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Abstract

The mu opioid receptor is the first of the opioid receptors to be expressed during
development in the mammalian brain and has been implicated as a modulator of neuronal
proliferation. Very little information, however, is known about mu receptor development
in the fetal primate brain. The ontogeny of the mu opioid receptor was investigated in the
fetal rhesus monkey at days 40, 45, 60, 70, 130, and 150 of an approximate 165 day
gestation period. In situ hybridization for mu receptor mRNA was performed on cryostat
sections using a 293 base pair rhesus monkey specific probe corresponding to
transmembrane domains VI and VII of the human mu opioid receptor sequence. [3H]-
DAMGO binding autoradiography was performed on cryostat sections in the days 70 and
150 fetal monkey. At days 40 and 45 , mu receptor mRNA was found in the ventral
thalamus, cerebellar plates and brainstem. By day 60, mu receptor mRNA expression was
seen in the striatum, olfactory bulbs, septum, medial habenula, thalamus, and brain stem.
At day 70, the striatal patches were apparent along with more extensive thalamic
expression. In the 130 day fetus, mu receptor mRNA distribution in the thalamus was
similar to the day 70 fetus but the cellular content was highly increased. In the day 70 fetal
monkey brain, mu receptor binding sites corresponded well with the distribution of mu
receptor mRNA. Mu receptor densities in the day 70 and day 150 fetal brain were also
quite similar with the exception of the paraventricular nucleus of the thalamus and the
arcuate nucleus of the hypothalamus which had much higher optical densities in the 150
day fetus. The mu receptor is expressed early in gestation in the fetal monkey brain and the
distribution of the mu opioid receptor indicates that its presence in the developing limbic,
sensory and motor systems of the fetal brain could actively participate in the modulation of

the neural circuitry critical for survival after birth.



Introduction

Development of the Primate Brain

The development of the primate central nervous system begins with the formation
of the neural plate which folds to form the neural groove and upon closure, the neural tube.
The rostral aspects of the neural tube are destined to become the brain and the caudal
aspects, the spinal cord. Brain development begins with two vesicular bulges. The rostral
vesicle gives rise to the prosencephalon (forebrain) and the caudal vesicle forms the
mesencephalon (midbrain) and the rhombencephalon (hindbrain). The forebrain and the
hindbrain divide further to give a total of five vesicular regions which are, beginning
rostrally: the telencephalon, diencephalon, mesencephalon, metencephalon and
myelencephalon. The telencephalon gives rise to the cortex, olfactory bulbs, septum,
hippocampus, amygdala, and striatum. The diencephalon forms the thalamus and
hypothalamus. The mesencephalon develops into the midbrain. The metencephalon will
become the pons and cerebellum. The most caudal structure, the myelencephalon, will be
the medulla oblongata.

At the five vesicle stage, the lumen of this vesicular arrangement is the precursor of
the ventricular system. The telencephalic vesicles surround the lateral ventricles; the
diencephalon, the third ventricle; the mesencephalon, the aqueduct; and the metencephalon
and myelencephalon, the fourth ventricle which continues into the spinal cord as the central
canal. The neuroepithelium that lines the walls of the ventricles, contains the proliferative
ventricular and subventricular zones which give rise to the migratory cells that eventually

form the cortex and the nuclei of the brain (Lauder, 1995; Netter, 1986).



Review of Neurogenesis in the Brain

Formation of the neocortex in the rhesus monkey (Macaca mulatta) begins with the
asynchronous division of cells in the proliferative zones lining the ventricular wall, a
process which is completed by embryonic day 100 (E100) of a 165 day gestational period
(Rakic, 1974; Rakic, 1988). These cells migrate along radial glial fibers that span the
region between the ventricular and pial layers. They travel through the intermediate zone
and form the cortical plate in an inside-out configuration (spatiotemporal arrangement).
After the first postmitotic cells have migrated to the cortical plate, subsequently arriving
cells migrate past their predecessors to form the more superficial layers of the neocortex
(Rakic, 1974; Schmechel & Rakic, 1979; Sidman & Rakic, 1973). In the frontal
association cortex, neurogenesis occurs between E47 and E90. Compared to other regions
in the cortex, the migratory route in the frontal lobe is substantially longer (15 mm in the
midgestational monkey). Although neurogenesis is complete around midgestation, the
formation of cortical and subcortical connections is more protracted. Synaptogenesis
begins between E47 and E78 and peaks between E130 and two months after birth. This
peak in the development of synaptic connections is followed by a relatively stable period
which lasts until puberty. From puberty through adulthood, there is a slow, steady decline
in synaptic density (Rakic, 1995).

The olfactory bulb is another structure that is derived from the ventricular
neuroepithelium in the rostral telencephalon. In the human, these structures begin to appear
at day 44 of gestation (Bossy, 1980). In the monkey, the olfactory bulbs begin to develop
and become distinct from the frontal lobe between 36 and 46 days of gestation (Gribnau &
Geijsberts, 1981; Gribnau & Geijsberts, 1985). In the rat, putative receptor axons from
the olfactory epithelium make contact with the telencephalon ventricular zone at E13 which
results in the evagination of the olfactory bulb primordium on E14 (Gong & Shipley,
1995). In the main olfactory bulb, the neurogenesis of the mitral cells occurs between E15

and E16, ending on E18. The tufted cells are generated between E17 and E20. The



interneurons of the main bulb, which includes the periglomerular and granule cells, are all
generated postnatally in the rat (Bayer, 1983).

The medial and lateral septal nuclei in the primate are derived from the
neuroepithelium of the lateral ventricle which start to differentiate on E36. Peak
neurogenesis occurs around E45 yet the cells continue to proliferate until E62. In contrast
to the neocortex, the spatiotemporal gradient of the septum is outside-in. The cells that are
generated first are closer to the pial surface (medial septum) than those which are generated
later and located laterally or closer to the ventricular surface (lateral septum) (Brand &
Rakic, 1980). It is interesting to note that the cholinergic neurons in the vertical limb of the
diagonal band of Broca and in the nucleus basalis are born during the fifteen day period
between E30 and E45 (Kordower & Rakic, 1990).

There is a large cell mass that bulges into the lateral ventricle, known as the
ganglionic or ventricular eminence, which contains the progenitor cells that are predisposed
to become, in part, the neostriatum (caudate, putamen, and nucleus accumbens) and
amygdala (Figure A). The first cells destined for the neostriatum are born on E36 (Brand
& Rakic, 1979). In the caudate and putamen primordium, there are two types of cells: the
large neurons which represent the cholinergic interneurons and the small neurons that
represent the numerous medium spiny projection neurons of the adult. The large cells are
generated between E36 and E45 (Brand & Rakic, 1979). The small neurons are produced
from E36 to E80; a time frame which correlates with the neurogenesis of the nucleus
accumbens (E36-E86) (Brand & Rakic, 1980). In the adult primate striatum, the caudate
and putamen are divided into two distinct compartments, the striosomes and the matrix.
The striosomes contain a higher density of cells than the surrounding matrix and are patchy
in appearance (llinsky & Kultas-llinsky, 1995; Kalil, 1978). During the birth of the
neurons in the caudate and putamen, this clustering or patchy pattern is seen which
indicates that the striosomes or patches are born first, a situation that is seen in the fetal rat

(van der Kooy & Fishel, 1987). There is, however, no spatiotemporal arrangement during



the formation of the neostriatum in the monkey (Brand & Rakic, 1979; Brand & Rakic,

1980). The amygdala neurons are produced between E33 and ES50 and do not display any

10wks 11wks 12 wks 14 wks

Figure A. Coronal sections at approximately the same level of the forebrain in 10- to 14-
week human fetuses to illustrate the position of the ganglionic eminence (GE) a gradual
shifting (arrow) of the medial segment of the globus pallidus (MG) from the diencephalon
to the telencephalon across the tel-diencephalic fissure (FTD). Abbreviations: A, amygdala;
AC, archicortex; C, caudate nucleus; CI, internal capsule; CL, claustrum; LG, lateral
segment of the globus pallidus; P, putamen; RF, rhinal fissure; SB, subthalamic nucleus;
T, thalamus.

Taken from Sidman and Rakic, 1973.



Figure B. Migration pathways to the posterior portion of the human thalamus. Semi
diagrammatic drawings of the thalamus and adjacent structures sectioned in the horizontal
plane. The arrows indicate the main paths of cell migration during formation of the
thalamus. The left section is from a 10 week fetus and the right section is from a 24-week
fetus. The arrows near the circled number 1 indicate that the ventricular zone in wall of the
third ventricle serves as the source of thalamic neurons during early development. The
arrows extending from the circled number 2 indicate the path of migration of cells from
their origin in the ganglionic eminence (GE) across the incipient posterior thalamic peduncle
and internal capsule to reach the lateral thalamus. The arrows at circled number 3 indicate
another migration path that lies posterolaterally, the calls passing through the corpus
gangliothalamicum (GCT) or gangliothalamic body into the thalamus. Migrations 2 and 3
come at a stage when the ventricular zone of the third ventricle is exhausted and yet the
lateral and superior parts of the thalamus are expanding enormously. Abbreviations: C,
caudate nucleus; CI, internal capsule; CM, nucleus centrum medianum; GP, globus
pallidus; H, hippocampal formation; LV, lateral ventricle; 3V, third ventricle.

Taken from Sidman and Rakic, 1973.



sort of gradient with respect to time of origin and migratory pattern (Kordower, et al.,
1992).

The ventricular zone of the third ventricle and the ventricular or ganglionic eminence
are the early sources of hypothalamic and thalamic neurons (Figure A, B). The
neurogenesis of the primate hypothalamus begins on E27 in the supraoptic nucleus, the
suprachiasmatic nucleus and the medial bed nucleus of the stria terminalis (van Eerdenburg
& Rakic, 1994). This proliferation continues from E38 through E45 in most of the anterior
hypothalamic nuclei. The cells which are generated last (E43-E48) are destined to become
the medial preoptic area (van Eerdenburg & Rakic, 1994).

The thalamus is also derived from the neuroepithelium of the third ventricle until
this source of neurons is exhausted (Sidman & Rakic, 1973). At this time, the ganglionic
eminence is believed to supply cells which are distributed through the medially situated
gangliothalamic body (Figure B). In the fetal human, it is thought that this structure gives
rise to the pulvinar of the caudolateral thalamus (Sidman & Rakic, 1973). In the rat, the
earliest thalamic structure to arise is the reticular nucleus (E13) whereas the rest of the
thalamus is born between E14 and E18 (Altman & Bayer, 1988a).

In the mesencephalon and brainstem, the locus coeruleus is born between E27 and
E36 in the fetal monkey with the medial cells generated earlier than those situated more
laterally (Levitt & Rakic, 1982). The mesencephalic raphe nucleus is generated between
E28 and E35 and the caudal raphe is born between E35 and E43. The raphe magnus
neurons are generated between E38 and E40 (Levitt & Rakic, 1982). The substantia nigra
neurons are born following the locus coeruleus and the mesencephalic raphe between E36
and E43 and do not exhibit a spatiotemporal gradient during their development nor can the
pars compacta and the pars reticulata be distinguished at this stage (Levitt & Rakic, 1982).

A structure similar to the transient gangliothalamic body of the diencephalon is

present in the human rhombencephalon (Figure C). This pontobulbar body is the source of



neurons which migrate mediolaterally to form the inferior olivary nucleus and the pontine
gray (Sidman & Rakic, 1973). The adjacent rhombic lip gives rise to the external layer of
the cerebellum. Both the pontobulbar body and the rhombic lip have contact with the

fourth ventricle (Sidman & Rakic, 1973).

Mu Receptor Localization in the Brain and Spinal Cord
Non-Specific Ligands

In the early studies of opiate receptor binding in the primate brain, it was not yet
known that subtypes of the opioid receptors existed so agonists or antagonists, which
potentially bound all of the receptors were used. [*H]-Dihydromorphine, which is a
relatively non-selective agonist yet has a slight propensity for mu receptor binding , was
used to describe the regional distribution in primate brain homogenates (Kuhar, et al.,
1973). The areas which displayed the most intense binding were the anterior amygdala and
the periaqueductal gray. Moderate opioid receptor binding was seen in the hypothalamus,
the medial thalamus, and the head of the caudate nucleus. Binding in the frontal cortex,
hippocampus, putamen, superior colliculus and the interpeduncular nucleus were all
approximately half of that seen in the hypothalamus and medial thalamus. [3H]-
Dihydromorphine binding in human brain homogenates generally agreed with that seen in
the monkey with the exception of the thalamus in which binding was as high as that seen in
the amygdala. This contrasted to virtually no binding in the occipital lobe of the cortex and
in the cerebellum in both species (Kuhar, et al., 1973). [?H]-Etorphine (a non-selective
opioid agonist) binding in human brain homogenates agreed with but extended these
findings (Hiller, et al., 1973). The septal nuclei, temporal lobe of the cortex and the
pulvinar all had high opioid binding densities. The olfactory bulbs and the ventroanterior
and ventroposterolateral nuclei of the thalamus displayed moderate opiate binding. There

was also low binding in the occipital lobe of the cortex and the cerebellar cortex which



differed from the dihydromorphine binding studies but etorphine is a much less specific
agonist and could have bound all three opioid receptors (Hiller, et al., 1973).

[3H]-Diprenorphine ( a non-selective opioid antagonist) was used to assess the
distribution of opiate receptors in cynomolgus monkeys (Wamsley, et al., 1982). In this
study 500 uCi/kg body weight of tritiated diprenorphine was injected into the monkeys 1-
1.5 hours before sacrifice after which, the brains were dissected and sectioned for
autoradiography. The data from this study generally agreed with that previously described
with the highest density of opioid binding in the amygdala, ventricular and intralaminar
nuclei of the thalamus, hypothalamus, parabrachial nuclei, caudal spinal trigeminal nucleus,
nucleus of the solitary tract, the marginal and gelatinosa layers of the spinal cord, and in the
neurohypophysis. Moderate binding was apparent in the caudate and putamen,
mediodorsal and centromedian and lateral nuclei of the thalamus, superior colliculus,
ambiguus, dorsal motor nuclei, inferior olive and lamina III and IV of the spinal cord. The
hippocampus, globus pallidus, reticular nucleus of the thalamus, substantia nigra pars
compacta, and the ventral tegmental area were all shown to have low opiate receptor
binding densities (Wamsley, et al., 1982). Due to the autoradiographic technique used in
this experiment, a more precise localization of opiate receptor distribution was determined.
The antagonist used however, was not able to distinguish between the opiate receptor
subtypes due to the lack of specificity.
Specific Ligands

Naloxone is a well known opioid antagonist yet, depending on the concentration, it
can be specific for the mu receptor. Concentrations of naloxone from 10 M to 108 M will
preferentially bind to the mu receptor whereas micromolar concentrations will bind mu,
kappa, and delta receptor sites (Goldstein & Naidu, 1989). D-Ala2, N-Me-Phe?, Gly>-ol-
Enk (DAMGO) is a mu specific ligand which binds to this receptor when used in
concentrations from 109 M to 10-7 M, making it more specific for the mu receptor

(Goldstein & Naidu, 1989; Handa, et al., 1981). In parasagittal and coronal sections of
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adult rhesus monkey brain incubated with 1 nM [*H]-naloxone, distinct patches of
naloxone binding were seen in the striatum and dense binding apparent in the amygdala and
the bed nucleus of the stria terminalis. There was considerable mu binding in the
hypothalamus, especially in the median eminence, arcuate, paraventricular nucleus and the
supraoptic nucleus (Lewis, et al., 1984; Mansour, et al., 1988). Many of the thalamic
nuclei had dense mu binding with particularly dense autoradiographic signal in the
paraventricular nuclei. In the midbrain and brainstem, the interpeduncular nucleus,
periaqueductal gray, nucleus of the solitary tract, and the spinal trigeminal nucleus all
contain mu receptor binding sites (Lewis, et al., 1984). In most of these nuclei, POMC
immunoreactivity is also evident with the exception of the bed nucleus of the stria
terminalis, the amygdala and the interpeduncular nucleus which express enkephalin
immunoreactivity. The medial preoptic area of the hypothalamus, the midline
paraventricular nuclei of the thalamus, parabrachial, nucleus of the solitary tract and the
spinal trigeminal nucleus also contain enkephalin as well as POMC immunoreactivity
(Lewis, et al., 1984). Layers V and VI of the cerebral cortex contain high densities of mu
receptor binding sites labeled with 2 nM naloxone. The auditory cortex and the
inferotemporal cortex had the most mu receptor binding in layer V (Wise & Herkenham,
1982). In the monkey spinal cord, antibodies to the mu receptor were localized in lamina II
with minor labeling seen in lamina I (Honda & Arvidsson, 1995).

Most of the areas which contain mu receptor in the primate also bind mu receptor in
the rat (Delfs, et al., 1994b; Mansour, et al., 1995a; Mansour, et al., 1994; Mansour, et
al., 1988). There are some species differences, however. The central nucleus of the
amygdala is devoid of mu receptor binding in the rat yet the monkey has dense mu receptor
binding in all amygdaloid regions (Lewis, et al., 1984; Mansour, et al., 1988). In the rat,
the hypothalamus has virtually no binding in the supraoptic, paraventricular, arcuate, or
ventromedial nuclei although low levels of mu binding are seen in the dorsomedial nucleus

and the lateral hypothalamus (Mansour, et al., 1995a; Mansour, et al., 1988). As stated
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above, the monkey brain contains high densities of mu receptor in the hypothalamus,
specifically in the supraoptic nucleus, paraventricular nucleus, arcuate and the median
eminence (Lewis, et al., 1984). The paraventricular nucleus of the thalamus is devoid of
mu receptor binding in the rat whereas this region in the monkey contains dense mu

binding sites (Lewis, et al., 1984; Mansour, et al., 1994; Mansour, et al., 1988).

Physiological Actions of Mu Receptor

Antinociception

The physiological actions of mu receptor activation are varied and many have beén
elucidated due to the effects of morphine administered to alleviate pain. Nociceptive fibers
include both the unmyelinated C-fibers and the myelinated Ad-fibers. The former is
associated with slow pain that is general in its localization and the latter with fast pain that
has a more precise localization (Clifford, 1984). These primary afferent fibers enter the
spinal cord through the dorsal horn. Secondary neurons traverse the spinal cord 'and
ascend through the medulla and midbrain to the ventroposterolateral and intralaminar
thalamus, on their way to the cortex via the lateral spinothalamic tract of the anterolateral
funiculus (Clifford, 1984; Netter, 1986). Unilateral dorsal root rhizotomy in juvenile
rhesus monkeys followed by in vitro receptor binding with naloxone (1 nM, a
concentration which binds mu receptor (Goldstein & Naidu, 1989)) showed that
transection of the ganglia reduced but did not abolish naloxone binding in the dorsal horn
compared to the intact controls. This provided some of the first direct evidence that mu
receptors were located on primary afferent neurons and in the neurons of the dorsal horn
(Lamotte, et al., 1976). The presence of immunohistochemical proenkephalin found in the
substantia gelatinosa (lamina II) of the spinal cord of the rat correlated well with this data
(Mansour, et al., 1988). Administration of morphine directly to the spinal cord of the

monkey was found to produce profound antinociceptive effects (Yaksh, 1983).
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In the descending pain pathways, intraventricular morphine administration to the
third ventricle or injection into the periaqueductal gray, raphe magnus, locus coeruleus, or
the reticular formation will produce analgesia in rats which is reversible by naloxone
administration (Fields, et al., 1991; Pasternak, 1993). It should be noted that enkephalin
immunoreactivity is apparent in all of these areas in both the monkey and the rat (Lewis, et
al., 1984; Mansour, et ai., 1988). The periaqueductal gray excites neurons in the
rostroventral medulla (including the raphe magnus and the reticular formation) which in
turn project to the spinal trigeminal nucleus and spinal cord and inhibit nociceptive stimuli
by releasing serotonin. Morphine injection into the reticular formation stimulates at least
some of these serotonin releasing cells (Fields, et al., 1991). Combined
immunocytochemistry and retrograde tracing techniques have located mu receptor
containing cells in the peraqueductal gray that project to the rostroventral medulla. The
rostroventral medulla, which in turn projects to the spinal cord, also contains cells which
contain mu receptor immunoreactivity (Kalyuzhny, et al., 1996).

Cardiovascular and Respiration

Morphine and B-endorphin administration can result in cardiovascular and
respiratory depression. In hypovolemic baboons, cardiac output decreased as endogenous
B-endorphin increased. Naloxone administration during the hypovolemic state produced
decreases in heart rate and increases in cardiac output and mean arterial pressure (MclIntosh,
et al., 1986). In adult monkeys, exogenously administered morphine (0.15 and 0.60
mg/kg) and B-endorphin (0.7 and 2.8 mg/kg) initially produce an increase in heart rate and
blood pressure followed by a decrease in both parameters. The duration of these effects
differed however, in that B-endorphin had a transient effect and morphine depressed the
system throughout the entire experimental period of 150 minutes (Cuthbert, et al., 1989).
B-endorphin did not have an effect on respiration although the analgesic dose of morphine
(0.60 mg/kg) resulted in hypoventilation (Cuthbert, et al., 1989). Morphine is thought to

depress respiration by reducing the sensitivity to carbon dioxide at the central and
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peripheral chemosensory areas. The carotid and aortic bodies convey impulses to the
nucleus of the solitary tract in the medulla via the glossopharyngeal and vagus nerves.
These cranial nerves were shown to bind diprenorphine (Atweh & Kuhar, 1977). The
nucleus of the solitary tract contains proenkephalin and proopiomelanocortin as evidenced
by immunohistochemical staining and in situ hybridization (Lewis, et al., 1984; Mansour,
et al., 1988). In apneic fetal sheep, naloxone increases sensitivity to carbon dioxide
(administered to the dam) by initiating sustained breathing movements (Moss & Scarpelli,
1979). In full term human fetuses, 3-endorphin is three times higher than adult levels and
has been shown to be released in response to hypoxia (Wardlaw, et al., 1979). Agonist
activation of the mu receptor may also affect respiratory rhythmicity at the parabrachial
nucleus and the ventrolateral medulla, areas which bind naloxone (at concentrations specific
for mu receptor) in the human infant (Kinney, et al., 1990).
Neuroendocrine Effects

B-endorphin has also been shown to modulate the hypothalamic-pituitary-gonadal
axis in monkeys and rats. The pulsatile release of gonadotropin releasing hormone
(GnRH) from the hypothalamus results in the release of the gonadotropins from the
pituitary which govern steroidogenesis and gametogenesis in the gonads. During the
follicular phase, the pulsatile rate of luteinizing hormone (LH) is approximately once an
hour whereas in the luteal phase, the pulses are decreased to one every three to ten hours.
The pulsatility of LH is dictated by the GnRH pulse generator. B-endorphin has been
shown to decrease gonadotropin secretion by acting either directly or indirectly on GnRH
neurons (Chen, et al., 1989; Ferin, 1993). During menstruation in monkeys, plasma
steroids and B-endorphin are all minimal, a condition also seen after ovariectomy. During
the remainder of the menstrual cycle, serum B-endorphin increases as the steroids increase,
reaching a peak during the luteal phase, in the presence of progesterone (Ferin, 1989).
Push pull perfusion in monkeys given the mu opioid antagonist nalmefene did not affect

GnRH secretion during the follicular phase compared to intact, untreated controls, although
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mu antagonism increased GnRH secretion during the luteal phase when progesterone is
highest (Pau, et al., 1996). The inhibition of GnRH secretion by B-endorphin seems to be
related to the amount of steroids present. Estrogen has been shown to reduce the
sensitivity of hypothalamic neurons to endogenous opioids in the guinea pig (Kelly, et al.,
1992). In the presence of progesterone, or the reduction of estrogen concentration, B-
endorphin acting at the mu receptor inhibits GnRH pulses and gonadotropin release (Ferin,
1989; Ferin, 1993; Pau, et al., 1996).

Morphine has also been shown to increase prolactin and growth hormone release in
the rat (Pechnick, et al., 1985; Pfeiffer & Herz, 1984). Growth hormone release is
probably due to the suppression of somatostatin but an effect on growth hormone releasing
hormone can not be ruled out (Pechnick, et al., 1985). Prolactin release is inhibited by
dopamine and it is thought that opioids inhibit these dopaminergic neurons to increase
prolactin secretion. Subcutaneous administration of sufentamil, a mu selective agonist
stimulates prolactin secretion in immature (5, 10, 15, and 20 days of age) and adult rats.
The mu antagonist B-funaltrexamine blocks this response (Blackford, et al., 1992) .
Addiction

Acute opiate exposure which inhibits adenylyl cyclase results in a decrease in cAMP
and therefore a decrease in protein phosphorylation by protein kinase A (Childers, 1991).
Prolonged exposure to opiates results in the development of tolerance, a state in which
neuronal inhibition is overcome, adenylyl cyclase activity slowly increases, and firing rates
return to the pre-opiate state (Childers, 1991; Harris & Nestler, 1993). Chronic opiate
exposure will eventually result in dependence and an increase in adenylyl cyclase and
protein kinase A. There is also an increase in the Gi and Go alpha subunits but this is
accompanied by a reduction in their functional activity, presumably due to the uncoupling
of the G-proteins and the receptor (Nestler, 1996). This upregulation of the G-
protein/cAMP system also results in an increased set point for neuronal activation, a

condition known as tolerance (Harris & Nestler, 1993). Removal of the opiates or the
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administration of opioid antagonists will result in withdrawal due to the removal of the
inhibitory action of the opioids and a rebound increase in adenylyl cyclase activity (Harris
& Nestler, 1993).
Neonatal Abstinence Syndrome

There are approximately 3.5 million people in the United States that are classified as
opioid addicts, many of whom are female and of child-bearing age (Foley, 1993). It has
been estimated that 75,000 children born each year in the US are exposed to opiates during
gestation. Many of these infants suffer from neonatal abstinence syndrome, a condition
where the infants have become addicted to the opiate(s) taken by the mother during
pregnancy, and suffer withdrawal symptoms after delivery. These symptoms include
irritability, tremor, gastrointestinal dysfunction, and respiratory distress (Chiriboga, 1993;
Franck & Vilardi, 1995). This condition lasts an average of 21 days after birth and usually
requires hospitalization (Franck & Vilardi, 1995). The long term effects on development
are not yet known although increased activity, attention deficit, and neuromotor

disturbances are seen in children one to three years of age (Chiriboga, 1993).

Morphine and B-Endorphin

Morphine is the natural ligand for the mu receptor and the substance from whence
the receptor got its name, based on behavioral and physiological evidence (Martin, et al.,
1976). Although morphine has been used as an analgesic and anti-anxiety agent since its
isolation from opium poppy sap in 1803, its mode of action was not known. That animals,
including humans, possessed an endogenous receptor which responded to the plant
alkaloid was first realized in 1973 with the discovery of specific receptor sites sensitive to
morphine in nervous tissue (Kuhar, et al., 1973; Pert & Snyder, 1973; Simon, et al., 1973;
Terenius, 1973). It was later discovered that human and rat cerebrospinal fluid contained a
peptide which inhibited the binding of dihydromorphine in bioassays (Terenius &

Wahlstrom, 1974). The peptide(s) turned out to be the endogenous opioid peptides met-
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and leu-enkephalin ("in the head") which were isolated from porcine brain (Hughes, et al.,
1975). B-endorphin ("endogenous morphine") was isolated in 1976 (Li & Chung, 1976)
and found to be more potent, on a molar basis, than morphine as an analgesic and later, as
the most potent endogenous ligand for mu receptor (Loh, et al., 1976; Schoffelmeer, et al.,
1991). Proopiomelanocortin (POMC) is the large precursor protein from which B-
endorphin, adrenocorticotropin, and melanocyte stimulating hormone are derived. The
nucleotide sequence of POMC was published in 1979 (Nakanishi, et al., 1979; Roberts, et
al., 1979) along with protein characterization studies which indicated that 8-endorphin 1-31
(or B-LPH 61-91 in the older literature) was the biologically active opioid and that N-
acetylation of this molecule rendered it inactive (Smyth, et al., 1979). POMC mRNA was
localized to the cells of the arcuate nucleus of the hypothalamus and the anterior and

intermediate lobes of the adult rat pituitary using in situ hybridization and solution

hybridization with cDNA probes (Civelli, et al., 1982; Gee, et al., 1983).
Immunocytochemistry coupled with tritiated thymidine injection in fetal rats
indicated that the POMC cells of the arcuate nucleus first appear on E12 (Khachaturian, et
al., 1985). Although no studies have been performed in the fetal monkey, the adult rhesus
contains POMC immunoreactive cells in the arcuate nucleus which project rostrally to
innervate the nucleus accumbens, the diagonal band of Broca, the septum and the bed
nucleus of the stria terminalis (Khachaturian, et al., 1984). POMC cell fibers are dense in
the monkey hypothalamus including the medial preoptic area, anterior hypothalamus, peri-
and paraventricular nuclei, dorsal medial hypothalamus and the median eminence. The
lateral projections from the arcuate nucleus innervate the medial basal hypothalamus and the
medial and central amygdala. Caudally, the arcuate POMC cells project to the
periaqueductal gray, the ventral tegmental area, the superior and inferior colliculi and the
parabrachial nucleus. Immunoreactive POMC fiber tracts are not apparent in the medulla
but fibers are seen in the dorsal raphe, raphe magnus, sensory and motor nuclei of the

spinal trigeminal, the ambiguus, and the nucleus of the solitary tract (Khachaturian, et al.,
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1984). Immunoreactive POMC containing cells are found in the nucleus of the solitary
tract of rats but not in the monkey (Khachaturian, et al., 1984). POMC immunoreactivity
in the rat corresponds well with that seen in the monkey with a few exceptions. The rat
caudate-putamen does not contain immunoreactive POMC but the monkey contains fibers
in the head of the caudate and putamen (Khachaturian, et al., 1984). In the septum, the
monkey has but a few POMC fibers present with the rat having more immunoreactivity in
this region. In the amygdala, the monkey contains POMC fibers which are localized in the
medial and central nuclei. The rat has POMC fibers in all of the amygdala nuclei

(Khachaturian, et al., 1984).

Mu Receptor during Development

In the fetal mouse, the endogenous opioid peptides (B-endorphin, met-enkephalin
and dynorphin) are all present by day E11.5 with B-endorphin immunoreactivity being two
to three fold higher than that of enkephalin or dynorphin (Elkabes, et al., 1989; Rius, et al.,
1991). Also in the mouse, mu receptor is the first of the opioid receptors expressed during
development (E12.5) with the kappa opioid receptor being expressed at E14.5. The delta
opioid receptor is not detected during the fetal period in the mouse (Rius, et al., 1991). In
the fetal rat, preproenkephalin mRNA was detected by E15 in the proliferative layers of the
neuroepithelium (Zagon, et al., 1994). Prodynorphin mRNA is detected in the developing
ventromedial hypothalamus and the striatum at E16 of fetal rat development and in the
supraoptic nucleus of the hypothalamus and in the hippocampus by E18 (Laurent-Huck, et
al., 1993). Dynorphin binds preferentially to the kappa receptor and B-endorphin to the mu
receptor. Enkephalin, however, will bind to both the mu and the delta opioid receptors but
since the delta receptor has not been found during fetal development enkephalin may be
binding to the mu receptor.

There has only been one developmental study done in primate, to our knowledge,

which utilized tritiated naloxone at concentrations specific for mu receptor in the fetal (19-
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21 weeks of gestation) and infant (6-38 postnatal weeks) human brainstem (Kinney, et al.,
1990). In the fetuses studied, mu receptor binding was present in the midbrain
interpeduncular nucleus, periaqueductal gray and the cuneiform nucleus. In the pons, there
was considerable mu binding in the parabrachial and locus coeruleus. In the medulla, the
inferior olivary nucleus, spinal trigeminal nucleus, nucleus of the solitary tract, ventral
cochlear and hypoglossal nucleus all had dense mu receptor binding. The spinal cord had
mu binding sites in lamina II. The most intense binding was seen in the interpeduncular
nucleus and the inferior olivary nucleus. This same pattern was seen in the infant although
moderate binding was also apparent in the dorsal raphe, raphe pontis, raphe magnus, lateral
lemniscus, and nucleus ambiguus. Naloxone binding autoradiography (1 nM, which is
specific for mu receptor) in coronal or sagittal sections of fetal rat brain demonstrated that
the mu receptor is present in the fetal striatum, including label in the neuroepithelial layers,
at E14 and in the accumbens, septal region, pallidum, and the olfactory cortex at E16
(Edley & Herkenham, 1984; Kent, et al., 1982). The striatum does not achieve the adult
patchy distribution of mu receptor binding until at least week two of postnatal development
(Edley & Herkenham, 1984; Kent, et al., 1982).

Neurogenesis in the primate central nervous system is completed during the first
half of gestation with the exception of the cortex which continues just beyond that time
point (Rakic, 1974; Rakic, 1988). In the rat, which has an gestation period of 22 days,
neurogenesis takes place during the second half of gestation and into the postnatal period in
some instances. There is now evidence that the cells which comprise the proliferative
zones of the ventricles express receptors for stimulatory neurotransmitters that promote
proliferation including the serotonergic SHT-1 and dopaminergic D1 receptors, among
others (Lidow & Rakic, 1995). In the postnatal rat, endogenous opioid peptides and
opioid antagonists also affect cellular genesis. When rat pups are given doses of the non-
selective opioid antagonist, naltrexone, that occupy opioid receptors for twelve hours or

less, brain and body weights are reduced. However, rat pups given doses of naltrexone
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which effectively blocked opioid receptors for twenty four hours were shown to have
increases in brain and body weight (Zagon & McLaughlin, 1984). The effects of opioids
were further studied by determining cell proliferation by the number of cells incorporating
[3H]-thymidine. Six day old pups were given naltrexone at doses which block opiate
receptors either continuously for 24 hours or transiently for less than 12 hours followed by
intraperitoneal injections of [3H]-thymidine. Opioid receptor biockade increased cell
proliferation in the cerebellar external germinal layer. In rat pups given met-enkephalin, the
number of cells which incorporated [*H]-thymidine were reduced (Zagon & McLaughlin,
1987). In addition, continuous opiate receptor blockade (224 hours) has been shown to
increase dendritic and neuronal spine diversification in pyramidal cells of the cerebral cortex
and the CA1 field of the hippocampus and cerebellar Purkinje cells (Hauser, et al., 1989).
In the human fetus born to heroin addicted or methadone treated mothers, there is a
reduction in head size, body weight, and organ development (Chiriboga, 1993). The opioid
receptors could therefore participate in the regulation of brain as well as general

development.

Molecular Characterization of the Mu Receptor

It was not until the cloning of the rat mu opioid receptor in the early nineties that
the DNA structure was identified (Bunzow, et al., 1995; Chen, et al., 1993; Kraus, et al.,
1995; Thompson, et al., 1993; Wang, et al., 1993). It was then possible to locate the cells

which synthesize mu receptor using in situ hybridization and compare this to binding

autoradiography data of the receptor sites.

The mu opioid receptor is a protein consisting of 398-400 amino acids that has
seven membrane spanning alpha helices of 17-25 amino acids each, an extracellular amino
terminus and an intracellular carboxy! terminus, all of which are typical of G-protein
coupled receptors (Birnbaumer, et al., 1990; Mestak, et al., 1995; Thompson, et al., 1993;

Wang, et al., 1993). The rat and human mu receptor contain five N-linked glycosylation
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sites and phosphorylation sites for protein kinase A, protein kinase C and calcium
calmodulin kinase II (Mestak, et al., 1995; Thompson, et al., 1993). There are two
transcriptional start sites in the promoter regions of the rat gene as well as potential sites for
the AP-1 transcription factor (Kraus, et al., 1995). Agonist binding to the mu receptor
modulates neuronal activational states through pertussis toxin sensitive G-proteins by
inhibiting adenylyl cyclase and voltage dependent calcium channels as well as activating an
inward rectifying potassium channel (Duman, et al., 1988; Loose & Kelly, 1990; Mestak,
et al., 1995; North, et al., 1987; Seward, et al., 1991).

Mu Receptor mRNA in the Adult Rat

The paucity of information on mu receptor mRNA in the monkey is sharply
contrasted with that for the rat. In most instances, mu receptor binding, using the mu
specific ligand DAMGQO, correlates well with mu rceptor mRNA localization in the rat.
Binding sites are seen in all layers of the olfactory bulb with a slightly more dense pattern
seen in the external plexiform layer. Mu receptor mRNA is evident in the internal granular
layer, mitral cell layer, and glomerular layer (Mansour, et al., 1994). In the cortex, the
frontal lobe contains an abundance of mu rceptor binding but little mRNA (Delfs, et al.,
1994a; Mansour, et al., 1995a; Mansour, et al., 1994). In the striatum, the accumbens and
the septum there is good correspondence between mu receptor binding sites and mRNA
expression. Mu receptor binding, mRNA and immunoreactivity are all localized within the
striatal patches and along the border of the striatum and the corpus callosum known as the
subcallosal streak. Mu receptor binding and mRNA have a more intense concentration of
patchy distribution in the rostral and lateral regions of the striatum (Mansour, et al., 1994).
In the septum, both mu receptor binding and mRNA are found in higher concentrations in
the medial versus the lateral nuclei. There is also a moderate amount of mu binding density
and mu receptor mRNA label in the diagonal band of Broca. In the hippocampus, mu

receptor binding and mu mRNA are located in the pyramidal layers of CA1-CA3, an area
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which also displays mu receptor immunoreactivity. The other cell layers which include the
strata oriens and radiatum contain little binding activity (Arvidsson, et al., 1995; Delfs, et
al., 1994a; Mansour, et al., 1994). In the central nucleus of the amygdala, there is a
modicum of mu receptor mRNA but virtually no mu receptor binding (Delfs, et al., 1994a;
Mansour, et al., 1994).

In the thalamus of the aduit rat, the anterior nuclear group and the reticular nucleus
do not display mu receptor binding or mu receptor mRNA. The paraventricular nucleus
has mu receptor mRNA but no mu receptor binding. The other nuclei of the thalamus
including the mediodorsal, thomboid and reuniens, centromedial, centrolateral,
laterodorsal, lateroposterior, and medial and lateral geniculate nuclei have both mu receptor
binding and mu receptor mRNA. In the epithalamus, the medial habenula contains mu
receptor binding and mu receptor mRNA yet the lateral habenula is devoid of both. The
hypothalamic nuclei which contain mu receptor mRNA include the medial preoptic area,
arcuate, dorsomedial nucleus, lateral hypothalamus and medial mammillary nuclei. Each of
these areas also show very slight mu receptor binding with the exception of the medial
mammillary bodies which contain dense mu receptor binding (Delfs, et al., 1994a,
Mansour, et al., 1995a; Mansour, et al., 1994). The superior colliculus consists of three
layers: the superficial gray, the intermediate gray and the deep gray. Moderate mu receptor
binding densities along with mu receptor mRNA are contained in the latter two whereas,
the superficial gray, while devoid of mu receptor mRNA, displays abundant mu receptor
binding sites in the adult rat. The inferior colliculus contains both mRNA and binding sites
for the mu receptor. The substantia nigra (pars compacta and pars reticulata) and the
ventral tegmental area all have mu receptor binding sites but only the pars compacta of the
substantia nigra and the ventral tegmental area contain moderate amounts of mu receptor
mRNA (Delfs, et al., 1994a; Mansour, et al., 1995a; Mansour, et al., 1994). The
interpeduncular nucleus contains a dense concentration of mu receptor binding sites and mu

receptor mRNA (Delfs, et al., 1994a; Mansour, et al., 1995a; Mansour, et al., 1994), The
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locus coeruleus and the parabrachial nucleus contain dense mu receptor binding sites which
correlate with the mu receptor mRNA as do the nucleus ambiguus, median raphe, the
nucleus of the solitary tract and the spinal trigeminal nucleus (Delfs, et al., 1994a;
Mansour, et al., 1995a; Mansour, et al., 1994). The cochlear nucleus contains high levels
of mu receptor binding but relatively little mu receptor mRNA (Mansour, et al., 1994).
The reticular formation shows reiatively iow levels of both mu receptor binding and mu
receptor mRNA (Delfs, et al., 1994a; Mansour, et al., 1995a; Mansour, et al., 1994). The
inferior olivary nucleus and the cerebellum do not exhibit mu receptor binding in the rat,
although the medial cerebellar nucleus and the interposed nucleus contain cells which
express mu receptor mRNA (Mansour, et al., 1995a; Mansour, et al., 1994). In the spinal
cord, laminae I and II display the highest mu receptor binding yet mu receptor mRNA is
more abundant in laminae V and VII (Arvidsson, et al., 1995; Mansour, et al., 1994). The
dorsal root ganglia contains a conspicuous amount of mu receptor mRNA and mu receptor
immunoreactivity (Arvidsson, et al., 1995; Mansour, et al., 1995a; Mansour, et al., 1995b;
Mansour, et al., 1994).

The endogenous opioid peptides are detected early in fetal development in the rat
and mouse. The mu opioid receptor, which binds B-endorphin and enkephalin, is the first
of the opioid receptors to be expressed and is followed by the expression of the kappa
opioid receptor which binds dynorphin. The delta receptor, which has a preference for
enkephalin, appears not to be expressed during fetal development in the mouse. The opioid
receptors have also been shown to modulate neuronal proliferation. In light of the fact that
morphine, heroin and methadone bind to the mu opioid receptor, which is expressed early
in development and that the mu receptor may have an effect on neurogenesis, plus the lack
of information concerning mu opioid receptor development in the fetal monkey, the

ontogeny of the mu receptor in the fetal monkey brain was investigated.
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Materials and Methods
Animals

Animal care and use were in accordance with our institutional guidelines based on
NIH standards. Adult female rhesus monkeys (Macacca mulatta) were paired with fertile
males for three days between day nine through day eighteen of their menstrual cycle, based
on an analysis of their previous menstrual cycie lengths. Pregnancy was determined by
RIA analysis of estrogen (>100 pg/ml) and progesterone (>2.5 ng/ml) in blood samples
obtained twenty to twenty-two days after pairing (Hess, Spies, & Hendricks, 1981). The
second day of pairing was chosen as the day of conception from which gestation times
were calculated. The fetuses were delivered by Cesarean section at days 40, 45, 60, 70,
130, and 150 of gestation.
Tissue Preparation

Body weight, crown rump length, and head circumference were recorded (Table I).
The brains were then removed, dissected and fixed by immersion in ice cold 4%
paraformaldehyde in 67 mM Sorensen's buffer, pH 7.2, except for the day 40 fetuses, in
which the whole head was submerged. Fixation times varied from four to six hours
depending on the size of the brain. Following fixation, the brains were soaked in 20%
sucrose in 0.1 M sodium phosphate buffer (pH 7.2) overnight at 4°C. All solutions were
prepared using molecular biology grade RNase free reagents and diethyl pyrocarbonate-
treated water to insure an RNase free environment. Brains were then infiltrated with
0O.C.T. embedding media (Miles Laboratories), placed in Tissue-Tek cryomolds, frozen in
liquid isopentane chilled to -55°C on dry ice, and stored in liquid nitrogen. The brains were
sectioned coronally at 15 um on a Leica cryostat, thaw mounted on to positively charged
microscope slides (Fisher Brand) and stored at -80°C.
Mu receptor cloning
RT PCR & Subcloning: A fragment of the rhesus monkey mu receptor gene was cloned

using reverse transcription polymerase chain reaction (RT-PCR) (Chai et al, manuscript in
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preparation). Two oligonucleotide primers were designed from the human mu receptor
sequence which corresponded to the coding sequence between transmembrane (TM) VI and
TM VII (5'-primer: 831-CTTCGAAGGATCACCAGGAT-850; 3'-primer: 1105-
ATTCGTCAGAACACTAGAGA-1124). The cDNA fragment was amplified using
monkey thalamus total RNA (TRIzoL, Life Technologies, Inc.) with murine Moloney
leukemia virus reverse transcriptase and AmpliTag® polymerase (Gene Amp RT-PCR;
Perkin-Elmer). First strand synthesis was achieved using 42°C for 15 minutes, 99°C for 5
minutes, 5°C for 5 minutes after which PCR followed for 40 cycles at 92°C for 30 seconds
(denaturation), 53°C for 30 seconds (annealing), and 72°C for 45 seconds (elongation).
The resulting 293 base pair PCR product was purified on a 3% agarose gel. The purified
fragment was subcloned into the pPGEM®-T vector (Promega) using 293 ng PCR product,
100 ng pGEM®-T vector, and 4 U T4 DNA ligase. The ligation proceeded overnight at
16°C.

Transformation, Plasmid isolation, Sequence analysis: The ligation reaction was

transformed into the ampicillin resistant Escherichia coli strain XL-1 Blue subcloning grade

competent cells as described by the manufacturer (Stratagene). Briefly, the cells were
thawed on ice and 50 pl of the competent cells were aliquoted into Falcon 2059 tubes. B-
mercaptoethanol was added (.85ul of 1.42 M) to increase the transformation efficiency. 50
ng of ligation mixture was added to the competent cells and incubated on ice for 30
minutes. The cells were heat shocked by placing the tubes in a 42°C water bath for 45
seconds and then incubated on ice for 2 minutes. Luria Broth (LB: 1% Bacto-tryptone, 1%
NaCl; 0.5% Bacto-yeast extract, pH 7.4) medium containing 100 pg/ml of ampicillin was
added and the cells were grown in a shaking incubator at 37°C for | hour. The transformed
cells (100 pl) were spread onto LB-ampicillin agar plates, to which IPTG and X-Gal had
been added. The plates were placed in a 37°C incubator overnight. Positive colonies were
transferred to 5 ml of LB medium (100pg/ml ampicillin) and grown overnight in a shaking

incubator (225-250 rpm) at 37°C. The cells were separated from the medium by
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centrifugation and lysed. The plasmid was isolated from this mini-preparation and
analyzed for size on a 1.5% agarose gel. The plasmids which were approximately 3.3 kb
in size were characterized further by restriction endonuclease analysis. The plasmid (5 pg)
was cut with 10 U of Nco I at 37°C for one hour. The cut plasmid was phenol/chloroform
extracted to remove proteins and then precipitated in 100% ethanol. It was then cut with 10
U Pst I at 37°C for one hour, run on a 3% agarose gel and visualized with ethidium
bromide under UV illumination. If the released fragment migrated near the 330 base pair
marker it was considered to be the mu receptor cDNA clone. The cells which possessed
the monkey mu receptor clone were grown in 500 ml of LB medium containing ampicillin
overnight. The plasmids were isolated using the Qiagen plasmid isolation method.
Briefly, the cells were separated from medium by centrifugation and lysed in 0.2 N NaOH
and 1% SDS. Sodium acetate (4 M, pH 4.8) was added, mixed gently and centrifuged.
The supernatant was placed on to the Qiagen columns and the plasmid collected,
precipitated in isopropanol and centrifuged. The plasmids were washed in 70% ethanol
and stored in water at -20°C. The purified plasmid was then sequenced at the P30 core
facility at the Oregon Regional Primate Research Center. Sequence analysis indicated that
the clone was 98% homologous to the human mu receptor nucleic acid sequence and 97%
homologous to the human mu receptor amino acid sequence. The sequence was 60% and
63% homologous with the human delta and kappa receptor DNA sequences, respectively.
in situ Hybridization

Probe Preparation: The mu receptor antisense probe was synthesized from the pPGEMT-
MOR recombinant by linearizing with Pst I and transcribing with T7 RNA polymerase at
37°C for one hour (Maxiscript, Ambion, Inc.). Sense RNA was transcribed after Nco 1
linearization of pGEMT-MOR using SP6 RNA polymerase at 42°C for one hour. The
[35S]-UTP labeled sense and antisense probes were purified over NICK columns

(Pharmacia, Inc.) to a concentration of 2-3 X 10-6 dpm/ul.
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in situ Hybridization protocol: The methods used, with modifications, have been
previously published (Ronnekleiv, et al., 1991; Ronnekleiv, et al., 1989). Briefly, tissues
were brought to room temperature, pretreated with 0.1 M triethanolamine (TEA) for 3
minutes followed by a 10 minute treatment in 0.25% acetic anhydride in 0.1 M TEA to
reduce background. The sections were covered with 50 l of hybridization buffer (66%
formamide, 10% dextran sulfate, 1X Denhardt's, 200 mM NaCl, 10 mM Tris (pH 8.0),
1.25 mM EDTA, 125 pg/ml tRNA, 100 mM dithiothreitol) and allowed to prehybridize for
60 minutes at 57°C. The sections were then washed in 2.0 X SSC (saline-sodium citrate)
buffer. The labeled probe was heat denatured at 90°C for 10 minutes, chilled on ice,
diluted in hybridization buffer and used at a final concentration of 6.67 X 103 dpm/pl. The
sections were covered with glass coverslips, sealed with DPX (Gallard & Schleisenger)
and hybridized at 57°C for at least 18 hours. The sections were washed in three changes of
2.0 X SSC buffer at room temperature for five minutes each and then treated with RNase
(20 pg/ml) for 30 minutes at 37°C. Washing continued in 2.0 X, 1.0 X, 0.5 X, 0.25 X
SSC for 10 minutes each at approximately 50°C to a final stringency of 0.1 X SSC
containing dithiothreitol (1 mM) at 63°C. The sections were dehydrated in 50, 80, 90%
ethanol with 300 mM ammonium acetate followed by 100% ethanol for 2 minutes each.

Autoradiography: The slides were apposed to B-MAX Hyperfilm (Amersham) along with
14C microstrip standards, placed in light-tight autoradiography cassettes, and stored at 4°C
for 11-14 days. The film was developed in D19 developer for 4 minutes, rinsed in water,
placed in Kodak fixer for 5 minutes and washed in water. If the film indicated that the in
situ hybridization reaction was working, emulsion autoradiography of the slides was
performed. The slides were dipped in Kodak NTB3 liquid emulsion diluted 1:1 in distilled
water, air-dried in a humid atmosphere for 3 to 5 hours, sealed in light tight containers with
Drierite and allowed to incubate at 4°C for 14-21 days. The slides were developed in

Kodak D19 developer, fixed in Kodak fixer, and counterstained with Gills' 3X

27



hematoxylin (diluted 1:12 with water). The slides were dehydrated in ethanol, cleared in
xylene, and coverslipped with Entellan.

Control Experiments: Control experiments utilized [35S]-UTP labeled sense probe for mu
receptor in situ hybridization on adjacent tissue sections; washing of hybridized sections in
increasing temperatures up to 89°C; RNase pretreatment of sections prior to probe
hybridization, and in situ hybridization with the mu receptor probes followed by mu
receptor immunocytochemistry on the same tissue section revealing colocalization of mu
receptor mRNA and mu receptor protein (Ronnekleiv, unpublished observations).
Analysis: The slides were analyzed and photographed using bright- and darkfield
microscopy (Leitz). The film was digitized using a Polaroid SC 35 scanner. These images
were edited for contrast using Adobe Photoshop 3.0 and Freehand 5.0 (Macromedia) ona
Macintosh Quadra 950. The illustrations were drawn in Freehand 5.0 from computer scans
(HP ScanlJet IIcx/T scanner) of the actual brain sections. The digitized image of the
sections were edited in Photoshop 3.0 to achieve the greatest clarity and then the paths
drawn in Freehand 5.0. Each illustration was used to represent the mu receptor mRNA
signal in a single section in the 40 day fetus or a series of sections in the 60 day and 70 day
fetus. The figures were printed on a Phaser printer (Tektronix, Inc.). The arbitrary
designations of dense, moderate, and low in situ hybridization signal were derived from
grain counting in the 70 day fetus. The grains were counted in approximately a 150 pm?
area using darkfield illumination on a Leitz microscope, the Macintosh Quadra 960
computer, and software from Dr. Donald Clifton (Chowen, et al., 1991). To determine the
number of cells containing mu receptor mRNA, a 150 um? area was counted under
brightfield illumination using an eyepiece square grid reticle on a Leitz Laborlux
microscope. The total number of cells and the number of cells that contained
autoradiographic grains were counted using a 25 X objective. The number of cells with

grains divided by the number of cells per square were expressed as a percentage.
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Binding Autoradiography

Tissue Treatment: The day 70 and day 150 fetuses were treated as described earlier in this
section. After termination of pregnancy by Cesarean section at day 70 and day 150 of
gestation, the fetal brains were dissected and soaked in 0.1 M sodium phosphate buffer
containing 20% sucrose (pH 7.2) for two hours at 4°C. The brain dissections were then
infiitrated with O.C.T. embedding medium, placed in Tissue-Tek cryomolds, frozen in
-55°C isopentane, and stored in liquid nitrogen until cryostat sectioning at 15 pum was
performed. The sections were thaw mounted on to positively charged glass microscope
slides and stored at -80°C.

Specific and Non-specific Binding: This technique has been previously established for the
fetal monkey brain but not yet published (Fang et al, submitted). Briefly, the tissue
sections were brought to room temperature, air dried and then fixed in 0.5%
paraformaldehyde (0.1 M phosphate buffer) for 5 minutes at room temperature, rinsed
briefly in TEN buffer (50 mM Tris, pH 7.35; 120 mM NaCl; 1 mM EDTA) and placed in
the incubation chambers. The sections were preincubated in 200 pl of TEN buffer with
100 UM GTP and 0.01% BSA for 20 minutes at room temperature. After briefly rinsing
in 50 mM Tris buffer (pH 7.45), the tissue sections were incubated in 300 pl of the
selective mu opioid agonist [BH]-DAMGO (4 nM solution containing 0.01% BSA) for 90
minutes at 22°C. Nonspecific binding was evaluated by treating a parallel set of sections
with the same concentration of [3H]-DAMGO in the presence of 5 UM naloxone (a non-
selective opioid receptor antagonist). After incubation, the sections were gently washed in
four changes of ice cold 50 mM Tris buffer (pH 7.45) containing 0.01% BSA for 20
seconds each followed by a final rinse in ice cold Milli-Q water for 10 seconds. The
sections were rapidly dried under a stream of cool air and then kept at room temperature for
at least three hours to insure complete drying.

Film Autoradiography: The slides were apposed to 3H-Hyperfilm (Amersham) along with

[*H]-microscale standards (Amersham) and sealed in foil wrapped autoradiography
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cassettes. They were stored for 4-6 weeks at 4°C in a light tight box. The film was then
removed and developed in Kodak D-19 for 3 minutes followed by fixation in Kodak fixer
for 5 minutes. The slides were then stained with Nissl stain for anatomical resolution.

Analysis: The films containing the images of the tissue sections along with the
autoradiographic [*H]-microscale standards were scanned using the HP DeskScan/Ilc SCT
scanner. NIH Image 1.54 imaging program was used to determine the optical density of
[*H]-DAMGO binding in each section. The optical density was converted to nCi/g using
the standard [3H]-microscale standards (Amersham). The nonspecific binding density was
subtracted from the total density and the values for specific binding were averaged. In each

brain area, images were illustrated in Adobe Photoshop 3.0 from the scanned film images.
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Results

Fetal Growth

Two fetuses were used for each fetal age group studied with the exception of the
day 150 in which only one fetus was obtained. The body weights, crown-rump lengths,
head circumference and in the 70 and 130 day fetuses, the brain weights were taken after
the termination of pregnancy by Cesarean section and are presented in Table I. The amount
of brain growth between day 70 and day 130 of fetal development is seen when comparing
the two fold increase n head circumference compared with the nine fold increase in brain

weight (Table I).

Morphological Maturation of the Fetal Monkey Brain

Day 40 and Day 45 fetal rhesus monkey

At day 40 of gestation, the telencephalic hemispheres were comprised of the frontal
and temporal lobes with the latter enveloping the dorsomedial aspect of the diencephalon
(Fig. 1 A-D). The ganglionic eminence was apparent in the floor of the lateral ventricles.
The choroid plexus had begun to develop in the medial wall of the lateral ventricle and was
projecting into the ventricle itself. In the diencephalon, the epithalamus, thalamus, and
hypothalamus surrounded the third ventricle which was continuous throughout the
diencephalon. Dorsally, the epithalamus consisted of a relatively thin layer of cells which
extended ventrally to join the dorsal thalamus (Fig. 1 B-D). The dorsal thalamus was
comprised of a thin layer of densely packed cells approximately twelve cells thick which
lined the ventricle, the proliferative ventricular zone, and was continuous with a layer of
cells that were less densely packed. Lateral to this was another layer of densely packed
cells approximately ten to twenty cells thick. The dorsal thalamus was separated from the

ventral thalamus by an area which contained fewer cells. In the ventral thalamus, there was

31



a tightly packed layer of cells lining the ventricle that was so dense individual cells were
difficult to distinguish. Lateral to this, the individual cells were recognizable, but densely
packed. The ventral thalamus was distinguishable from the hypothalamus by a layer of
cells that were less concentrated. Medially, the hypothalamus contained a layer of cells
next to the ventricle that was continuous with the thickly packed cells in the body of the
hypothalamus in which individual nuclei could not be distinguished.

In the 45 day fetus, there were a few changes morphologically compared to the 40
day fetus. The ganglionic eminence, which was seen as a single protrudence in to the
lateral ventricle of the 40 day fetus, could be divided into lateral and medial ridges in the 45
day fetus. The choroid plexus had grown and filled up more of the lateral ventricles. The
entire area of the brain had increased in the 45 day fetus, but the characteristics described
for the 40 day fetus held true for this stage of development.

Day 60 fetal rhesus monkey

In comparison to days 40 and 45, the brain of the 60 day fetal monkey had developed
substantially (Fig. 2). The telencephalic hemispheres had grown out laterally and caudally
to include the frontal, temporal, parietal, and occipital lobes. The caudate was located
directly under the ganglionic eminence in the rostral brain. The caudate and putamen were
separated by the internal capsule yet the two nuclei were connected by strands of cells
bridging this structure. Both nuclei consisted of densely packed cells. The putamen was
distinguishable from the surrounding cortex which had a less dense cellular concentration.
The septum consisted of a dense layer of cells at the lateral ventricular surface which
became more sparse medially. In the more ventral septal areas, the cell density increased
and was fairly evenly distributed up to the pial boundary. The olfactory bulbs were
continuous with the telencephalic floor and did not yet have distinct layers although the
cells appeared to have a circular orientation. In the diencephalon, the habenula was
characterized by the compact layer of cells in the medial portion and the less compact region

of the lateral habenula. In the thalamus, the third ventricle was lined with a thin layer of
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densely packed cells which were continuous with a somewhat densely packed cellular layer
that was approximately 250 um in width. The mediodorsal thalamic area appeared as a
fairly homogenous layer of cells that was bordered by the reticular nucleus ventrally and
laterally. The reticular nucleus was distinguishable from the rest of the thalamus due to the
less densely packed cells. Caudally, the ventrolateral nucleus was distinct from the more
medial nuclei due to its dense cell structure. The hypothalamus had distinct nuclei that were
distinguishable due to the heterogeneous cellular density. In the mesencephalon, the
aqueduct was much smaller compared to the day 40 fetus, and was surrounded by the
periaqueductal gray. The superior colliculus was just dorsal to the periaqueductal gray.
The intermediate and superficial layers were quite dense and very distinct. The reticular
formation was characterized by the relative sparsity of cells that were almost spotty in
appearance. The raphe, however appeared as distinct nuclei. The nucleus of the lateral
lemniscus was also distinctive due to the cell density. In the caudal brain, the cochlear
nucleus could be discerned just medial and ventral to the proliferative rhombic lip (Fig.
2H). The nucleus of the spinal trigeminal nucleus and the inferior olivary nucleus were
also distinctive due to their cell densities compared to the surrounding areas which had
fewer cells (Fig. 2 G-I). The midline from the fourth ventricle to the ventral surface of the
medulla was a cell poor zone.

Day 70 fetal rhesus monkey

In the rostral brain at day 70 of gestation, the lateral ventricle had become a thin slit and
was lined by a thick layer of cells which surrounded the caudate nucleus on the dorsal and
medial sides (Fig. 3). The caudate was clearly distinguishable from the ganglionic
eminence due to the less dense cellular distribution. Just under the ganglionic eminence
there were small groups of cells which clustered together and extended into the caudate.
The putamen appeared fairly homogenous. The septum was characterized by a sparse layer
of cells on the pial border that was continuous with the cell dense region of the medial

septum. This was flanked laterally by the lateral septum which contained fewer cells and at
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the most lateral boundary, had a layer of cells which seemed to be oriented in a vertical
direction. At the ventral border of the lateral ventricle in the area of the nucleus accumbens,
there were layers of cells three to four cells thick which spread ventrally and medially (Fig.
3 B). In the diencephalon, the ganglionic eminence was located in the floor of the thinning
lateral ventricle just dorsal to the caudate nucleus and was distinguished by the density of
the cells. The internal capsule had increaséd in size and the proliferative zone of the third
ventricle was now absent. The anterior nuclei and the ventrolateral nucleus of the thalamus
were distinguishable and the mediodorsal nucleus was ovoid in structure in the middle of
the thalamus. The thalamus was encased by the reticular nucleus ventrolaterally. The
hypothalamus was fairly homogenous medially with regards to cell density yet laterally the
cell density decreased. The third ventricle is no longer open due to the expansion of the
midline thalamic nuclei. The amygdala appeared as a cell dense region in the temporal lobe
at the level of the hypothalamus (Fig. 3 C, D, E). A large dense cluster of proliferative
cells was found just dorsal to the hippocampus. As the hippocampus began to curl dorsally
and medially, this dense cellular zone persisted into the outer layers of the hippocampus
proper. In the mesencephalon, the interpeduncular and the raphe nuclei and the ventral
tegmental areas were all seen as distinct cell groups (Fig. 3 H). The pulvinar, which is
actually a caudal thalamic nucleus, could also be distinguished as a separate nucleus. The
pons could be distinguished from the midbrain based on its location and increased cell
density. The pineal gland was very distinct and cell dense. The periaqueductal gray had
more cells in its dorsal regions than it did ventrally. The cerebellum had expanded
compared to the 60 day fetus and was clearly seen between and lateral to the inferior
colliculi (Fig. 3 J, K, L). The cerebellum was relatively smooth in appearance although
cell dense layers had begun to appear under the external layers. The superior and inferior
olivary nuclei were distinct with the latter first appearing as a dense group of cells on either
side of the midline ventrally (Fig. 3 K, L). The cochlear was also distinct and fairly cell

dense (Fig. 3 L). The choroid plexus of the fourth ventricle was quite extensive. The cell
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dense rhombic lip was still apparent at the lateral confines of the fourth ventricle. The
spinal nucleus of the trigeminal also appeared as a cell rich structure along with the nucleus
ambiguus (Fig. 3 J, M).
Day 130 and day 150 fetal rhesus monkeys

By 130 days of gestation, the brain had increased in size to such an extent that it
had to be dissected in blocks. For this study only the thalamus was used in this age group.
It was possible to distinguish between the nuclei of the thalamus based on the cell density
and location. The reticular nucleus encased the entire thalamus and could be readily
identified based on the low cell density in this nucleus compared to the more medially
situated nuclei. The day 150 fetal brain had increased in size compared to the 130 day fetal
brain with the most noticeable features being the discrete maturation of individual nuclei,

based on cellular density and location, and the increased area of the cortex.

Mu Receptor mRNA in the Fetal Monkey Brain
Day 40 and 45 fetal rhesus monkeys

Autoradiographic grains, indicative of mu receptor mRNA were observed in the developing
diencephalon, the pons, cerebellar plates and the brainstem (Figs. 1, 4). At this stage of
development, mu receptor mRNA was not found in the telencephalon. In the
diencephalon, which had the highest concentration of autoradiographic grains, mu receptor
mRNA containing cells were located in the ventral thalamus just lateral to the ventricular
zone. The proliferative layer of cells did not contain any mu receptor mRNA (Fig. 1 B-D;
Fig. 4 B, C). When counting the cells that contained autoradiographic grains within a 150
wm?2 area in the ventral thalamus, approximately 50% of the cells were labeled with five to
twenty grains per cell compared to zero to two grains per cell in other areas (Table 1V).
Due to the dense packing of the cells, the signal in the ventral thalamus appeared quite
intense in darkfield photomicrographs (Fig. 4 B, C). There was no apparent rostral to

caudal gradient of mu receptor mRNA as it was located in the ventral thalamus throughout
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the extent of the diencephalon. In the differentiating fields of the pons, mu receptor mRNA
containing cells were found laterally in the nucleus of the spinal trigeminal (Fig. 1 D). The
mesencephalon did not contain appreciable amounts of mu receptor mRNA. The cerebellar
plates had autoradiographic grains located in the layer adjacent to the proliferative zone of
the fourth ventricle (Fig. 1 E). A faint signal for mu receptor mRNA was also seen dorsal
to this in the arms of the cerebellar plates which connect it to the mesencephalon at this
stage in development (Fig. 4 D). In the brainstem, a faint but specific signal for mu
receptor mRNA was present in the various nuclei along the midline. The same pattern of
labeling for mu receptor mRNA was seen in the 40 and 45 day fetuses although, as
mentioned earlier, the brain size of the 45 day fetus was larger.

Day 60 fetal rhesus monkey

The day 60 fetal brain had increased greatly in size and not only were individual nuclei
recognizable, due to increased cell density, but in the rostral regions of the diencephalon,
the third ventricle had closed in its dorsomedial aspects. This was indicative of the
maturation of the brain over the fifteen to twenty days from the day 40 and 45 fetuses in
which the brain was essentially tubular (Figs. 1, 2). In the telencephalon, mu receptor
mRNA was observed in the evaginating olfactory bulbs and in the medial and lateral
septum including the putative diagonal band and the nucleus accumbens (Fig. 6 A, B). In
the striatum, mu receptor mRNA was detectable, although faintly, in the patches of the
putamen with no specific signal found in the matrix (Figs. 2; 6 B). Mu receptor mRNA
was found on the lateral and ventral edges of the putamen, which corresponds to the
subcallosal streak in the rat (Figs. 2; 6 B). In the diencephalon, the highest density of
grains was found in the medial habenula and the reticular nucleus of the thalamus (Figs. 2;
6 C; 8 A; 10 A). Ina 150 um? area encompassing the medial habenula, approximately
30% of the cells were labeled for mu receptor mRNA (Table IV). In the reticular nucleus
of the thalamus, 37% of the cells contained autoradiographic grains for mu receptor nRNA

(Table IV). The number of grains per cell were difficult to determine but ranged from ten
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to twenty in both nuclei. It should be noted that in Figure 8 A, the brightfield
photomicrograph was taken at the lateral edge of the medial habenula where the cells did
not appear as dense as they did in the more medial aspects of this nucleus. The mu receptor
mRNA in the reticular nucleus of the thalamus was seen in the ventrolateral aspects of the
nucleus rostrally and in the more caudal areas, the signal was also seen ventromedially.
Mu receptor mRNA was found in the putative anteromedial nucleus and caudal to this in the
mediodorsal nucleus of the thalamus (Fig. 2). In the latter, approximately 23% of the cells
in a 150 pm? area were labeled for mu receptor mRNA (Table IV). The intermediate gray
of the superior colliculus was also found to have mu receptor mRNA . In the rostral part of
the mesencephalic reticular formation, mu receptor mRNA was seen in a diffuse, but
specific, area medially and laterally (Fig. 2 F). Moving caudally, the signal in the reticular
formation was more medial (Fig. 2 G). There was also a faint signal for mu receptor
mRNA detected in the raphe nucleus. The nucleus of the lateral lemniscus contained a
strong signal for mu receptor mRNA (Fig. 2 G; 9 A, B). The cells in this nucleus were
more dense than the cells in the area surrounding the nucleus but they were not packed
together and individual cells were clearly distinguishable (Fig. 9A). The autoradiographic
grains appeared diffuse but were well within the boundaries of the lateral lemniscus nucleus
(Fig. 9 B). In the metencephalon and the myelencephalon, the cochlear nucleus contained
mu receptor mRNA as did the inferior olivary nucleus (Fig. 2 H). The spinal trigeminal
nucleus was also found to express mu receptor mRNA although the signal was slightly
lower than that seen in the cochlear or the inferior olivary nucleus (Fig. 2 H, I), The
nucleus of the solitary tract contained mu receptor synthesizing cells with autoradiographic
grains comparable to those seen in the spinal trigeminal nucleus (Fig. 2 I). There was no
mu receptor mRNA detected in the cerebellum at this stage of development.
Day 70 fetal rhesus monkey

Brain development in the 70 day fetus had progressed substantially compared to the

60 day fetus and many additional nuclei contained mu receptor mRNA. In the
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telencephalon, mu receptor mRNA was expressed in the granular layer of the olfactory
bulbs (Figs. 3 A; 7 B). Like the 60 day fetus, the medial and lateral septum both expressed
mu receptor mRNA as well as the areas of the diagonal band and the nucleus accumbens
(Fig. 3 B). In the putamen, the patchy distribution of mu receptor mRNA was more
prominent compared to the 60 day fetus (Fig. 7 A). These patches are not distinguishable
anatomically when examining Nissi stained sections and are only characterized
biochemically. In the diencephalon, mu receptor mRNA was found in the now discernible
paraventricular nucleus of the thalamus (Fig. 3 C; 11 A, B). The autoradiographic grains
were located adjacent to the ventricular cleavage of the dorsal thalamus in cells that were
moderately dense but distinctive in appearance (Fig. 11 A). A moderate amount of mu
receptor mRNA was observed in the mediodorsal and laterodorsal nuclei of the thalamus
and a dense signal seen in the ventrolateral nucleus (Fig. 3 C-F). The thalamic reticular
nucleus contained dense autoradiographic grains for mu receptor mRNA (Fig. 7 C; 10 C,
D). Compared to the 60 day fetus, the cellular density of the reticular nucleus was less and
the individual cells were larger in the 70 day fetus. The mu receptor mRNA grains were
also more dense over individual cells in the 70 day versus the 60 day fetus (Fig 10 C, D).
In a 150 um? area, the number of cells which contained mu receptor mRNA was
approximately 75% whereas in the 60 day fetus it was 37% (Table IV). Mu receptor
mRNA was also observed in the centromedian and centrolateral nuclei of the thalamus (Fig.
3 G; 12 A, B). In the centromedian nucleus, 60% of the cells in a 150 um? area contained
mu receptor mRNA. In the centrolateral nucleus, the autoradiographic grains appeared
dense but diffuse across the nucleus and the cells were fairly close together with the grain
density within each cells was substantial (Fig. 12 A, B). In the hypothalamus, mu receptor
mRNA was observed in the paraventricular nucleus, the dorsomedial nucleus, the lateral
hypothalamic area and in the arcuate. The signal was faint for all of these areas (Fig. 3 C,
D). Dense mu receptor mRNA signal was observed in the medial habenula (Fig. 3 F-H; 8
C, D). In comparison to the 60 day fetus which had 29% of the cells in the medial
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habenula containing mu receptor mRNA, the 70 day fetus had 67.1% of the cells in a 150
lum? area which contained mu receptor mRNA (Table IV). Unlike the 60 day fetus, in the
70 day fetal monkey, mu receptor mRNA was detected in the amygdala although the
individual nuclei of this structure could not be distinguished (Fig. 3 C-E). The
hippocampus, too, contained cells expressing mu receptor mRNA for the first time at day
70 of development. The cells which concentrated grains were in the CA3 region of the
hippocampus (Fig. 3 F-H). In the mesencephalon, the substantia nigra expressed mu
receptor mRNA as did the interpeduncular nucleus, the raphe nucleus and the ventral
tegmental area although the signal in the latter three was faint but specific (Fig. 7 D, E).
Mu receptor mRNA was also seen in the nucleus of the lateral lemniscus and the central
nucleus of the inferior colliculus as well as the nucleus of the spinal trigeminal (Fig. 3 H, I;
7 F). In the metencephalon, there was a fairly dense signal for mu receptor mRNA seen in
an area immediately lateral to the locus coeruleus and was thought to be the nucleus of the
spinal trigeminal (Fig. 7 H). In the myelencephalon, relative moderate amounts of mu
receptor mRNA were observed in the cochlear nucleus, the nucleus of the solitary tract and
the inferior olivary nucleus and there was also a faint diffuse signal seen in the reticular
formation (Fig. 3 K, L). Mu receptor mRNA was also quite distinctive in the developing
ventral raphe nuclei (Fig. 7 G; 3 K, M). There was a dense signal for mu receptor mRNA
found in the nucleus ambiguus. The cerebellum displayed faint expression of mu receptor
mRNA in the areas of the deep nuclei.

Day 130 fetal rhesus monkey thalamus

In the 130 day fetus, only the thalamus was available for in situ hybridization

analysis. The thalamus had matured considerably compared to the day 70 fetus as
evidenced by the striking increase in size. Mu receptor mRNA was found in the
paraventricular nucleus, the reticular nucleus, the centrolateral and the laterodorsal nuclei.
In the paraventricular nucleus, mu receptor mRNA was distinctly localized to individual

cells (Fig. 11 C, D). In comparison to the 70 day fetus, the number of cells per area had
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decreased whereas the signal per cell for mu receptor mRNA had increased (Fig. 11 C, D).
In a 150 pm? area, 41% of the cells contained mu receptor mRNA (Table TV). In the
centrolateral nucleus, this same pattern of fewer cells per area yet more grains per cell was
seen when comparing the 130 day fetus with that of the day 70 fetus (Fig. 12 C, D vs. A,
B). This general trend of fewer cells per area yet more autoradiographic grains for mu
receptor mRNA is perhaps best illustrated in the reticular nucleus which expressed mu
receptor mRNA in the days 60, 70, and 130 fetuses (Fig. 10 A-F). It was readily apparent
that the reticular nucleus contained fewer cells per area by day 130 of development and the

signal for mu receptor mRNA had become restricted to individual cells (Fig. 10 E, F).

[3H]-DAMGO Binding of Mu Receptor in the 70 and 150 Day Fetal Monkey

Contrasting mu receptor binding in days 70 (n=3) and 150 (n=1) fetal monkey
brain is essentially a comparison between the first and second halves of gestation. After
measuring the optical densities from autoradiographic film of tritiated DAMGO binding to
fetal brain sections, the following density categories were determined: low binding = O-
1000 nCi/g; moderate binding = 1000-2000 nCi/g; Dense binding = 2000-3000 nCi/g; and
very dense binding = 3000 nCi/g.

In the telencephalon of the day 70 fetal monkey, binding varied from very low to
moderate as illustrated in Table IT and Table III. The lowest mu receptor binding densities
were observed in the frontal and cingulate cortex, the olfactory bulbs, the septum, and the
putamen. All of these areas had optical densities below 300 nCi/g. The caudate and the
globus pallidus had low optical densities and the amygdala had moderate optical densities
(Fig. 13 A, B, C). Mu receptor binding in the caudate and the putamen were patchy in
appearance with the patches containing a slightly higher binding density in comparison to
the surrounding matrix although matrix binding was also apparent (Fig. 13 A). The
diencephalon contained the highest density of mu receptor binding in the day 70 fetal brain.

At this stage of development, the mediodorsal, centrolateral and the reticular nuclei of the
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thalamus had the most dense binding (Fig. 13 B, C). The ventrolateral and paraventricular
nuclei of the thalamus had dense mu receptor binding. The medial geniculate displayed
moderate mu receptor binding densities (Fig. 13 D, Table II). The hypothalamus was
characterized by low binding densities which appeared fairly homogenous throughout most
of its extent with the exception of the arcuate and the supraoptic nuclei. These latter two
nuclei were found to have moderate binding densities for mu receptor (Table II). In the
mesencephalon, the most intense binding was found in the fasciculus retroflexus, the
superior colliculus, and the periaqueductal gray (Fig. 13 D, Table IT). The substantia nigra
and the reticular formation both had moderate mu receptor binding densities (Fig. 13 D,
Table II). In the metencephalon, moderate binding densities were observed in the pontine
reticular and pontine raphe nuclei, parabrachial nucleus, dorsal tegmental area, the sensory
and motor nuclei of the spinal trigeminal, and the cochlear nucleus (Fig. 13 E, Table II).
Low mu receptor binding was found in the deep cerebellar nuclear areas and in the
cerebellar cortex (Fig. 13 E, Table II). Dense binding was observed in the inferior olivary
nucleus (Fig. 13 E, Table II).

In the 150 day fetal monkey, mu receptor binding in the septum was low (Fig. 14
A, Table IT). In the caudate and the putamen, mu receptor binding was patchy in
appearance with the patches found to have moderate binding densities compared to the low
binding seen in the matrix (Fig. 14 A; Table II). The external segment of the globus
pallidus also had moderate binding densities (Table II). This was contrasted to the very
low levels of binding in the internal segment of this same nucleus (Fig. B, Table II). There
was no binding in the optic tract (Fig. 14 B, Table 1I). In the diencephalon, the most dense
areas of binding were found in the paraventricular and laterodorsal nuclei of the thalamus.
The ventrolateral, mediodorsal, and reticular nuclei of the thalamus also had very dense mu
receptor binding but still less than that of the paraventricular and laterodorsal nuclei (Fig.
14 B, Table II). The ventromedial and ventrolateral nuclei were found to contain very

dense mu receptor binding (Fig. 14 C, Table II). The dorsomedial, ventromedial and
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arcuate nuclei of the hypothalamus were observed to express very dense mu receptor
binding densities (Table II). In the mesencephalon, the fasciculus retroflexus had very
dense mu receptor binding and the substantia nigra had low binding levels (Fig. 14 C,
Table II). There was no signal detected in the cerebellar peduncles. The superior colliculus
and the periaqueductal gray had moderate mu receptor binding densities as did the linear
raphe nucleus (Fig. 14 D, Table II). The pontine reticular nucleus had very dense mu
receptor binding sites (Fig. 14 D, Table II). In the metencephalon, the cochlear had dense
mu receptor binding sites yet the caudal inferior colliculus and the reticular formation
displayed a low density, homogeneously distributed signal for mu receptor binding (Fig.
14 E). The cerebellum did not contain binding sites for mu receptor in the cortex. The
deep nuclear areas of the cerebellum were not examined in the 150 day fetus. In the caudal
brain, mu receptor binding sites were observed in the nucleus of the spinal trigeminal
whereas the inferior olivary nucleus had moderate binding densities (Fig. 14 F, Table II).
In comparing the mu receptor binding in the 70 and 150 day fetuses, with the
exceptions of the striatum, the reticular nucleus of the thalamus, the periaqueductal gray,
the inferior olivary nucleus and the spinal trigeminal nucleus, the binding densities for mu
receptor were more dense in the 150 day fetus (Fig. 15, Table II). In the striatum of both
the day 70 and day 150 fetus a patchy distribution of mu receptor binding was found but
the overall binding density of this structure was approximately equal between the two age
groups. This was also true for binding densities in the thalamic reticular nucleus, the
periaqueductal gray and the nucleus of the spinal trigeminal. In the inferior olivary
nucleus, the mu receptor binding was less dense in the 150 day fetus compared to the day

70 fetus (Fig. 15, Table II).

Mu Receptor mRNA and Mu Receptor Binding in the 70 Day Fetal Monkey

In the day 70 fetus, telencephalic mu receptor mRNA and mu receptor binding sites were

both expressed in the olfactory bulbs, the patches of the putamen, the subcallosal streak,
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the septum, and the amygdala (Table III). The amygdala exhibited dense mu receptor
mRNA and although the mu binding densities were moderate they were the highest seen in
the telencephalon. The olfactory bulbs also exhibited a strong signal for mu receptor
mRNA in the granular layer yet only low binding densities were seen in this layer (Fig. 3
A; 7 B; 13 A, Table IIT). There was, however, no mu receptor mRNA expressed in the
frontal cortex or in the globus pallidus which contrasted to the expression of mu receptor
protein seen in these areas (Fig. 3 A, B; 7 A, B; 13 A; Table III). In the thalamus, mu
receptor binding sites were the most dense in the reticular and the mediodorsal nuclei with
very dense binding also seen in the laterodorsal, centrolateral, centromedian, and
paraventricular nuclei (Fig, 13 C, Table III). Mu receptor mRNA was observed in all of
these nuclei with the most intense signal in the reticular, centrolateral and anteromedial
nuclei of the thalamus (Fig. 3 C-E; 10 C, D; 11 A; 12 A, B; Table II). Although there was
mu receptor binding in the medial geniculate, no mu receptor mRNA was found in this
nucleus. In the hypothalamus of the 70 day fetus, mu receptor binding sites were found in
all areas which express mu receptor mRNA including the supraoptic, paraventricular,
dorsomedial nuclei, the lateral hypothalamic area and the arcuate nucleus (Fig. 3 C, D;
Table III). There was also moderate binding in the mammillary nucleus but no
corresponding mu receptor mRNA expressed. Unlike mu receptor mRNA which was
located in discrete regions, mu receptor binding was seen throughout most of the
hypothalamic area (Fig. 13 B). In the epithalamus, mu receptor binding sites and mRNA
were dense in the medial habenula with virtually no binding or mRNA in the lateral
habenula (Table IIT). In the mesencephalon, mu receptor mRNA and mu receptor binding
were seen in the substantia nigra, ventral tegmental area, interpeduncular nucleus, and the
superior and inferior colliculi. Although there was moderate mu receptor binding density in
the periaqueductal gray, mu receptor mRNA expression was almost undetectable. There
were also dense mu receptor binding sites but no mu receptor mRNA in the fasciculus

retroflexus (Fig. 13 G; 3 H, I; 7 D-F; Table III). There was low homogenous binding in
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the region of the nucleus of the lateral lemniscus but a strong signal for mu receptor mRNA
Fig. 9 C, D; Table III). In the metencephalon and myelencephalon, the correspondence
between mu receptor binding and mu receptor mRNA varies. Mu receptor mRNA was
found in the nucleus of the lateral lemniscus and the nucleus of the spinal trigeminal. Mu
receptor binding was seen in the latter but not in the former. There was mu receptor
binding in the cerebellar cortex, an area which does not contain mu receptor mRNA
although, a slight signal for mu receptor mRNA and binding was found in the deep nuclei
(Fig. 3 J-L; 13 E; Table III). There were also mu receptor binding sites in the parabrachial
and the locus coeruleus, areas which only contain a faint signal for mu receptor mRNA.
The mesencephalic nucleus of the spinal trigeminal is just lateral to the locus coeruleus and
contained a strong signal for mu receptor mRNA (Fig. 7 H). Mu receptor mRNA and

binding are both located in the cochlear and the inferior olivary nucleus (Fig. 3 L; 13 E).



Discussion

The development of the mu opioid receptor was studied in the fetal rhesus monkey
at gestational days 40, 45, 60, 70, 130, and 150 of a 165 day gestational period using in
situ hybridization (E40, E45, E60, E70, E130) and [3H]-DAMGO binding
autoradiography (E70, E150). The primary findings of this investigation are as follows.
1) Mu receptor mRNA containing cells were found in the fetal monkey brain by day 40 of
gestation. 2) In the day 60 and the day 70 fetal brain, mu receptor mRNA was more
widely expressed with a very distinct signal seen in the reticular nucleus of the thalamus.
3) By day 70, fetal striatal mu receptor mRNA was expressed within the striosomal
boundaries. 4) In the day 70 fetal brain, mu receptor binding sites corresponded well with
the distribution of mu receptor mRNA. 5) Mu receptor binding densities in the first and

second halves of gestation were, for the most part, similar.

Mu Receptor mRNA during Fetal Development

This is the first study of mu receptor mRNA localization in the fetal primate brain.
In the day 40 fetal monkey, the most rostral brain region expressing mu receptor mRNA is
the ventral thalamus of the developing diencephalon. This area also displays the most
intense mu receptor mRNA signal seen at this stage of development in the monkey. The
mu receptor mRNA containing cells were located adjacent to the proliferative zone but not
within it. Mu receptor mRNA was expressed in the diencephalon of the mouse at E13.5 of
a twenty day gestational period, an embryonic stage which is comparable to the day 40 fetal
monkey (Gribnau & Geijsberts, 1981). Mu receptor mRNA was also found in the
hypothalamus and the caudate-putamen in the fetal mouse at this time, which is not seen in
the 40 day fetal monkey (Zhu, et al., 1995; Zhu, et al., 1996). In the fetal rat, the earliest
thalamic structure to develop is the reticular nucleus which appears on E13 of a 21 day
gestation period (Altman & Bayer, 1988a; Altman & Bayer, 1988b). It is tempting to

speculate that the signal seen in the fetal monkey thalamus could incorporate the reticular
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nucleus but this cannot be stated definitively as no description of the early ontogeny of the
primate reticular nucleus is available. In the developing rat brain, the dorsal and ventral
thalamus occupy the dorsal half of the diencephalon compared to the 40 day fetal monkey
brain where the dorsal and ventral thalamus occupy approximately two thirds of the
diencephalon with the hypothalamus residing in the ventral third (Altman & Bayer, 1988a;
Gribnau & Geijsberts, 1981; Gribnau & Geijsberts, 1985). However, based on
information of the development in the fetal rat thalamus, the ventral thalamus in the monkey
probably gives rise to the reticular nucleus and the mediodorsal nucleus of the thalamus in
the monkey. There were no mu receptor mRNA containing cells found in the telencephalon
at day 40 of gestation in the monkey. This is in contrast to the rat where mu receptor
mRNA and naloxone binding were detected in the striatal anlage on E14, which is
comparable to days 34-42 in the fetal monkey (Chabot, et al., 1995; Gribnau & Geijsberts,
1981; Kent, et al., 1982). Mu receptor mRNA was also found in the basal telencephalon
of the mouse at E12.5 (Zhu, et al., 1996). Mu receptor mRNA in the fetal monkey was
also located in the cerebellar plates, the differentiating field of the pons and in the brainstem
which is in agreement with that found in the mouse at E13.5, a comparable stage of
development (Zhu, et al., 1995). The migrating neurons of the fetal monkey possess mu
receptor mRNA during the first quarter of gestation whereas, the rodent does so in the
second half of gestation although at developmental stages earlier than those seen in the fetal
monkey in this study. B-endorphin immunoreactivity, 3-endorphin being an endogenous
ligand for the mu receptor, has been shown in the arcuate nucleus of the fetal monkey by
day 38 of gestation (Ronnekleiv, unpublished observations) and as early as E13 in the fetal
rat (McDowell & Kitchen, 1987).

Gestational day 60 of the fetal monkey is the earliest time point in which mu
receptor mRNA was seen in the telencephalon, specifically the olfactory bulbs, septum,
and the striatum. This is of particular interest with regard to the striatum. Mu receptor

mRNA is located within the striatal striosomes or patches at day 60 although the boundaries
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of this compartment are not clearly delineated until day 70 of gestation in which the
elongate and convoluted striosomal pattern of the adult is seen (Gerfen & Wilson, 1996).
This is not the case in the rat in which mu receptor is expressed as early as E14, yet the
compartmentalization of the receptor into the striosomes is not apparent until the day of
birth and does not attain the adult pattern of distribution until the second postnatal week
(Edley & Herkenham, 1984; Kent, et al., 1982). The cells of the primate striatum appear
between E36 and E80 in well defined clusters which indicates that the striosomes are the
first cells born to the striatum, a condition which is also seen in the fetal rat (Brand &
Rakic, 1979; van der Kooy & Fishel, 1987). The developmental pattern of striatal
maturation therefore differs between the primate and the rodent. In the monkey, there was
a gradual increase in striatal mu receptor synthesizing cells which attained the adult
distribution during the first half of gestation. In the rodent, adult concentrations of mu
receptor are seen early in development yet the adult distribution is not attained until after
birth. In humans, the striatum plays an important role in the execution of learned
procedural skills requiring motor output, such as riding a bicycle, and has a participatory
role in language and speech articulation (Ilinsky & Kultas-Ilinsky, 1995; Tranel, 1995).
Phylogenetic order could be one of the reasons that the developmental patterns seen in the
striatum differs between the rodent and the primate.

In the day 60, day 70, and day 130 fetal monkeys, the reticular nucleus of the
thalamus exhibits an intense signal for mu receptor mRNA. There has been no literature
available on mu receptor localization in the reticular nucleus of the fetal rat. However, in
the adult rat, there was no binding or mRNA found in this thalamic nucleus (Delfs, et al.,
1994a; Mansour, et al., 1988). In rats, cats, and monkeys, the reticular nucleus surrounds
the thalamus and is unique in that although it has no direct connection with the cortex, it
receives collaterals from all corticothalamic and thalamocortical projections and in turn has
reciprocal projections to ipsilateral (and a few contralateral) dorsal thalamic nuclei

(Battaglia, et al., 1994; Jones, 1975; Kolmac & Mitrofanis, 1997; Lozsadi, 1994; Ohara &
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Lieberman, 1985). The dorsal thalamic nuclei to which the reticular nucleus projects
include the mediodorsal, anteromedial, centromedian, centrolateral, laterodorsal and
paraventricular nuclei which participate in limbic, motor, or arousal behavioral systems
(Ilinsky & Kultas-Ilinsky, 1995; Kolmac & Mitrofanis, 1997; Lozsadi, 1994). All of these
nuclei contain mu receptor mRNA and binding sites in the fetal monkey. The reticular
nucleus also receives projections from the mesencephalic reticular formation,
pedunculopontine tegmental nuclei, parabrachial, substantia nigra, and the ventral tegmental
area and therefore participates in the coordination of attention and arousal states (Cornwall,
et al., 1990; Pare & Steriade, 1993). All of these areas contain mu receptor in the fetal
monkey. The specific role of the mu receptor in each of these regions is not well known.
The medial column of the reticular formation sends ascending projections to the
centromedian nucleus of the thalamus which both participate in the reticular activating
system (McCarley, 1995). Collaterals are also sent to the reticular nucleus of the thalamus
from the limbic system including the hippocampus, septum, and amygdala which would
indicate a participatory role in emotional behaviors and memory (Ilinsky & Kultas-Ilinsky,
1995). The corticoreticular neurons utilize the neurotransmitters glutamate and aspartate
which are excitatory. The neurons of the reticular nucleus, many of which are GAB Aergic,
then send inhibitory impulses to dorsal thalamic nuclei (Lozsadi, 1994; Lozsadi, 1995). It
is highly probable that the mu receptor provides inhibitory input to the GABAergic neurons
of the reticular nucleus to function in a coordinating or regulatory capacity between cortical,
subcortical, and thalamic input and output circuits.

In the 60 and 70 day fetal monkey, mu receptor mRNA was found in a variety of
midbrain and brainstem nuclei which participate in motor and sensory functions. In the
auditory pathway of humans and guinea pigs, for example, the dorsal cochlear nucleus
sends projections through the nucleus of the lateral lemniscus to the inferior colliculus and
then to the acoustic area of the temporal lobe via the medial geniculate nucleus of the

thalamus (Netter, 1986; Schofield & Cant, 1997). Mu receptor containing cells are found
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in the cochlear, nucleus of the lateral lemniscus and the inferior colliculus. The superior
colliculus, which participates in visuomotor functions, receives afferent projections from
the spinal trigeminal, inferior colliculus, substantia nigra, and the deep cerebellar nuclet, all
of which contain mu receptor mRNA expressing cells (Spencer, 1995). The inferior
olivary nucleus has reciprocal connections with the cerebellum and participates in refined
motor skills. Both nuclei contain mu receptor mRNA. The mu receptor could, therefore,
participate in the modulation of sensory input and/or response to sensory stimuli and the

associated motor responses.

Mu Receptor Binding during Fetal Development

In general, there is a good deal of correspondence between mu receptor binding
sites and mu receptor mRNA in the fetal monkey brain. All areas which contain mu
receptor mRNA contain mu receptor binding sites yet the reverse was not always true.
This was illustrated by the lack of mu receptor mRNA in the frontal, cingulate, and
piriform cortices which contain mu receptor binding sites in the fetal monkey. Another
fetal monkey brain region which contained mu receptor binding but no mu receptor mRNA
was the globus pallidus, which is one of the major targets of striatal afferent projections
(Gerfen, 1992). This indicates that the mu receptor may be synthesized in the striatum and
then transported to the globus pallidus. It could also be that mu receptor mRNA is below
detectability. Mu receptor mRNA is present in relatively high quantities in the globus
pallidus of the adult monkey. The caudate and putamen contain mu receptor binding sites
distributed in the characteristic patchy pattern. The striatum also projects to the substantia
nigra, the pedunculopontine nucleus, superior colliculus, and the intralaminar thalamus and
utilizes GABA and dynorphin as the neurotransmitters (Gerfen, 1992; Gerfen & Wilson,
1996). The centromedian nucleus of the thalamus and the substantia nigra send reciprocal
projections to the striatum (Gerfen, 1992; Gerfen & Wilson, 1996). It is therefore likely

that the mu receptor participates in the modulation of this neural circuitry which is related to
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motor activity. Also in the telencephalon of the fetal monkey, mu receptor binding sites
were found in the olfactory bulbs and in all of the amygdala nuclei, areas which also
contained mu receptor mRNA. This corresponds with findings in the adult rat with the
exception of the central nucleus of the amygdala in which no mu binding sites were seen
(Mansour, et al., 1995a). The functional significance of the expression of mu receptor in
these structures is not known. 1t does, however, indicate that mu receptor could participate
in the olfactory sensory pathway as well as the regulation of emotional control and
expression since amygdaloid ablation in monkeys stimulates a variety of dysfunctions
including emotive ones (Ilinsky & Kultas-Ilinsky, 1995). In rats, the central amygdala
projects to the periaqueductal gray and when stimulated, results in analgesia and freezing
behavior which is opioid dependent and due to the release of enkephalin (Da Costa Gomez
& Behbehani, 1995). Mu receptor binding sites were also located in the periaqueductal
gray of both the 70 and 150 day fetal monkeys which participates in nociceptive pathways.
The thalamus of the fetal monkey contained the most mu receptor binding sites. This was
also seen in the adult rat with the exception of the reticular nucleus which contained neither
mu binding sites or mRNA expression, although mu receptor immunoreactivity was found
in this nucleus (Delfs, et al., 1994a; Mansour, et al., 1995b; Mansour, et al., 1994; Tempel
& Zukin, 1987). This would indicate that the fibers coursing the reticular nucleus contain
mu receptor but it does not explain why binding was not seen in the rat. The lack of mu
receptor mRNA could possible be explained by the lack of mu receptor containing
perikarya in the reticular nucleus of the rat. Also in contrast to the adult rat, the fetal
monkey was found to contain mu binding sites in many nuclei of the hypothalamus
including the supraoptic, arcuate, paraventricular and dorsomedial nuclei and the lateral
hypothalamus, all of which contain mu receptor mRNA in the fetal monkey, although low
binding densities were found in the latter two hypothalamic nuclei of the rat (Mansour, et
al., 1988). The medial habenula contains distinct mu receptor binding sites and mu

receptor mRNA in the fetal monkey. The habenula sends afferent projections to the
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interpeduncular nucleus via the fasciculus retroflexus and interestingly, all contain mu
receptor binding sites. This same pattern is found in the adult rat which also contain mu
receptor immunoreactivity in the medial habenula, fasciculus retroflexus and the
interpeduncular nucleus(Mansour, et al., 1995b).

Mu receptor binding in the fetal monkey was quite similar when comparing the day
70 and day 150 fetal monkeys. The main difference was the amount of binding density
present within specific nuclei. One of the most striking differences was seen in the
paraventricular nucleus of the thalamus in which the 150 day fetal monkey had densities
approximately three times that of the day 70 fetal monkey. The paraventricular nucleus
projects to the prefrontal cortex which is associated, in part, with higher intelligence and
behavior and to the limbic cortex, amygdala and ventral striatum. It also receives afferents
projections from the hypothalamus, amygdala, nucleus of the solitary tract, periaqueductal
gray, parabrachial, raphe, and locus coeruleus. Mu receptor could be acting to modulate
physiological and emotional reactions to alarm, fear, anxiety or panic and the
accompanying analgesia which is associated with these situations. It could be argued that
this increase in mu receptor binding density is simply due to the increased size of the fetal
brain at 150 days of gestation yet other nuclei throughout the brain such as the striatum,
reticular nucleus of the thalamus, periaqueductal gray and the spinal trigeminal nucleus all
have comparable levels of mu receptor binding densities in both the day 70 and day 150
fetal monkeys.

The distribution of mu receptor in the fetal monkey brain as evidenced by mu
receptor mRNA localization and mu receptor binding indicates that mu receptor is present
early in gestation and in the limbic, sensory, and motor systems of the fetal monkey brain
and could actively participate, albeit in an inhibitory capacity, in the modulation of the
neural circuitry critical for survival after birth. Future areas of research would encompass
the effects that drugs of abuse have on the ontogeny of the mu receptor and the behavioral

consequences thereof. With the recent cloning of rhesus monkeys, it would be feasible to
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utilize this model to delineate the effects cocaine or morphine on the development of the mu
receptor in the brain while eliminating the genetic variability that normally exists between

animals.
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Figure 1. Drawings of computer scans of coronal sections from rostral (A) to
caudal (E) of day 40 fetal brain showing the morphological development of the
brain. The distribution of mu receptor mRNA is illustrated in color: red represents
dense, orange represents moderate, yellow represents low levels of
autoradiographic grains. A sagittal view of the day 40 brain is also illustrated (F).
Abbreviations: Aq, aqueduct; BS, brainstem; cf, cephalic flexure; cp, choroid
plexus; CP, cerebellar plates; DIEN, diencephalon; EPI, epithalamus; GE,
ganglionic eminence; HYP, hypothalamus; LV, lateral ventricle; MES,
mesencephalon; MET, metencephalon; MYEL, myelencephalon; pf, pontine
flexure; SpCord, spinal cord; SpV, nucleus of the spinal trigeminal; TEL
telencephalon; TH, thalamus; IIIV, third ventricle.
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Figure 2. Drawings of computer scans of coronal sections from rostral (A) to
caudal (I) of day 60 fetal brain. Each illustration represents a series of sections
through the fetal brain from the telencephalon (A), the diencephalon (B-E),
mesencephalon (F, G) and the met- and myelencephalon (H, I) showing the relative
densities of mu receptor mRNA in situ hybridization signal. The distribution of mu
receptor mRNA is illustrated in color, with red representing dense, orange
representing moderate, and yellow representing low levels of autoradiographic
grains. Abbreviations: AM, anterior medial nucleus of thalamus; Aq, aqueduct;
CB, cerebellum; CD, caudate nucleus; CO, cochlear nucleus; HB habenula; ic,
internal capsule; IC, inferior colliculus; IO, inferior olivary nucleus; LV, lateral
ventricle; MD, mediodorsal nucleus of thalamus; NLL, nucleus of lateral lemniscus;
NTS, nucleus of solitary tract; OB, olfactory bulbs; OT, optic tract; PUT, putamen;
RF, reticular formation; RP raphe; RT, reticular nucleus of thalamus; SC, superior
colliculus; scs subcallosal streak; SEP, septum; SON, supraoptic nucleus of
hypothalamus; SpV, spinal trigeminal nucleus; IITV, third ventricle.
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Figure 3. Drawings of computer scans of coronal sections from rostral (A) to
caudal (M) of day 70 fetal brain. Each illustration represents a series of coronal
sections through the fetal brain from the telencephalon (A,B), diencephalon (C, D,
E, F, G), mesencephalon (H, I) and met- and myelencephalon (J, K, L, M)
showing the relative densities of mu receptor mRNA in situ hybridization signal.
The distribution of mu receptor mRNA is illustrated in color, with red representing
dense, orange representing moderate, and yellow representing low levels of
autoradiographic grains. Abbreviations: AM, anterior medial nucleus of thalamus:;
AMB, ambiguus nucleus; AMG, amygdala; Aq, aqueduct; CB, cerebellum; CD,
caudate nucleus; CL, centrolateral nucleus of thalamus; CM centromedian nucleus
of thalamus; CO, cochlear nucleus; DMH, dorsomedial nucleus of hypothalamus;
HB, habenula; HIPP, hippocampus; ic, internal capsule; IC, inferior colliculus; IO,
inferior olivary nucleus; IP, interpeduncular nucleus; LD, laterodorsal nucleus of
thalamus; LHA, lateral hypothalamic area; LV, lateral ventricle; MD, mediodorsal
nucleus of thalamus; NLL, nucleus of lateral lemniscus; NTS, nucleus of solitary
tract; OB olfactory bulbs; OT optic tract; PUT, putamen; PVH, paraventricular
nucleus of hypothalamus; PVT, paraventricular nucleus of thalamus; RF, reticular
formation; RP, raphe; RT, reticular nucleus of thalamus; SC, superior colliculus;
scs, subcallosal streak; SEP, septum; SN, substantia nigra; SON, supraoptic
nucleus of hypothalamus; SpV, spinal trigeminal nucleus; VL, ventrolateral
nucleus of thalamus; VTA, ventral tegmental area; IIIV, third ventricle.
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Figure 4. in situ hybridization of mu receptor mRNA antisense probe in coronal
sections through the 40 day fetal brain (B-D). A. Representative illustration in
sagittal view of the 40 day fetal brain with the vertical lines B, C, D representing the
plane of sections shown in figures B, C, D. B. Darkfield photomicrograph
showing the distribution of mu receptor mRNA in the ventral thalamus. C.
Darkfield photomicrograph illustrating the distribution of mu receptor mRNA in the
caudal thalamus and the nucleus of the spinal trigeminal in the pons. D. Darkfield
photomicrograph of mu receptor mRNA signal in the developing cerebellar plates
and the brainstem. Abbreviations: BS, Brainstem; cp, choroid plexus; CP,
cerebellar plates; DIEN, diencephalon; MB, midbrain; TH, thalamus; SpV, nucleus
of the spinal trigeminal. Bar = 300 \m
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Figure 5. in situ hybridization of mu receptor mRNA in the 40 day fetal monkey.
Darkfield (A) and brightfield (B) photomicrographs of coronal sections through the
developing diencephalon showing autoradiographic grains indicative of mu receptor
mRNA signal in the ventral thalamus. The boxed area in (A) is illustrated in (B).
Abbreviations: cp, choroid plexus; DIEN, diencephalon; TH, thalamus.

Bar = 300 uM (A); 60 uM (B)
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Figure 6. Coronal sections through the rostral forebrain of day 60 fetal monkey
which illustrates mu receptor mRNA signal in the olfactory bulbs and septum (A),
the putamen (B) and in the habenula, mediodorsal and reticular nuclei of the
thalamus (C). Abbreviations: HB, habenula; MD, mediodorsal nucleus of
thalamus; OB, olfactory bulbs; PUT, putamen; RT, reticular nucleus of thalamus;
scs, subcallosal streak; SEP, septum. Bar = 300 pm
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Figure 7. Mu receptor mRNA in situ hybridization in the 70 day fetal monkey.

Darkfield photomicrographs of coronal sections through the day 70 fetal brain illustrating
mu receptor mRNA in the striatum (A), olfactory bulbs (B), thalamus (C), substantia nigra
(D), ventral medial midbrain (E), inferior colliculus and nucleus of the lateral lemniscus
(F), raphe nuclei (G), and the rostral spinal trigeminal nucleus (H). Bar = 400 pm (A), 150
um (B), 300 um (C, F, G), 75 um (D, E, H)
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Figure 8. Brightfield and darkfield photomicrographs of the habenula, in the day
60 (A, B) and day 70 (C, D) fetus, which illustrate the distribution of mu receptor
mRNA. Bar = 60 um (A, C), 75 um (B, D).
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Figure 9. in situ hybridization of mu receptor mRNA.

Brightfield (A, C) and darkfield (B, D) photomicrographs of coronal sections
through the nucleus of the lateral lemniscus in the day 60 (A, B) and day 70 (C, D)
fetal monkey.

Bar = 60 pum (A, C), 75 um (B, D).
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Figure 10. Brightfield (A, C, E) and darkfield (B, D, F) photomicrographs of mu
receptor mRNA in situ hybridization signal in the reticular nucleus of the thalamus
of the day 60 (A, B), day 70 (C, D) and day 130 (E, F) fetus. Bar = 60 um (A, C,
E), 75 um (B, D, F).
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Figure 11. Brightfield (A, C) and darkfield (B, D) photomicrographs of in situ
hybridization mu receptor mRNA in the paraventricular nucleus of the thalamus in
the day 70 (A, B) and day 130 (C, D) fetus. The boxed area in (B) is illustrated in
(A). Note the reduced number of cells per area in the day 130 fetal brain as
compared to the day 70 fetus; cell size, as determined using cresyl violet (Nissl
stain), however, is about the same. Bar = 60 um (A, C), 150 um (B, D).
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Figure 12. Brightfield (A, C) and darkfield (B, D) photomicrographs of coronal
sections through the thalamus of day 70 (A, B) and day 130 (C, D) fetuses which
illustrates mu receptor mRNA in situ hybridization signal in the centrolateral
nucleus. Bar = 45 um (A, C), 300 um (B, D).
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Figure 13. Darkfield views of autoradiograms illustrating the distribution of mu
receptor binding in coronal sections from day 70 fetal monkey brain, labeled with
[3H] DAMGO. Abbreviations: AMG, amygdala; CB, cerebellum; CD, caudate
nucleus; CL, centrolateral nucleus of thalamus; CM centromedian nucleus of
thalamus; CO, cochlear nucleus; DTA, dorsal tegmental area; fr, fasciculus
retroflexus; HB, habenula; HYP, hypothalamus; IO, inferior olivary nucleus; LV,
lateral ventricle; MD, mediodorsal nucleus of thalamus; MG, medial geniculate
nucleus of the thalamus; OB olfactory bulbs; OT optic tract; PAG, periaqueductal
gray; PUT, putamen; RP, raphe; RT, reticular nucleus of thalamus; SC, superior
colliculus; SN, substantia nigra; SpV, spinal trigeminal nucleus. Bar = 2 mm.
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Figure 14. Darkfield views of autoradiograms illustrating the distribution of mu
receptor binding in coronal sections from day 150 fetal monkey brain, labeled with
[3H] DAMGO. Abbreviations: CB, cerebellum; CD, caudate nucleus; CL,
centrolateral nucleus of thalamus; CM centromedian nucleus of thalamus; CO,
cochlear nucleus; fr, fasciculus retroflexus; GPe, external globus pallidus; GPi,
internal globus pallidus; HYP, hypothalamus; IC, inferior colliculus; IO, inferior
olivary nucleus; IP, interpeduncular nucleus; LD, laterodorsal nucleus of thalamus;
MD, mediodorsal nucleus of thalamus; OB olfactory bulbs; OT optic tract; PAG,
periaqueductal gray; Pn, pontine nuclei; PUT, putamen; PVT, paraventricular
nucleus of thalamus; RF, reticular formation; RP, raphe; RT, reticular nucleus of
thalamus; SC, superior colliculus; SEP, septum; SN, substantia nigra; SpV, spinal
trigeminal nucleus; VL, ventrolateral nucleus of thalamus. Bar =2 mm.
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Figure 15. Bar graph illustrating the distribution of mu receptor binding sites in the
day 70 (n = 3) and the day 150 (n = 1) fetal monkey brain. Binding densities were
measured in nCi per gram of tissue.
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Table I

Body Weight, Crown-Rump Length, Head Circumference and Brain Weight Measurements in
the day 40, day 45, day 60, day 70 and day 130 Monkey Fetus

Body Crown-Rump Head Brain
Animal  Sex Weight (g) Length (cm) Circumference (cm) Weight (g)
40d
M?245 - 0.4 1.6 - -
M?246 - 0.8 2.0 24 -
45d
M?253 - 1.4 2.2 3.3 -
M256 - 1.0 2,13 2.9 -
60d
M?248 M 10.9 52 6.2 -
M?249 F Y3 4.5 5.5 -
70d
M317 M 26.1 7.3 8.2 4.06
M320 M 293 77 8.3 3.96
130d
M319 F 306.8 16.7 18.0 38.55
M331 F 325.0 17.7 17.9 39.89
150d



Table IT

The Distribution of Mu Opioid Receptor Binding Sites in

Day 70 and Day 150 Fetal Monkeys

Area 70 day 150 day
(nCi/g) (nCi/g)
(n=3) (n=1)
TELENCEPHALON
Septum 218.8+95.8 760
Amygdala 1170.1 £364.8 2604
Caudate 519.7 £ 186.9
Putamen 269.8 £26.3
Caudate/Putamen 833.4
Patch 1316.5
Matrix 943.3
Globus Pallidus (GP) 856.6 +364.8
GP external 1418.3
GP internal 236.5
DIENCEPHALON
Thalamus
Mediodorsal 5548.9 +£384.6 4074.0
Paraventricular 22435 £182.9 6674.2
Laterodorsal 5935.2
Ventrolateral 2961.1 +£172.5 4072.3
Reticular 45978 £910.7 4548.7
Medial Geniculate 1952.5 £594
Dorsomedial 3478.0
Ventromedial 4428.2
Arcuate 15749 + 1575 3801.7
MESENCEPHALON ;
Fasciculus Retroflexus 2663.8 £169.6 3130.1
Periaqueductal Grey 1021.3 £159.8 1016.8
Superior Colliculus 14004 +163.8 1199.9
Reticular Formation 1072.7 £73.9 2159.4
METENCEPHALON
Pontine Raphe Nucleus 12989 £101.4
Pontine Reticular Nucleus 1480.2 +207.9 3698.4
Spinal Trigeminal Nucleus 2387.9
Motor 1188.7 +£282.9
Sensory 1284.3 +£304.2
Inferior Olive 2546.3 £164.9 1497.8



Table III.
Localization of mu receptor binding and mRNA in 70 day fetal rhesus monkey.

Telencephalon
Mu receptor Binding Mu receptor mRNA

Cortex

Frontal + _

Parietal - -

Temporal = -

Cingulate + .

Piriform + =

Occipital L <
Olfactory Bulb + P
Olfactory Tubercle + -
Septum + e
Diagonal Band of Broca + ++
Nucleus Accumbens + ++
Caudate + s
Putamen + ++
Globus Pallidus + :
Amygdala ++ g
Hippocampus + LT



Diencephalon

Thalamus
Anteriomedial ++++ +++
Paraventricular +++ ++
Laterodorsal ++++ ++
Mediodorsal s
Centromedial +4+++ ++
Centrolateral ++++ +++
Reticular ++++ o/
Ventrolateral +4++ +++
Medial Geniculate ++

Habenula
Medial +++ +++
Lateral B -

Hypothalamus
Medial Preoptic Area +
Lateral Preoptic Area + -
Supraoptic Nucleus ++ i
Arcuate ++ 4
Paraventricular + +
Dorsomedial ++ +
Lateral Hypothalamus ++ +

Mammillary Nuclei 4+



Mesencephalon

Substantia Nigra ++
Ventral Tegmental Area ++
Periaqueductal Grey ++
Superior Colliculus ++
Inferior Colliculus ++
Reticular Formation ++
Fasciculus Retroflexus +++

Metencephalon/Myelencephalon

Dorsal Raphe +
Parabrachial Nucleus +-
Dorsal Tegmental Nucleus ++
Locus Coeruleus +
Pontine Raphe Nucleus ++
Pontine Reticular Nucleus ++
Spinal Trigeminal Nucleus ++
Cerebellum

Cortex +

Deep Nuclei +

Vermis -
Medulla

Ambiguus Nucleus
Nucleus Tractus Solitarius
Spinal Trigeminal Nucleus

Lateral Lemniscus

++++ = very dense  (BD: >3000 nCi/g)

+++ = dense (BD: 2000-3000 nCi/g)
++ = moderate (BD: 1000-2000 nCi/g)
+= low (BD: 0-1000 nCi/g)

- = Zero

blank = no data available

+
+
4+

+++
++
+++
++



Table IV. Quantification of cell numbers within the fetal thalamus and
epithalamus at various developmental stages.

Animals Total Cells Percentage
number of cells with grains

40 day

Ventral Thalamus 284 154 54%

60 day

Habenula 306 89 29%

Reticular Nucleus 183 68 37%

70 day

Habenula 164 110 67%

Reticular Nucleus 119 93 78%

Centromedian Nucleus 163 88 54%

130 day

Habenula 120 83 69%

Laterodorsal Nucleus 32 17 53%

Paraventricular Nucleus 40 17 43%

The total number of cells and the number of cells containing autoradiographic grains
were counted within a 155 pm? of thalamic nuclei and the habenula. From this, the
percentage of cells containing autoradiographic grains was estimated.





