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Abstract

The effects of morphine on the morphogenesis and survival of calbindin-Doggimmunoreactive
Purkinje cells was studied in organotypic explant cultures isolated from 1- or 7-day-old mouse
cerebella. To reduce experimental variability, bilaterally matched pairs of organotypic cultures
were used to compare the effects of opiate drug treatment. One explant within each pair was
untreated, while the remaining explant was continuously treated for 7 to 10 days with morphine,
morphine plus naloxone, or naloxone alone. In explants derived from 1-day-old mice, morphine
treatment significantly reduced Purkinje cell dendritic length compared to symmetrically-matched
untreated control explants. The concentration of morphine estimated to cause a half-maximal
reduction (ECsg) in dendritic length was 4.9 x 1078 M. At higher concentrations (ECsq = 3.6 x
1076 M), morphine also significantly decreased the number of Purkinje cells in explants from 1-
day-old mice compared to untreated explants. Electron microscopy identified increased numbers
of degenerating Purkinje cells in explants derived from 1-day-old mice. This showed that high
concentrations (107> M) of morphine reduced Purkinje cell numbers by decreasing their rate of
survival. In explants derived from 7-day-old mice, morphine (107> M) neither affected Purkinje
cell dendritic length nor cell numbers compared to symmetrically-matched untreated (control)
explants. Collectively, these findings suggest that morphine per se, through a direct action on the
cerebellum, can affect Purkinje cell differentiation and survival. The results additionally suggest
there is a critical period during development when Purkinje cells are especially vulnerable to the
effects of morphine.
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INTRODUCTION

Endogenous opioid systems are present during development and can modify nervous system
maturation (16,21,77,78). During development, endogenous opioid neuropeptides typically
act by inhibiting the growth of the nervous system (21,77,78). Opiate drugs such as
morphine also affect neural development (9,12,14,16,17,42,52,54,58,62,66,70,74).
Presumably opiate drugs disrupt the normal interactions between endogenous opioid
peptides and their receptors.

The cerebellum is likely to provide important clues about the developmental role of opiates.
Subpopulations of developing cerebellar neural cells express the opioid mRNA and/or
peptide products (22,46,61,79) and opioid receptors (34,41,65,73). Cerebellar
morphogenesis can be modified by manipulating endogenous opioid systems (21,23,73,77)
or opiate drugs (74-76). Methadone (70) and/or morphine (23) can inhibit the outgrowth
from cerebellar explants. The reduction in outgrowth results largely from the reduced
growth of neurons (19) and/or glia (23).

Purkinje cells are especially important instruments for opioid action in the cerebellum. Not
only is the rate of their dendritic growth affected by endogenous opioids in vivo (21), but
subpopulations of developing Purkinje cells themselves express proenkephalin mMRNA
(46,61) and/or contain enkephalin immunoreactivity (79). Purkinje cells are important in
cerebellar organization both during development (60) and in the adult (47). Purkinje cells
are the first neuronal type to be generated and to migrate into the immature cerebellar cortex
in rodents (28,43), and their axons provide the only efferent path from the cerebellar cortex
(47).

A central question is to what extent do opiates per se affect neuronal maturation? Opiates
are reported to affect neuronal development through both direct (14,15,23,70) and indirect
mechanisms (23,35,36). Yet, confounding effects make it difficult to study how opiates
intrinsically affect cellular growth. This is especially true when assessing the effects of
opiates in the offspring of opiate dependent mothers. Psychosocial and physical problems
are associated with opiate abuse, as well as concurrent multi-drug use, and opiate abstinence
in newborns. These confounding effects make it difficult to assess the cellular mechanisms
by which opiates by themselves affect neuronal development (7,12,32,33,71). To address
this problem, opiate-dependent changes in Purkinje cell morphogenesis were examined in
bilaterally matched pairs of organotypic cultures exposed to morphine for 7 to 10 days. The
findings suggest that opiates can affect Purkinje cell differentiation and survival at certain
critical times during cerebellar development. The results may have implications about opiate
drug use during pregnancy or during early childhood.

MATERIALS AND METHODS

Organotypic Culture

Organotypic explant cultures were derived from the cerebella of a total of thirty-six, 1- or 7-
day-old male ICR mice (Harlan Sprague-Dawley, Indianapolis, IN). Because there are
regional differences in the rate of growth and in opioid expression by Purkinje cells within
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the rodent cerebellum (28,46), the precise bilateral matching of explants (i.e., the
“homologous- or mirror-pair” paradigm) developed by Toran-Allerand (63,64) was used to
assess the experimental effects of opiates in this culture model (23,63,64). Tissue dissection
was guided by existing anatomical divisions within the cerebellum (37). Entire cerebella
from 1-day-old mice were divided into rostral and caudal portions at the primary fissure.
The larger caudal tissue fragment was then subdivided at the secondary fissure, except
laterally where the intercrural fissure served as a guide (37). In cerebella derived from 7-
day-old mice, explants were taken from the lateral portions of crus | and Il, i.e., between the
posterior superior fissure and the ansoparamedian fissure (37), and from the vermal portions
of lobules V1, VII and VIII. Symmetric-paired tissue sections from 1- and 7-dayold mice
were cut in the parasagittal plane from the right and left halves of the cerebellum using a
micro-surgery scalpel (4 mm blade) and a dissecting microscope at magnifications of 8-35x.
Bilaterally paired explants were trimmed until they were precisely matched. Only explant
pairs that were precisely matched in size and topography were used, others were discarded
(see below). Matched explant-pairs were positioned flat against the collagen substrate
surface so the pial surface was at the peripheral border of the explant (19,23).

Explants were maintained in organotypic culture in 18.6 % donor horse serum-containing
nutrient media in a rigorously controlled, sterile-environment as described before (22,23).
Explants were grown on 22-mm diameter glass or ACLAR plastic coverslips inserted into
12-well (22 mm diameter) plastic tissue culture chambers (22,23). Explants derived from 1-
day-old mice were treated with opiates for 7-10 days, because prior studies showed that
Purkinje cell development in 10-day-old rats are affected by opioid manipulation during the
first 10 postnatal days (21). Explants were treated continuously for 7 to 10 days with media
alone (controls), media containing morphine sulfate (Sigma), morphine sulfate plus 3-fold
greater concentrations of naloxone (DuPont, Wilmington, DE), or naloxone alone. The
medium was changed twice weekly.

Calbindin-Dygx Immunocytochemistry

After 7-10 days in vitro, explants were fixed for 30-60 min. in ice-cold Zamboni's fixative
containing 3% paraformaldehyde. To allow penetration of the immunocytochemical
reagents, explants were permeabilized by sequential treatment in 50% ethanol in 0.1 M PBS
(pH 7.4) (30 min.), 70% ethanol in 0.1 M PBS (30 min.), and 50% ethanol in 0.1 M PBS (30
min.) followed by 3 x 5 min. rinses in 0.1 M PBS before addition of the primary antibody
(23) as modified from Jaeger et al. (29). Organotypic explant cultures were immunostained
for calbindin-D,gy, a marker for Purkinje cells in adult (11) and developing (39,59) rodents.
Primary monoclonal antibodies against calbindin-Dogy (Sigma, St. Louis, MO) were diluted
1:2000 (w/v) in pH 7.4 phosphate buffered saline (PBS) containing 0.1% Triton-X 100 and
1% crystalline grade bovine serum albumin (BSA; Calbiochem, CA). Permeabilized tissue
was incubated with primary antibodies for 48 h at 4°C on an orbital shaker at 40-60 rpm.
Anti-calbindin-D2g, monoclonal antibodies were detected using a biotin-avidin-peroxidase
detection system (Vectastain ABC kit, VVector Laboratories, Burlingame, CA). Tissue was
incubated overnight with the biotinylated anti-mouse second antibody at 4°C (Vectastain
ABC kit) followed by incubation in avidin-conjugated peroxidase for 1.5 h at room
temperature. Explants were reacted in diaminobenzidine (DAB) plus H,0, as directed
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(Vectastain ABC kit), except that the duration of the DAB reaction was adjusted to optimize
the signal-to-noise ratio based on direct observation of the reaction using an inverted
microscope. Incubations and rinses were performed on an orbital shaker at 40-60 rpm.
Calbindin-D,gy immunoreactivity was not seen when primary antibodies were excluded
from the reaction.

Dendritic Length and Cell Numbers

Multiple explants from individual mice were randomly distributed across experimental
groups. Each value for dendritic length or cell numbers is the mean determination of
multiple cells and explants from at least n = 6 mice. To determine dendritic length, an equal
numbers (typically 6-12) of randomly chosen Purkinje cells were sampled from each explant
within a matched explant pair (at least 6 explant pairs per group). Total dendritic length was
determined using a calibrated eyepiece reticle with concentric circles as previously
described (21), except that measurements were made using a long working-distance 100x oil
immersion objective and differential interference contrast optics. To determine cell numbers,
all Purkinje cells in each explant (at least 6 explant pairs per group) were counted using an
Olympus Vanox microscope at a magnification of 40x aided with a 10 x 10 square-lattice
eyepiece reticle. In studies demonstrating antagonist (naloxone) reversibility of morphine
(107> M morphine and/or 3 x 107> M naloxone) effects on the length of dendrites and the
number of calbindin-Dagk-immunoreactive Purkinje cells, individual explants were
randomly sampled without knowledge of the treatment group, or matched pair, an explant
belonged (blind study). The concentration-dependent effects of morphine were assessed
using sampling procedures and statistical analyses as previously described (19).

Statistical Analysis

The two-tailed, paired Student's t test (Statistica; StatSoft, Tulsa, OK) was used to compare
dendritic length and cell numbers within homologous untreated (control) and opiate-treated
explant pairs. Values (mean £ SEM) for treated explants are reported as a percentage of their
matched pair controls. Additional determinations were made in explants derived from 1-day-
old mice where opiates affected Purkinje cell numbers and dendritic length. Non-linear, least
squares regression analysis (GraphPad Inplot, GraphPad Software) was performed to
estimate the concentration of morphine that would cause a half-maximal reduction in cell
numbers and dendritic length. Explant pairs from single mice were distributed across
experimental groups (for example, control versus morphine, control versus morphine plus
naloxone, control versus naloxone). For dendritic length, 8-12 Purkinje cells were randomly
sampled from each control and treated explant within a matched explant pair. Purkinje cell
dendritic lengths and numbers were determined for each experimental group from matched
explant pairs taken from n =6 to 12 mice.

Ultrastructural Observations

Cerebellar explants were grown on collagen-coated ACLAR plastic coverslips. After 7-10
days in culture, explants were fixed in situ (on their coverslips) for 8 h 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

Exp Neurol. Author manuscript; available in PMC 2015 January 26.



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

1duosnuely Joyny vd-HIN

Hauser et al.

Page 5

with explants were rinsed 3 times (20 min per rinse) in ice-cold, phosphate buffered saline,
postfixed for 1 h in 1% OsOy4 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 the epoxy-embedded explant. The
explants were sectioned on a LKB ultramicrotome and examined using a Hitachi H-7000
transmission electron microscope at 75 kV.

Verifying that explant pairs are matched

RESULTS

Explant-pairs that were not equal, that is symmetrical in size, shape and regional
topography, were discarded during the dissection. To further verify that matched explant
pairs were homologous, explant dimensions, as well as Purkinje cell numbers, were
compared in matched explant pairs. Explant area was measured morphometrically as
described before (23). Explant thickness was estimated by measuring the distance traveled
by the fine-focusing adjustment (z axis) from the collagen substrate surface to the uppermost
surface of the explant.

Purkinje cells in explants derived from 1 or 7-day-old mice displayed extensive dendritic
development after 7-10 days in organotypic culture in the present study (Fig. 1) as
previously reported (6,26,29). Calbindin-Dygy antibodies immunostained Purkinje cells in
their entirety, including the soma, dendrites and axon (Fig. 1). In cerebellar explant cultures,
calbindin-Dogy was selective for Purkinje cells. Morphine reportedly decreases calbindin-
Do,gx immunoreactivity within some Purkinje cells in vivo (18), but the decreased
immunoreactivity apparently does not occur in the deafferented cerebellum (R. Harlan,
personal communication). Morphine did not affect the pattern or intensity of calbindin-Dogy
immunoreactivity within organotypic explant cultures in the present study.

Within matched pairs, explant area and thickness typically did not vary more than 5%.
Purkinje cell numbers also were similar. For example, Purkinje cell numbers differed less
than 10% in explant pairs where one explant was untreated (control), while the other explant
was given a treatment having minimal effects (such as concurrent morphine and naloxone).
Moreover, when untreated explants derived from 1-day-old mice (Figs. 2 & 3) are compared
to their paired homologs treated concurrently with morphine and naloxone, the number of
Purkinje cells is highly correlated (r = 0.798; P < 0.007). Collectively, this indicates that
Purkinje cell numbers are similar within bilateral-matched explants, and suggests that the
mirror-explant paradigm (63,64) is a valid model for examining the effects of opiates on
Purkinje cell development.

Morphine Reduced Purkinje Cell Dendritic Length

In explant cultures taken from 1-day-old mice, continuous exposure to morphine for 7 to 10
days resulted in a significant concentration-dependent reduction in Purkinje cell dendritic
length (Fig. 4). At 1076 M or greater concentrations, morphine caused a significant decrease
in dendritic length compared to matched-pair controls. The mean dendritic length was 94 + 6
um for Purkinje cells in untreated explants. The concentration of morphine causing a half
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maximal reduction in dendritic length was estimated using non-linear regression to be 4.9 x
1078 M (Fig. 4). Moreover, the reduction in dendritic length caused by 10~ M morphine
was completely prevented by concomitant treatment with 3 x 107> M naloxone, while 3 x
10~ M naloxone treatment alone had no effect (Fig. 4). Numerous filopodial processes were
seen extending from the cell body or dendrites of calbindin-Dag-immunoreactive Purkinje
cells (Fig. 3). Filopodia are slender, thread-like processes of consistent diameter that appear
on growing neurons. Filopodia may terminate in growth cones. Filopodia may or may not
develop into dendrites, and were not included in measurements of dendritic length.

In explant cultures derived from 7-day-old mice, Purkinje cell dendritic length was
unaffected by continuous morphine treatment. The mean dendritic length for Purkinje cells
was 435 + 87 um in untreated explants and 513 = 117 um in morphine-treated explants.

High Concentrations of Morphine Reduced Purkinje Cell Numbers

In explants derived from 1-day-old mice, high concentrations of morphine (107> or 10~ M)
significantly reduced Purkinje cell numbers at 7-10 days in vitro (Fig. 5). The mean number
of Purkinje cells was 127 + 29 in untreated explants. The concentration of morphine
estimated to cause a half maximal reduction in Purkinje cell numbers was 3.6 x 1076 M. The
reduction in Purkinje cell numbers caused by 10~ M morphine was prevented by co-
administering 3 x 107 4 naloxone, while 3 x 10~ M naloxone alone had no effect on
Purkinje cell numbers.

Electron microscopy revealed that compared to untreated explants, degenerating cells were
frequently present in 10~ M morphine treated explants at 7-days-in vitro (Figs. 6,7). When
the degenerating cells could be identified with some certainty, they appeared to be small
EGL-derived neurons or larger neurons resembling Purkinje cells. EGL cells and their
progeny have a distinct size (about 7 um in diameter) (19,22), ultrastructural morphology
(47,55), and distribution within explants (19). The somata of Purkinje cells were often larger
than other cell types, and have hypolemmal cisternae and axosomatic synapses. Some cells
also had perisomatic processes that are characteristic of the stellate stage of Purkinje cell
development. Pathophysiological changes within the cytoplasm included vacuolar
degeneration, and the accumulation of both lipids and glycogen. With more progressive
degeneration, there was a near-complete dissolution of organelles within the cytoplasm, as
well as nuclear pyknosis. Many severely degenerated cells that resembled Purkinje cells
could not be identified with certainty due to a loss of ultrastructural features (Fig. 7). Few
degenerating astrocytes were seen. Often, the processes of astroglia were seen surrounding
phagocytosed cellular debris or degenerating cells (Fig. 7). Astrocytes were identified by
clusters of intermediate filaments, as well as a relative abundance of ribosomes and
glycogen, in the cytoplasm (47,55).

In explants derived from 7-day-old mice, Purkinje cell numbers were unaffected by
continuous treatment with 10> M morphine treatment for 7 to 10 days in vitro. There were
40 + 14 Purkinje cells in untreated explants and 34 + 12 Purkinje cells in morphine-treated
explants.
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DISCUSSION

The results show that morphine per se can inhibit Purkinje cell dendritic development and
cell survival through a direct action on the developing cerebellum. However, the effects of
morphine on Purkinje cell morphogenesis are complex. Dendritic development is more
sensitive to opiates than cell survival. Ten to 100-fold greater concentrations of morphine
were needed to reduce Purkinje cell numbers than were needed to inhibit dendritic
development. Therefore, within a range of concentrations, morphine may affect the dendritic
size without affecting cell viability. Perhaps, morphine affects cell differentiation and
survival by separate mechanisms. Alternatively, there may be a threshold where dendritic
loss results in a failure to thrive. Morphine's efficacy was also age-dependent additionally
suggesting there is a critical period when Purkinje cell dendritic development and survival is
vulnerable to this narcotic. These findings collectively suggest that the type and severity of
the developmental defect depends on the amount, duration, and timing of opiate exposure.

Dendritic Development

Cell Survival

Endogenous opioids and/or opiate drugs (presumably by acting through similar
mechanisms) regulate dendritic growth in neurons in the cerebral cortex, hippocampus, and
cerebellum during normal development (21). However, based on in vivo studies alone, it is
unclear whether opioids per se directly affect dendritic growth. Opiates influence many non-
opioid systems that may indirectly affect dendritic development (review (24)), including
nutrition (69), many endocrine systems (for example, vassopressin, insulin, prolactin,
growth, thyroid and adrenocorticotrophic hormones (5,48,56)), and respiration (57).
Alterations in nutrition (72) and thyroid hormone (10), for example, can in turn affect
dendritic differentiation. Psychosocial factors can also affect dendritic development (13,68),
suggesting that the psychosocial problems associated with opiate drug abuse (7,12,32,33,71)
could indirectly affect dendrogenesis. Despite the potential importance of indirect opiate
effects, our findings show that opiates, through a direct action on the cerebellum, can
intrinsically affect the morphogenesis of Purkinje cell dendrites.

Purkinje cells are postmitotic before birth in mice (28,43). Therefore, a reduction in the
number of calbindin-D,gi-immunoreactive Purkinje cells in morphine-treated explants
cannot be explained by a reduced rate of cell proliferation, but instead indicates a decreased
rate of survival. Ultrastructural studies provided more direct evidence for decreased survival,
since degenerating Purkinje cells were seen as a result of morphine treatment. Similar
neurotoxic effects of high concentrations (10~# M) of methadone have been seen in
organotypic cultures of dorsal root ganglia (15). Yet, the presence of dying cells in
organotypic cultures needs to be interpreted with caution. Some neurons die from trauma at
explantation (55), and poor diffusion of nutrients can occur in explants that are too large
causing central necrosis. Avoiding the above caveats, stabile neural populations (with few
degenerating neurons) are found in untreated cultures at 7 to 10 days in vitro. This is
consistent with other investigations of the mouse cerebellum in organotypic culture after 1 to
2 weeks in culture (26,55). In general, we find that the conditions present in organotypic
culture, unlike dissociated culture, supports the long-term (greater than 3-6 months) growth
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and survival of neurons. Thus, despite the potential for artifactual loss of cells in culture, our
findings suggest that high concentrations of morphine are toxic to Purkinje cells in vitro.

It is uncertain whether reductions in Purkinje cell dendritic length or cell numbers occur in
the offspring of opiate-dependent mothers. Our study focused on events occurring in the
postnatal mouse cerebellum. Corresponding stages of Purkinje cell development occur
prenatally in humans (3). Moreover, it is difficult to extrapolate what might occur in utero or
early childhood in humans based on in vitro findings. Nevertheless, the present culture
model accurately mimics the effects of opioids seen in the dendrites of preweaning rats (21)
using relatively low (~ 5 x 1078 M) concentrations of morphine. It is more difficult to
extrapolate the effects of high concentrations of morphine in culture to what might occur in
vivo. As mentioned, opiates are not reported to induce Purkinje cell loss. The maturation of
Purkinje cell nucleoli and ribosomes are delayed in rats whose mothers were exposed to
morphine during pregnancy and/or lactation (44,45). While this suggests delayed
maturation, morphine toxicity was not noted. In these studies, however, the actual dosage of
morphine to the pups is difficult to estimate since morphine was administered both
intraperitoneally, as well as orally ad libidum (44,45). Methadone treatment significantly
reduces the area of the molecular layer, an indirect measurement of Purkinje cell dendritic
size (76). Daily administration (from birth) of 1 mg/kg of the opioid antagonist naltrexone, a
dosage reported to exacerbate endogenous opioid actions, significantly decreases Purkinje
cell dendritic area in 21-day-old rats (21). Treatment with 1 mg/kg/day of naltrexone during
the first 3 postnatal weeks did not affect Purkinje cell content, width, and packing density
within the pyramis (77), despite significant decreases in both the area of the pyramis (31%
of controls) and in cerebellar weight (77). Furthermore, it is uncertain whether 1075 to 107>
M concentrations of morphine occur in the fetal nervous system in utero--even with chronic
drug abuse. Yet, even at high concentrations, morphine affected Purkinje cells in explants
derived from 1-day-old mice, but had no effect on Purkinje cells derived from 7-day-old
mice in the present study. This age-related selectivity suggests a developmentally regulated
mechanism, rather than generalized neurotoxicity, although prolonged exposure or higher
concentrations of morphine might cause neurotoxicity in Purkinje cells derived from 7-day-
old mice. Additional studies need to assess the effects of morphine on Purkinje cell survival
in vivo, as well as the potential mechanisms (e.g, apoptosis, necrosis) by which opiates
induce cell loss.

In humans, therapeutic concentrations of morphine in serum are normally 65 + 80 ng/ml
during surgical anesthesia (31). Analgesic concentrations of morphine can range from 16 to
364 ng/ml in the treatment of cancer (31,49). However, opiate addicts are reported to
tolerate opiate blood levels that are 2.5 to 100-fold greater than therapeutic concentrations
(30). For example, blood levels of methadone, a congener of morphine with similar potency,
can be as high as 6 x 1076 M at 2 h post ingestion in addicts on methadone maintenance
programs (15). Opiates such as morphine or methadone readily cross the placenta (38) and
can cause neurobehavioral impairment in offspring (12). Morphine concentrations in some
regions of the nervous system can approach 1500 ng/g tissue weight following a 10 mg/kg
i.v. dosage in normal rats (4). In organotypic cultures, higher concentrations of substances
(63,64), including morphine (23), are often required to elicit a response comparable to that
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seen invivo. This is, in part, because bioactive substances reach cell targets without a
vascular system and without normal endothelial transport mechanisms. Therefore, despite
difficulties comparing drug dosages between experimental paradigms and species, it is
possible to speculate that sustained high opiate levels could affect Purkinje cell development
in children.

Cellular Site of Action

It is uncertain whether morphine is acting directly on Purkinje cells themselves. Morphine
also can modify the rate of DNA synthesis in EGL neuroblasts (granule, basket and stellate
cell precursors) (19), as well as the growth of astrocytes (23), in cerebellar explants. Granule
cell afferent synapses may affect the growth and orientation of Purkinje cell dendrites
(1,2,8,50,51,53). Conversely, Purkinje cells may affect the genesis of granule cells (27).
Thus, the development of Purkinje cells and granule cells may be, in part, interdependent,
and it is not surprising that both Purkinje and EGL cells respond to opioids in vitro.
However, because of the developmental interdependence of these two cell types, it is not
possible to determine the primary target for opiate action in the present study.

Opioid binding sites have been demonstrated biochemically (41,65,73) and
autoradiographically within the developing cerebellum (34). In autoradiographic studies of
the developing human, [3H]-naloxone binding is localized over the EGL, but is not
associated with the Purkinje cell layer (34). Binding studies suggest that EGL cells, but not
Purkinje cells, express opioid receptors and are a cellular target for opioid action.

A reduction in Purkinje cell dendritic length and/or cell numbers may affect cerebellar
function. Alterations in the linear dimensions and topography of Purkinje cell dendrites are
proposed to result in changes in stimulus integration (53). A relationship between the
structural complexity of dendrites and behavior has been hypothesized (25), and more
recently proposed as a mechanism by which endogenous opioids influence neurobehavioral
development (21). The timing and amount of opiate exposure may be essential in
determining developmental outcome. Defining critical periods of vulnerability will be
especially important toward understanding the developmental mechanisms of opiate action,
as well as for potentially preventing and/or correcting developmental abnormalities resulting
from opiate drug abuse.
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FIG. 1.
Calbindin-Dog-immunoreactive Purkinje cells in cerebellar organotypic explant cultures.

Bright-field photomicrographs of explants derived from 1 and 7-day-old mice at 7 to 10
days invitro. (a). Dendritic size sometimes differed among Purkinje cells within the same
explant (derived from a 1-day-old mouse). (b) Calbindin-Dagk-immunoreactivity permitted
visualization of Purkinje cell perikarya, dendrites and axons (explant derived from 1-day-old
mouse). (c) Three relatively well differentiated Purkinje cells in an explant derived from a 7-
day-old mouse. (a) 100 x; (b & c) 480 x.
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FIG. 2.
Bilaterally-matched explant pairs were grown in the presence and absence of morphine. (a).

Schematic drawing of the cerebellum from a 1-day-old mouse illustrating the “homologous-
or mirror-pair” paradigm (63,64) used to assess the experimental effects of opiates. Tissue
dissection was guided by existing anatomical divisions within the cerebellum. Cerebella
from 1-day-old mice were divided into rostral and caudal portions at the primary fissure, and
further divided into parasagittally-oriented explant cultures using additional cerebellar
landmarks. Cerebella from 7-day-old mice are larger and are subdivided using different
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anatomical landmarks for dissection (see text). (b & c). Bilaterally-matched explant pairs
have similar size, shape, and cytoarchitecture which is maintained in organotypic culture.
For example, Purkinje cells in the untreated control explants (b) had larger dendrites
compared to their matched-pair counterparts that were treated with 10-6 M morphine (c) at 7
to 10 days invitro. (b & ¢) 220 x.
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FIG. 3.
Composite camera lucida drawings of calbindin-Dgx-immunoreactive Purkinje cells

illustrating the effects of high concentrations (10~ M) of morphine on Purkinje cell
numbers. Ccompared to untreated controls (a), continuous exposure to morphine (b) for 7 to
10 days in vitro caused concentration-dependent reductions in Purkinje cell numbers and
dendritic length in cultures derived from 1-day-old mice (see Figs. 4 & 5). Numerous
filopodial processes (arrowheads) were seen extending from the cell body or dendrites of
calbindin-Dogi-immunoreactive Purkinje cells. Filopodia are slender, thread-like processes
of consistent diameter that transiently appear on growing neurons. Some filopodia terminate
in a growth cones. (a & b) 320 x.
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FIG. 4.
Effect of increasing concentrations of morphine on Purkinje cell dendritic length in explants

derived from 1-day-old mice. Purkinje cell dendritic length was measured and compared in
bilaterally-matched paired-explant cultures. One explant within a matched-pair was given
nutrient medium alone, while the other explant was continuously treated with morphine,
morphine plus naloxone, or naloxone alone for 7 to 10 days in vitro. Note that concurrent 3
x 1075 \4 naloxone plus 10~ M morphine (Morph/Nal) treatment prevented morphine-
induced deficits in dendritic length, while 3 x 107> M naloxone alone had no effect. Eight to
16 Purkinje cells were randomly sampled from each explant in a matched-pair.
Determinations were made from explant pairs sampled from 6 mice for each drug
concentration or treatment group. *P < 0.05 vs. untreated control.
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FIG.5.
Effect of increasing concentrations of morphine on Purkinje cell numbers in explants

derived from 1-day-old mice. Purkinje cells were counted and their numbers compared in
bilaterally-matched paired-explant cultures. One explant within a matched-pair was given
nutrient medium alone, while the other explant was continuously treated with morphine,
morphine plus naloxone, or naloxone alone for 7 to 10 days in vitro. Note that the reduction
in cell numbers caused by 10-5 M morphine was prevented by concurrent treatment with 3 x
107> M naloxone (Morph/Nal), while naloxone (3 x 10~ M) alone had no effect compared
to untreated controls. Each determination was made from multiple matched-explant pairs
sampled from 12 mice. *P < 0.05 vs. untreated control.
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FIG. 6.
Electron micrographs of Purkinje cells in morphine-treated explants. Many Purkinje cells in

morphine-treated explants show no morphologic signs of degeneration. (a) Subsurface or
hypolemmal cisternae (arrows) are a characteristic cytoplasmic feature of Purkinje cells
(47,55) (64,500x%). (b) Detail of an axosomatic synapse (arrows in b & c) present on the
Purkinje cell in (c) (19,100x). (c) Developing Purkinje cell (5,460x).
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FIG.7.
Degenerating cells in morphine-treated explants at 7 to 10 days in vitro. With progressive

degeneration and loss of cellular morphology, it can be difficult to identify Purkinje cells
with certainty. (a) A Purkinje cell with a deficit in cytoplasmic organelles and abnormally
dense marginal heterochromatin (8,770x%). (b) A dying cell surrounded by astrocytic
processes containing numerous intermediate filaments (asterisks) (6,150x%). (c) A
degenerating cell with accumulated lipid and glycogen in the cytoplasm and partial
destruction of the nuclear membrane. This cell had remnents of hypolemmal cisternae (not
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shown) (5,390%). (d) A large pyknotic cell positioned within the Purkinje cell layer that is
difficult to identify with certainty (6,750x%).
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