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Abstract
Although the postnatal development of opioid systems of mammalian brain has been well studied,
little is known about the ontogeny of and relationship between embryonic (E) opioid peptides and
their receptors. Moreover, a simultaneous assessment of levels of the 3 classes of opioid peptides
and their putative receptors during embryonal development has not been made. To this end, the
ontogeny of opioid peptides and receptors in mouse brain were examined during the period E11.5 to
postnatal day 1 (P1). Met-enkephalin, dynorphin and β-endorphin immunoreactivity were detected
before their putative opioid receptors. β-Endorphin can be discerned as early as E11.5, whereas μ
binding was first observed at E12.5. Although dynorphin and Met-enkephalin were measurable at
the same time as β-endorphin, κ-receptors were not detected until E14.5 and δ sites were not found
at all prenatally. Differences in immunoreactivity levels of the 3 peptides occur with dynorphin being
lower than Met-enkephalin and β-endorphin, consistent with a low Bmax for κ binding. Expression
of the 3 opioid peptides as well as μ and κ opioid receptors rapidly increase in parallel from E14.5
to E18.5, Interestingly, levels of β-endorphin diminish by P1, the stage at which a sharp rise of μ
receptors occurs. In a comparative study of the binding of β-endorphin1–31, its truncated form (1–
27) and their N-acetyl derivatives to E14.5 brain membranes, β-endorphin1–31 exhibited the highest
affinity.
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INTRODUCTION
The multiplicity of opioid receptors in mammalian brain raises the question of the mechanisms
by which their type and subtype expression are regulated. There have been numerous
investigations into the postnatal developmental pattern of opioid receptor expression in rodent
brain3,4,8,11,22,23,25,37–45. Throughout brain ontogeny neuronal cells receive signals that
operate as cues to the expression of cellular response. Among the signals are included growth
factors, protooncogenes and neurotransmitters2,4,6,12,16,17,21,26,32,36,46,47. These stimuli
direct the formation of brain structures, cell grouping and the expression of various receptors
including the opioids. It is also established that during development, the activity Mate of a
given brain structure can influence its anatomical Synaptic pattern and receptor profile16,17,
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26,30,47. For example depolarization of neuronal plasma membrane alters the Phenotypic
expression of the opioid receptors4,40,41.

Is the expression of opioid receptor types another developmental feature that might be regulated
by endogenous exogenous signals during normal development? It is well established that μ
opioid receptors emerge in fetal rodent brain and their density when expressed in fmol/mg
protein decreases during the postnatal period3,8,11,27,37,42. The κ receptor has also been
found in both the embryonic and perinatal period3,42. In contrast, δ sites are detected
postnatally and appear to increase in concentration with time in rat brain3,22,23,25,38,42,45.
A similar developmental profile is exhibited in both human and mouse brain postnatally31,
43. Similar to these perinatal developers, the prenatal developing guinea pig brain is
characterized by the expression of κ opioid receptors at an early embryonic stage followed by
progressive increases3. Interestingly, rat brain cell aggregates follow a similar developmental
pattern in vitro as seen in vivo3. In contrast, whole brain guinea pig cultures alter the apparent
programmed expression of opioid receptors and begin to express increased levels of κ receptor
subtype. This observation indicates that by modifying the environmental milieu at a critical
time, it is possible to change the opioid receptor profile.

What is the developmental pattern of the opioid peptides and their receptors during the
ontogeny of the embryonic mouse brain? Is there any correlation between the appearance of
various opioid peptides and the expression of opioid receptor subtypes at the embryonic and
postnatal period? To begin to address these important questions, it is necessary to determine
simultaneously the order of appearance of opioid peptides and their corresponding receptors
during normal development. Here we describe our initial efforts to delineate the embryonic
development of these molecules in mouse brain.

MATERIALS AND METHODS
Animals

Adult male and female mice (NIH whites; NCI, Frederick, MD) were used. Tissue samples at
E11.5 and E12.5 consisted of entire embryo heads, while whole brain was used from E14.5 to
P1.

Radioimmunoassay
Brain samples were extracted using a solution containing 1 N HCl, 5% CH3COOH, 1% NaCl,
and 1% CF3COOH. The homogenate was then concentrated and purified through an
octadecasilyl-silica column as described5. The eluent was dried and resuspended in the
appropriate buffers provided by the manufacturers of the radioimmunoassay kits. The peptide
content was measured with the following commercially available kits; for Met-enkephalin and
β-endorphin from Incstar (Stillwater, MN) and from Peninsula Laboratories (Belmont, CA)
for dynorphin. The Met-enkephalin antibody displayed 2.8% cross-reactivity with Leu-
enkephalin. The β-endorphin antibody cross-reacted fully with β-endorphin1–31, β-
endorphin1–27, and their acetylated forms; and 5.6% with β-lipotropin. The dynorphin1–8
antibody cross-reacted 0.01% with larger or shorter forms of dynorphin.

Binding assay
Frozen mouse brains were homogenized in 20 vols of 50 mM Tris-HCl buffer, pH 7.4, using
a polytron (Beckman, San Ramon, CA). The 20,000 g sedimented membranes to be used in
binding assays were either prepared as described previously42 or, in some experiments, after
the nuclear fraction was removed by centrifugation at 2–4 °C for 10 min at 1000 g. Pellets were
resuspended in 50 mM Tris-HCl, pH 7.4. In binding experiments with β-endorphin derivatives,
freshly prepared 0.1% bovine serum albumin and 0.01% bacitracin were also added, Duplicate
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samples were incubated in 50 mM Tris-HCl buffer, pH 7.4, with ligands for 40 min at 25 °C
with shaking, and vacuum filtered through presoaked GF/B glass fiber filters on a Brandel
harvester. The filters were washed 3 times with 5 ml ice-cold Tris-HCl buffer, dried and counted
in Packard opti-fluor scintillation fluid. Binding parameters for the μ opioid receptor were
derived from homologous competition curves generated with 1 nM [3H]DAMGE, (Tyr-D-Ala-
Gly-NMe-Phe-Gly-ol) (55 Ci/mmol) (Amersham, Arlington Heights, IL)18,24. Specific κ
receptor binding was monitored with 1 nM [3H](−)-ethylketocyclazocine (EKC, 25 Ci/mmol)
(NEN-Dupont, Boston, MA) in the presence of 100 nM DAMGE and DPDPE (Tyr-D-Pen-
Gly-Phe-D-Pen)33. ‘Non-specific’ binding values were determined from assays containing 5
μM etorphine. Additional characterization of μ binding sites was achieved by heterologous
displacement of [3H]DAMGE with β-endorphin (β-lipotropin61–91, human), N-Ac-β-
endorphin1–31 (human), N-Ac-β-endorphin1–27 (human) and β-endorphin1–27 (human) all
purchased from Peninsula. Protein content was determined by the method of Lowry et al.29
with bovine serum albumin as standard. Binding data are presented as mean ± S.E.M., unless
otherwise indicated. Bmax, Kd and IC50 values were calculated from 3–4 independent
experiments with the LIGAND34 and ALLFIT13 programs.

Data analysis
All data points in Figs. 1–3 were fitted using a cubic spline curve with the Sigmaplot program
(Jandel Scientific, Corte Madera, CA). For Fig. 4, the curves were generated using the ALLFIT
program.

RESULTS
As shown in Fig. 1, Met-enkephalin, dynorphin and β-endorphin immunoreactivity can be
detected as early as E11.5 and rise rapidly until E18.5. Their increase parallels the gain in brain
weight during the development of the mouse embryo (data not shown). At E11.5 Met-
enkephalin, β-endorphin and dynorphin levels were found to be 17.7, 41.8 and 0.79 fmol/
embryo, respectively. From E18.5 on immunoreactivity of Met-enkephalin and dynorphin
continues to increase, whereas that of β-endorphin diminishes until by P1 it returns to levels
seen at E14.5 and remains low even at P3 (Barg et al. manuscript in preparation). Interestingly,
at E18.5 the immunoreactivity of Met-enkephalin and β-endorphin are higher than that of
dynorphin. However, dynorphin levels in the adult mouse brain were almost 100-fold greater
than the values reported for the neonate (data not shown).

Specific binding of μ and κ opioid receptors (0.9 ± 0.1 and 5.0 ±2.1 fmol/mg protein) were first
detected at E12.5 and E14.5, respectively (Figs. 2 and 3). Due to the paucity of sites, binding
parameters for EKC were measured only with E16.5 whole brain. The κ receptor density at
E16.5 (22.6 ±1.9 fmol/mg protein) was lower than μ levels (34.5 ± 6.6). The Kd for κ binding
was 3.2 ± 1.0 nM while that of the μ sites ranged from 1.0–3.0 nM, ascertaining their
authenticity as μ and κ sites. These Kd values did not change during ontogeny. Delta sites were
not detected in the fetal period or at P1 (data not shown). The μ opioid receptor density (fmol/
mg protein) undergoes little change from E14.5 to P1 whereas the total receptor number per
brain increases in a similar developmental pattern as the rise in membrane protein per brain
(Fig. 3 and insert).

In an attempt to further characterize the μ opioid receptor expressed at E14.5, heterologous
competition experiments were performed in which [3H]DAMGE was displaced by β-
endorphin1–31, its truncated form (1–27) or their N-acetyl derivatives. As shown in Fig. 4 β-
endorphin1–31 displaces [3H]DAMGE 18-, 80- and 312-fold more than N-Ac-β-
endorphin1–31 (human), N-Ac-β-endorphin1–27 (human) and β-endorphin1–27, respectively.
Like the adult form of the μ opioid receptor1 the feta1 counterpart exhibits decreased affinity
for these β-endorphin derivatives.
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DISCUSSION
In this study, we have focused simultaneously on the prenatal development profile of both
opioid peptides and receptors, The ontogeny of β-endorphin, Met-enkephalin and dynorphin
as well as μ, δ and κ binding sites have been investigated. It appears from the above data that
all except δ binding emerge midway through gestation. This may represent one of the more
important periods for mammalian brain development15.

Our assessment of the prenatal development of opioid peptides in mouse brain reveals
differences in the immunoreactivity levels of the 3 peptides with dynorphin displaying the
lowest content. In addition, the β-endorphin developmental pattern fluctuates while Met-
enkephalin and dynorphin display a continuous increase. Interestingly, oscillations in β-
endorphin content were also observed during the postnatal development of the rat brain44. In
contrast, Met-enkephalin levels rise rapidly during the same time period. One interpretation of
these observations argues that the developmental pattern of β-endorphin and Met-enkephalin
appear to be independent of each other suggesting a differential process of gene
expression14,27,44. Although this conclusion is consistent with the findings in the present
study, there are alternative interpretations. It has been shown that the developing brain contains
transient neurons which contain peptide immunoreactivity. Accordingly, we cannot rule out
the possibility that the sharp decrease in β-endorphin immunoreactivity may reflect death of
cells that produce this peptide9,10.

During embryonic development the total number of μ binding sites increases, whereas the
density is almost unchanged (Fig. 3). This finding suggests that the increase in μ receptor
number is due to addition of cells bearing opioid receptor and/or an increase in the number of
receptors per cell. This must be accompanied by augmentation in number and/or growth of
cells that may or may not express opioid receptors.

Another observation that is in agreement with previous reports27,39,44 is that opioid peptides
can be detected before opioid receptors and there is a sequential expression of the peptides
with β-endorphin being at least 2–3 fold greater than the others when first detected. Moreover,
μ sites were detected before κ These findings raise the question of a close relationship between
the peptides and the receptor which they precede. In addition, at P1, when there is a decline of
β-endorphin immunoreactivity levels, there is a sharp increase in total μ receptors per brain.
Although this may be mere coincidence, the timing of the two events raises the possibility that
there is an interaction between the two systems to influence the phenotypic expression of the
opioid receptors. Consistent with this hypothesis dynorphin immunoreactivity continues to rise
while κ receptors plateau in the perinatal period (E16-P1). The basis for such speculation would
be strengthened by replication of these results with more sensitive techniques of receptor
detection and brain regional analysis. One such approach would exploit receptor mRNA
hybridization probes. This method awaits the successful cloning of genes which express opioid
receptors28.

There is evidence to support the notion that the transient appearance of opioid peptides in
defined brain regions precede the emergence of the opioid receptor and regulate dendritic
growth in the developing brain20. If this hypothesis is correct, a complication arises with regard
to the emergence of enkephalins and their putative receptors of the δ class. It has been postulate
that the preferred endogenous ligand for μ receptors is unknown19, whereas that of δ sites are
the enkephalins. Less controversial is the evidence that dynorphins are κ-specific7. Here we
find a considerable time lapse between the onset of the appearance of Met-enkephalin and δ
binding which did not occur until postnatally (>P1) similar to previous findings on mouse43
as well as rat3,22,23,25,38,42,45 and human31 brain. The developmental profile of Leu-
enkephalin remains to be determined.
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Our results show that at E14.5, the μ receptor exhibits the highest affinity to β-endorphin1–31
as compared with its truncated form (1–27) and their N-acetyl derivatives. This finding is in
agreement with previous reports indicating that the adult μ receptor exhibits decreased affinity
for these β-endorphin derivatives1. Nevertheless, the β-endorphin truncated form (1–27) has
been found in embryonic mouse brain tissue (Rius and Loh, unpublished data). Another
possible explanation for the occurrence of β-endoiphm1–27 exists. The peptide GlyGln, released
upon synthesis of the truncated form from β-endorphin, has been shown to be a putative
neurotrans-mitter and this peptide may have a function during CNS development35.
Investigations to test these theories are underway.
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Fig. 1.
Developmental changes in Met-enkephalin, dynorphin, and β-endorphin in whole mouse brain.
See Materials and Methods for details of the radioimmunoassay. Results represent the means
± S.E.M. of 2–5 independent determinations from 2–20 pooled brains for E11.5–E18.5. For
P1 β-endorphin and Met-enkephalin values were derived from 1 determination of 20 brains
pooled.
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Fig. 2.
Expression of [3H](−)EKC-specific binding during the development of mouse brain.
Membranes were incubated with 1 nM [3H](−)EKC in the presence of 100 nM DAMGE and
DPDPE to suppress μ and δ binding, respectively as described in Materials and Methods. Data
are the means ± S.E.M. of 6 experiments performed in duplicate.
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Fig. 3.
The developmental changes of [3H]DAMGE binding sites and the protein content of the
receptor containing fraction (insert) of the mouse brain. Bmax and Kd values were obtained
from homologous displacement curves that were analyzed with the LIGAND program. Data
are the means ± S.E.M. of 3–6 experiments expressed as Bmax (fmol/mg protein) and as total
receptor number per brain. The latter value was derived from the Bmax and the total protein
content of the membrane fraction per brain.
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Fig. 4.
Heterologous competition curves of [3H]DAMGE with β-endorphin and its derivatives. Fetal
(E14.5) mouse brain membranes were incubated with 1 nM [3H]DAMGE and the indicated
concentrations of β-endorphin (β-lipotropin61–91, human), NAc-β-endorphin1–27 (human),
Nac-β-endorphin1–27 (human) or β-endorphin1–27 (human) as described in the Materials and
Methods. IC50 values were 2.5 ± 0.2, 45.3 ± 2.7, 200 ± 25.2 and 786 ± 86.6 nM respectively.
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