).
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Fig. 4.
Effect of opioids on bromodeoxyuridine (BrdU) incorporation in granule neuron precursors.

(A-C) Compared to untreated controls (A), continuous morphine treatment (1 uM) for 24 h
reduced the proportion of neuroblasts incorporating BrdU (B). The inhibitory effects of
morphine were prevented by concurrent administration of naloxone (3 M) (C). Neuroblasts
incorporating BrdU were densely labeled (arrows) and daughter cells often remained in
close proximity after dividing. Scale bar = 25 um. (D) Morphine-treatment (24 h) markedly
reduced the proportion of neuroblasts incorporating BrdU (*P > 0.025 vs. untreated
controls). The effect of morphine was antagonized by naloxone, while naloxone alone did
not alter the BrdU-labeling index. Mean + SEM of 4-6 experiments. Met-enkephalin (Enk),
[D-Pen25]-enkephalin (DPDPE), [D-Ala?]-deltorphin II (Delt), Morphine (Morph).
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Fig. 5.

Ef?‘ect of opioids on neuron precursor survival. (A-B) Electron micrographs showing both
viable and degenerating neuronal precursors within external granular layer (EGL) cells in
untreated cultures. (A) Compromised neurons displayed cytoplasmic vacuoles and swollen
mitochondria (arrows); a pyknotic cell with shrunken and densely packed heterochromatin
(*). (B) A neuron with accumulated cytoplasmic vacuoles and marginal heterochromatin
(arrow), and a cell with chromatin fragmentation patterns characteristic of apoptosis (*).
Scale bars =5 um (A) and 10 um (B). (C-D) Fluorescent images of living (green) and non-
viable (red) immature neurons from the cerebellar external granular layer (EGL) in untreated
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control (A) and morphine-treated (B) neurospheres. Neither morphine nor exposure to other
opioids affected the proportion of dying cells (see Table 1). Scale bar = 20 um.
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Effect of opioids on neurite outgrowth. (A-B) Brightfield photomicrographs showing PGP
9.5-immunoreactive neurons in cultures treated with deltorphin Il with or without naloxone.
Deltorphin 11-exposed neurons had reduced neuritic fields (A,B). Scale bar = 10 pm. (C)
Met-enkephalin (*P < 0.04) and deltorphin 1l (*P < 0.015) treatment significantly reduced
the length of neurites (*); co-treating with naloxone prevented the significant effects of the §
agonists. Neither agonists (morphine or DPDPE), nor the antagonist naloxone, affected the
elaboration of neurites. Met-enkephalin (Enk), [D-Pen2-]-enkephalin (DPDPE), [D-Ala?]-
deltorphin Il (Delt), Morphine (Morph).
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Fig. 7.
Summary of the effects of opioids on granule neuron development. Activation of p opioid

receptor activation inhibited the proliferation of granule neuronal precursors, while
activation of preferential 8, agonists inhibited neuronal differentiation. Granule neurons did
not express x opioid receptors. Opioids did not affect neuronal viability. Whether opioids
affect migration was not assessed.
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Table 1

Opioids did not affect the Survival of Neuronal Precursors from the Cerebellar External Granular Layer
(EGL)?

Treatment Non-Viable Neurons (%)P
Met-enkephalin 53+1.2
Met-enkephalin + naloxone 48+11
DPDPE 6.0+0.7
DPDPE + naloxone 75+13
Deltorphin 11 6.0+1.7
Deltorphin Il + naloxone 45+0.9
Morphine 42+13
Morphine + naloxone 51+1.2
Naloxone 6.6+1.1

a . . . . L
EGL neurons were continuously exposed to opioid agonists and/or antagonists for 24 h in vitro.

No significant effects on survival were noted following opioid treatment (ANOVA).
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