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Abstract

THE EFFECTS OF MATERNAL ADMINISTRATION
OF METHADONE ON BETA-ENDORPHIN CONTENT
IN THE BRAIN AND PITUITARY OF THE RAT PROGENY
by
Randall L. Braun
Methadone is often used in the maintenance and
detoxification of opioid-dependent pregnant women. This use
of methadone during pregnancy is known to be associated with
teratogenic effects observed in the progeny. The present
study is an attempt to gain insight into possible patho
physiologic mechanism(s) responsible for these teratogenic
effects: specifically, a relationship between maternal
methadone administration and the content of the endogenous
opioid peptide, beta-endorphin, in the brain and pituitary
of the rat progeny.
In brief, nulliparous mature female Sprague-Dawley rats
received daily injections (5 mg./kg.) of methadone
hydrochloride (methadone-treated) or a similar volume of
physiological saline (controls), treatment started prior to
conception and continued through weaning of the progeny.
Following parturition, young rats aged 5, 15, 25 and 75 days

were sacrificed by cervical dislocation, and their brain and
pituitary removed and dissected. Beta-endorphin immunoreactivity was then determined in the midline telencephalon,
diencephalon, medulla-midbrain, and whole pituitary by
radioimmunossay. Protein content was also measured. In
addition, a number of maternal and progenial morphological
parameters were monitored throughout the study.
The results indicate that methadone exposure during
gestation and lactation has no significant effect on
beta-endorphin content in the whole pituitary or brain
regions studied. The results indicate, however, that
methadone exposure does significantly reduce protein content
in the day 25 diencephalon, and in the day 5 and 15 whole
pituitary. The results also tend to support previous studies
which have shown methadone exposure to have significant
effects on maternal and progenial weight gain, as well as,
maternal mortality and perinatal viability.
In conclusion, it appears that maternal methadone
exposure has little or no significant effect on
beta-endorphin content in the brain or pituitary of the rat
progeny; protein content, however, is reduced in both
progenial diencephalon and pituitary.
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PART I
INTRODUCTION
The Teratogenicity Associated with
Maternal Methadone Administration
Methadone is a synthetically-derived opiate that
possesses a number of significant properties: it has an
extended duration of action in humans (24-36 hours); it
retains its efficacy when administered orally; it is
relatively devoid of any euphorogenic activity when
administered in an appropriate dosage.'*’ Because of these
attributes, it has been extensively used as a therapeutic
2
agent in heroin detoxification. Unfortunately, as with
other opiates, methadone possesses the spectrum of adverse
effects common to all opiate agonists.'*' Among those facing
a highly detrimental risk from methadone use are the
potential offspring of pregnant women participating in
3
methadone maintenance programs, Indeed, as with many
other xenobiotics,^ methadone has both short- and
long-term teratogenic effects in humans. 5,6
In order to better understand the teratogenicity
associated with methadone, many animal studies have been

1

2

performed. The pharmacokinetics of methadone have been
examined in the maternal, fetal, and perinatal systems of
7-12
13-15
rats
and sheep.
Many significant biochemical
alterations have been noted for rat progeny exposed to
methadone in utero; these include a decline in whole brain
DNA, RNA, and protein content, 16-18 as well as delays in
the development of brain ornithine decarboxylase 19,20 and
acetylcholinesterase 18 activity. A delay in the development of ornithine decarboxylase activity, 19,20 as well as
the precocious development of sympathetic reflex
21
responses
have been observed in the functional develop
ment of the rat heart. Neurobiological studies have noted
alterations such as the deficient development of brain
synaptic 22,23 and the precocious development of sympatho24
23
adrenal
and peripheral synaptic
functions in the
rat. Neonatal pretreatment of rats with methadone has been
shown to reduce the non-neurogenic release of catecholamines
from the adrenal gland. 25 Several anatomical studies have
demonstrated the retarded whole body growth rate of
methadone-exposed rat progeny, as well as both the specific
hypo- or hypertrophic development of a variety of different
26-30
rat organs, including deficient whole brain growth.
Another study has noted neuronal deficits in the rat brain
following maternal exposure to methadone. 31 Changes in

3

behavioral development have been seen in young rats
16,32-36
Other rat
perinatally exposed to methadone.
studies have noted both the impaired thermoregulatory
38 ,39
and protracted analgetic
response to external

37,38

stimuli. A recent study has shown that neonatal methadone
exposure has significant effects on the ontogeny of
endocrine responses in the rat: methadone increased the
serum levels of prolactin, growth hormone and cortico
sterone, while decreasing serum TSH; these effects were sig
nificantly lower in magnitude than similar responses in
40
Although methadone has been the most
adult animals.
thoroughly and systematically studied opiate with respect to
possible teratogenic effects, researchers suggest that these
teratogenic effects are not restricted to methadone, but
g
should be extended to other opiates as well.
The present study is an attempt to investigate a
possible cause and/or effect of the teratogenicity
associated with maternal methadone administration. In brief,
the content of the neuroregulator 41,42 beta-endorphin was
measured in select brain regions and in the pituitary of
methadone-exposed and control rat progeny of various ages.
The hypothetical basis of the present study would suggest
that chronic exposure to the opiate methadone would decrease
beta-endorphin content via the classic neuroendocrine

4

negative feedback mechanism; methadone and beta-endorphin
both bind as relevant agonists at the opiate receptor,
therefore it could be expected that chronic methadone
exposure would have significant effects on the endogenous
opioid system(s) generally, and on beta-endorphin content
specifically.^ However, before elaborating more exten
sively on the specific hypotheses to be tested, further
introductory material will be presented following in order
to provide sufficient background relevant to this study.

A Brief History of
Endogenous Opioid Research
The relatively recent discovery of the endogenous
opioids has led to extensive research on the elucidation of
the components and mechanisms of the endogenous opioid
44,45
systems.
The initial impetus for these many projects
were the 1973 papers, such as that of Terenius, 46 which
reported on the stereospecific binding of opiates to dis
tinct receptors localized within neural tissue preparations.
A major implication of these studies was the probability
that there existed endogenous ligand(s) for this receptor.
By 1975, the first two ligands, the pentapeptides leucineand methionine-enkephalin, were isolated and character
ized.47 It was subsequently recognized that the sequence

5

of methionine-enkephalin was identical to that of
47
beta-lipotropin 61-65;
beta-lipotropin is a lipolytic
polypeptide that was first isolated and characterized in the
mid-1960's. 48,49 In 1976, a number of research groups,
including that of Graf et al., ^ published papers
indicating that beta-lipotropin did indeed contain active
opioid peptides. These peptides have been termed the
"endorphins"; the most potent, and probably the most
important of these is beta-endorphin. Mammalian
beta-endorphin comprises the sequence of beta-lipotropin
61-91; the two forms of salmom beta-endorphin are the only
sequenced peptides that are known to vary from the mammalian
51,52
sequence in length.
Other endorphins, including
alpha-, gamma-, and delta-endorphin have been isolated and
53
characterized.
It is of interest to note that while the
sequence of methionine-enkephalin is identical to that of
beta-endorphin 1-5, the two peptides originate from
54-59
different precursors.
Beta-endorphin is derived from
a large polypeptide which has recently been termed
"pro-opiolipomelanocortin, ,,60,61 or more commonly,
"pro-opiomelanocortin, ,,62-64 since it is the precursor for
adrenocorticotropin, beta-lipotropin and their related
peptides. In contrast, recent recombinant DNA studies have
characterized two precursor polypeptides for the remainder
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of the opioid peptides containing the enkephalin sequences;
these have been termed "pro-enkephalin ,,54-59,65-69 and
,,54-59 ,70
"pro-dynorphin.
Further, these three basic opioid
peptide families subserve distinct, separate, neuronalneuroendocrinological networks in mammals. 41,58,71-75
The results of these early studies have proven to be a
powerful stimulus for further research projects. For a com
prehensive overview of the chronology of opioid research, as
well as a compilation of material relevant to other aspects
of this field beyond the scope of this thesis, see refer
ences 58,59,76-85.
Opiate Addiction and
the Endogenous Opioid Peptides
With the conclusion of the preliminary studies reviewed
above, speculation began to surface as to the physiology,
and the corresponding pathophysiology, of the endogenous
opioid systems. One area of particular interest was the
possibility of gaining greater insight into the etiology of
opiate addiction. Numerous theories have been proposed to
explain the biochemical and physiological aspects of opiate
tolerance and dependence. Most theories emphasize that
opiates, as causative agents, effect a change in normal
physiological function. Tolerance, dependence, and
withdrawal are then witnessed as compensatory attempts to

7

maintain physiologic homeostasis in relation to the
corresponding presence or absence of opioid agonists. For a
comprehensive overview of recent thought on the biochemical
and physiological bases of opiate addiction, the reader is
referred to references 2,44,84-89. Despite the extensive
research of numerous investigators, none of the theories
have yet been proven as definitive.
In recent years, a number of theories have been advanced
which specifically implicate particular components of the
endogenous opioid systems in the development of opiate
tolerance/dependence.

(The term "tolerance/dependence" will

be used throughout the remainder of the present study as it
has been shown that both phenomena are manifestations of the
same biochemical/physiological events, although not
2,87-89
exclusively so.
) For example, it has been suggested
that chronic exposure of the opiate receptor to opioid
agonists or antagonists may result in quantitative and/or
qualitative changes in receptor function. 90,91 More recent
research, however, indicates that while minor changes have
been observed, these changes are insufficient to be
reponsible for the full sequelae of tolerance/depen,
90-92 J.
T
dence.
-C. Schwartz and his associates have sug
gested that changes in endogenous opioid degradation, per
haps through some feedback mechanism, may be involved in the

8

development of opiate dependence.

93-95

Other investigators

have postulated that endogenous opioid antagonist(s) may be
involved in the development of opiate tolerance/dependence;
elevated levels of anatagonistic factor(s) have been found
96-98
in brain extracts of morphine-addicted rats.
and in
98-99
the cerebrospinal fluid of human heroin addicts.
These antagonistic factor(s) may also be partially
responsible for such phenomena as acute opiate
100
tolerance,
and acupuncture tolerance; 97,98,101 these
events may also involve alterations in the endogenous opioid
systems. Several investigators have noted opiate-mediated
changes in various intracellular biochemical processes.
102
including macromolecule biosynthesis,
protein
103,104
phosphorylation,
opiate-sensitive adenylate cyclase
105-107
membrane turnover and function. 108
activity,
109
metal ion-opiate neuronal interactions,
and calmodulin
110
activity;
these events may be involved in the develop
ment of opiate tolerance/dependence.
Among the earliest of the proposals implicating a rela
tionship between opiate addiction and the endogenous
89
opioids
was that of Kosterlitz and Hughes 111 for the
enkephalins, and later extended by Goldstein 112 to encompass all endorphins. This hypothesis suggests that prolonged
occupation and stimulation of the opiate receptor during
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chronic opiate administration would result in a feedback
inhibition of endogenous opioid biosynthesis, and conse43
quently a decrease in total opioid content.
Numerous
investigators have attempted to test this hypothesis but, as
will be seen following, their results are equivocal.
In 1976, S. H. Snyder and coworkers reported that ele
vated, rather than diminished, levels of enkephalin were
found in brain extracts obtained from morphine-dependent
113
rats;
further investigation with an improved methodology, however, suggested that no change occurred in brain
enkephalin content following chronic morphine treat114
ment.
Other investigators have also reported no change
115
in either brain enkephalin
or pituitary "endorphin ,,116,117 content of morphine-dependent rats.
Therefore, this early work would seem to imply that narcotic
dependence has no significant association with endogenous
opioid levels. However, advances in methodology and tech
nology deemed further research necessary.
More recently, a number of pertinent papers have
appeared from the laboratories of A. Herz and colleagues at
the Max-Planck Institute for Psychiatry, 118-125 In
summary, their more significant results

121,122,124

indicate that long-term chronic morphine treatment (21-35
days) decreased beta-endorphin content in the intermediate/

10

posterior pituitary as well as in the septum and midbrain.
but not in the anterior pituitary or hypothalamus.
Methionine-enkephalin levels were also reduced in both the
intermediate/posterior pituitary and striatum, but not
elsewhere; leucine-enkephalin levels were decreased in the
striatum, but not in the hypothalamus. In contrast, long
term treatment with morphine (21 days) resulted in signifi
cantly increased dynorphin content in the intermediate/
124
posterior pituitary.
Gel-filtration chromatography of
extracts from the intermediate/posterior pituitary indicate
that the decrease in beta-endorphin immunoreactivity seen in
morphine-treated rats was due almost exclusively to a change
in beta-endorphin content, and not of its immediate precur
sor, beta-lipotropin; no changes were evident in the elution
profiles of anterior pituitary extracts from morphinetreated rats. Some of these results find support in the
126
independent work of Ho et al. ;
lower levels of betaendorphin immunoreactivity were observed in the brains of
rats chronically treated with morphine for three months.
Thus, there is some evidence that chronic morphine
treatment reduces both beta-endorphin and enkephalin content
in a variety of pituitary and brain structures

However,

these effects of morphine may not necessarily extend to
other opiates. Wdster et al. have found that in rats
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chronically treated (30 days) with the high affinity opiate
agonists levorphanol and etorphine or the peripherally
active opiate loperamide, neither brain nor pituitary
beta-endorphin or methionine-enkephalin levels were
significantly different from those observed in the control
animals.M. J. Kreek and her associates have likewise
found no changes in brain, pituitary or plasma
beta-endorphin content of rats chronically treated with
127,128
methadone.
Therefore, these investigators were led
111
to challenge the hypothesis of Kosterlitz and Hughes,
despite the supportive results obtained from studies with
118,120-126
morphine-dependent rats.
The Ontogeny of the
Endogenous Opioid System(s)
The development of the endogenous opioid system(s) has
been extensively studied, although the results obtained do
not allow for a totally coordinated compilation of their
interactive relationships. Enough data are available.
however, to develop a general ontogenetic model for the
central nervous system of the rat.
The ontogeny of opiate receptor binding has been the
most thoroughly studied aspect of the endogenous sys94,129-147
tern(s) .
In general, the results obtained from
these studies indicate that specific opioid binding
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increases in a specific pattern in all regions of the cen
tral nervous system: ligand binding increases rapidly from
mid-gestation until about day 20 post partum; thereafter.
binding increases more gradually to adult levels, the matur
ation of individual regions apparently proceeding in a
caudal to rostral direction. 130 ,135 This pattern, however,
can be modified; Tsang and Ng found that prenatal exposure
to morphine or naloxone significantly altered the
136
developmental pattern of receptor binding.
The changes in endogenous opioid content associated with
development have been investigated in both rat pituitary and
central nervous system. The 1976 study of Garcin and Coyle
reported on the developmental appearance of a "morphine-like
factor" extracted from the brains of both fetal and young
rats; their results indicate that the content of this factor
increases in parallel with opiate receptor binding. 131 In
1978, B. M. Cox and his associates similarly reported on the
age-related changes of "endorphin" content in rat pituitary;
in contrast to the brain, "endorphin" content in the
pituitary did not increase in parallel with brain receptor
117 ,148 These early studies employed the
binding.
radioreceptorassay to measure endogenous opioid activity
rather than the content of a specific endogenous opioid
peptide; however, since multiple endogenous ligands are
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known to exist, the more precise and specific radioimmuno
assay and immunohistochemical techniques have more recently
149-173
been utilized;
some studies have also employed
bioassays for certain pro-opiomelanocortin-derived peptides,
such as ACTH and alpha-MSH 169 ,174 ,175
Immunohistochemical techniques have been used to deter
mine the ontogeny of pro-opiomelanocortin-derived peptides
in fetal and neonatal rat brain 58,149-155 and pitu
149-151,155-161
itary .
Although absolute peptide content
cannot be measured by this method, the temporal and sequen
tial appearance of immunoreactivity can be ascertained. In
the anterior pituitary, both alpha- and beta-endorphin
immunoreactivity were apparent by day 16 of gestation; 149 ,150,157 ACTH has been detected as early as fetal
day 14. 160 In the intermediate lobe, both alpha- and
beta-endorphin immunoreactivity were apparent by day 17 of
gestation. 150,157 By contrast, beta-endorphin
immunoreactivity is apparent in the brain as early as fetal
day 12. 150
Recently, radioimmunoassay methods have been employed to
quantitatively determine the ontogeny of methionine- and
leucine-enkephalin, 129 ,162-164 dynorphin and alpha165
neo-endorphin ,
as well as beta-endorphin and other
pro-opiomelanocortin-derived peptides in rat brain.
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pituitary and gut.

135,151-153 ,155,159 ,163 ,164 ,166-170

Patey et al. studied the postnatal development of both
methionine- and leucine-enkephalin content in rat striatum
and cerebral cortex; in both regions, the change in content
of both opioids increased in parallel with receptor binding.
with the largest increment occuring between days 7 and
21. 129 Dahl et al. detected immunoreactive forms of both
enkephalins as early as fetal day 13 in rat brain and gut;
fractionation of fetal and neonatal brain tissue extracts by
HPLC indicated the presence of other immunoreactive forms in
addition to authentic methionine- and leucine162 Seizinger et al. reported on the postnatal
enkephalin.
development of dynorphin and alpha-neo-endorphin content in
rat neurointermediate pituitary; their results indicate that
both peptides display parallelism in both ontogenetic
165
this would be expectappearance and absolute content;
ed, as both peptides are derived from the same precursor
54-59,70 Tsang and Ng
polypeptide, pro-dynorphin.
determined the postnatal changes of radioimmunoassayable
beta-endorphin content in rat cerebellum, brainstem, fore135 Their results indicate a caudal to
brain and pituitary,
rostral pattern of content maturation in the brain; there
was no obvious correlation with receptor binding. In the
pituitary, the absolute content of beta-endorphin
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immunoreactivity remained rather constant through day 15; a
large increment was then observed between days 15 and 21;
thereafter beta-endorphin content remained at a constant
level. Lee et al. also reported on the development of beta166
endorphin immunoreactivity in rat brain and pituitary.
Their results indicate that there are no sex-related differ
ences in pituitary, hypothalamic, or hindbrain betaendorphin content through day 60 post partum; they did note.
however, that males do have a significantly higher betaendorphin content in the midbrain on day 60.
The most comprehensive study on the ontogeny of the
endorphin- and enkephalin-containing systems in the rat
brain is that of F. E. Bloom and his associates at the Salk
163 ,164
Institute.
Using microdissection techniques, the
development of both systems was investigated from fetal day
16 to day 25 post partum. The anatomical structures utilized
were the medulla-midbrain, diencephalon, midline telen
cephalon, striatum, ventral hippocampus, and cortexamygdala. They concluded that there is no ontogenetic
relationship between the two systems; further, while the
development of peptide content varies from region to region
for both the enkephalins and beta-endorphin, from postnatal
day 6 onward, their pattern of distribution approaches that
of the adult animal.
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The ontogeny of amunine (corticotropin releasing factor.
176
CRF, corticoliberin)
has recently been studied in rat
brain by immunohistochemical methods; the results of this
study indicate that amunine is present in rat hypothalamus
(paraventricular nucleus and median eminence) by fetal
177
day 18.
The sequence of rat amunine has recently been
178
elucidated.
Although the relevance of amunine to the
present study is unknown, amunine is a potent peptide
thought to be involved in the secretion of pro-opiomelanocortin-derived peptides from the anterior and intermediate
176,178,179
pituitary;
immunohistochemical studies have
shown that amunine-containing neurons in the rat
hypothalamus are intimately related to other neuronal
systems thought to be involved with the endogenous opioid
system(s). 180-182 Chronic methadone exposure might alter
endogenous opioid activity by modulating the activity of the
hypothalamopituitary-adrenocortical axis; 183 opioids are
known to directly influence the secretion of amunine from
184
rat hypothalami.
Chronic morphine treatment has indeed
been shown to impair hypothalamo-pituitary-adrenocorticol
184
activity.
Suppression of amunine activity in rats
chronically exposed to methadone could result in subsequent
alterations in endogenous opioid homeostasis, such as
decreased pro-opiomelanocortin biosynthesis, storage or
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secretion; such a hypothesis would be in agreement with
that proposed by Kosterlitz and Hughes. 43,111
Opiates and Opioid Peptides
in Developmental Processes
Recent research has shown that alteration of endogenous
opioid homeostasis, either through manipulation of endog
enous structures or by administration of exogenous agents.
can have profound effects on developmental processes in the
rat. For example, Hetta and Terenius have shown that chronic
naloxone blockade of opiate receptors within fetal rats
induces long-term changes in receptor sensitivity. 185
C. A. Sandman and his associates have reported long-term
changes in the analgesic and behavioral responses of
adolescent and adult rats perinatally exposed to betaendorphin or naloxone. 186-188 Perinatal exposure to
opiates can also alter sexual behavior 189 and blood
pressure

190

in the offspring. Behavioral responses to

morphine are known to change throughout early postnatal
191,192
development.
The relevance of these noted
alterations to the present study is unknown, but it may be
surmised that they are congruous with certain teratogenic
effects of methadone.
It should be noted that many of the peptides, besides
beta-endorphin, derived from pro-opiomelanocortin are also
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important in the developmental processes of the
rat. 151-153,159,187,188,193 It could be assumed that any
physiologic alteration of beta-endorphin content would
result in concomitant changes in other peptides derived
from pro-opiomelanocortin. 194-197

Hypotheses
The present study is a continuation of previous animal
studies on the teratogenicity associated with the opiate
7-40
methadone.
Previous studies have shown that methadone
exposure in utero is related to a decline in brain protein
content, 16-18 as well as delayed body growth and abnormal
organ development, including deficient brain growth. 26-31
in the rat progeny. Other studies have shown that chronic
118,120-126
administration of morphine,
but not necessarily
other opiate agonists, 125,127,128 to adult rats is associated with significant declines in intermediate/posterior
pituitary, and septal and midbrain beta-endorphin content.
The present study is an attempt to gain insight into the
possible relationship(s), if any, between the brain and
pituitary beta-endorphin content of rat progeny maternally
exposed to methadone, the decline in brain protein content
observed in similarly exposed rats, and the teratogenicity
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associated with methadone. The results obtained may provide
further information into the etiology of methadone-asso
ciated teratogenesis and, possibly, the pathophysiology of
opiate tolerance/dependence.
Although not being the major emphasis, the present study
may provide additional data on the development of the
pro-opiomelanocortin-containing systems of the rat brain and
pituitary. 135,151-153,155,159,163,164,166-170 Possible
maternal contributions to the teratogenicity associated with
methadone will be further examined. 18,27,30,36,40,198-200
The results of the present study may also determine whether
the effects of methadone on beta-endorphin content in the
rat brain and pituitary are similar to those observed for
morphine. 118,120-126
In the present study, the rat brain will be dissected
according to the method described by Bayon et al. 163 By
this method, the brain is divided into several major
anatomical regions, three of which will be retained for use
in this study. These three sections include the (preoptic)
midline telencephalon, diencephalon and the medullamidbrain. As a whole unit, these three tissue regions
encompass a major portion of the endorphin neuronal
system. 73-76,195 In brief, the beta-endorphin/
pro-opiomelanocortin system originates from cell bodies

20

located in the arcuate nucleus of the hypothalamus. From
these perikarya, dense fibers extend throughout most of the
hypothalamus. A major efferent tract projects laterally and
rostrally from the arcuate nucleus toward the nucleus
accumbens and septum. The system then continues dorsally and
caudally to the periventricular thalamus and extends through
the mesencephalic periaqueductal gray area and locus
coeruleus, with a few fibers reaching the reticular
formation. From this information it may be supposed that the
dissection procedure divides the brain beta-endorphin/
pro-opiomelanocortin system into the three following
approximate tissue blocks: the midline telencephalon
comprises all preoptic midline structures, including the
nucleus accumbens and septum; the diencephalon includes all
thalamic and hypothalamic structures; while the medullamidbrain includes structures such as the periaqueductal gray
area, locus coeruleus and the reticular formation. 163 The
inclusion of certain brain structures in one tissue block or
the other is somewhat arbitrary, due to the gross nature of
the dissection, and as a result, certain structures may be
artificially divided among the three tissue blocks.
The following hypotheses may be formulated to specify in
more detail the actual experimental parameters that will be
determined in the present study:
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1. Major hypothesis: Rat progeny exposed to maternally
administered methadone throughout gestation and lactation
will have decreased immunoreactive beta-endorphin content
per protein content and/or total tissue weight in the
pituitary and brain regions studied (midline telencephalon,
diencephalon and medulla-midbrain).
2. Major hypothesis: Rat progeny exposed to maternally
administered methadone throughout gestation and lactation
will have decreased protein content per total tissue weight
in the pituitary and brain regions studied.
3. Adjunct hypothesis: Administration of methadone to
female rats prior to conception, and throughout gestation
and lactation, will suppress their normal weight gain, as
well as increase the incidence of maternal fatalities.
throughout gestation and lactation.
4. Adjunct hypothesis: The exposure of rat progeny to
maternally administered methadone throughout gestation and
lactation will result in a smaller than average litter size,
increased fetal mortality, and decreased perinatal
viability.
5. Adjunct hypothesis: The exposure of rat progeny to
maternally administered methadone throughout gestation and
lactation will suppress their normal weight gain, at least
through early adolescence.

PART II
MATERIALS AND METHODS
Animal Care and
Methadone Dosage Regimen
Mature male and nulliparous female (175 grams) SpragueDawley rats were purchased from Simonsen Laboratories,
Gilroy, CA. These animals were housed in wire-bottom cages
in the air conditioned animal care facilities, with a
natural daylight-night cycle. Water and commercial rodent
chow were available ad libitum.
After the two day acclimatization period, the females
were randomly divided into two groups. The first treatment
group received d,1-methadone hydrochloride (5 mg./kg.)
dissolved (2 mg./mL.) in physiological (0.9%) saline; the
second, the control group, received a similar volume
(2.5 mL/kg.) of physiological saline. Injections were given
once daily by the intraperitoneal route, and were continued
until the offspring were either used, or weaned on day 21
post parturn. Females were weighed every three days, and the
dosage adjusted accordingly.
Five days after the beginning of treatment, the females
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were placed with breeding males, two or three females per
male. Vaginal aspirates were checked each morning for the
the presence of a vaginal plug, a positive result taken as
indicating the induction of pregnancy. The handling of
pregnant rats was uniformly minimized, as such handling has
been shown to have a significant effect on the development
201-206
of rat offspring.
Near term, gravid females were
placed in solid-bottom cages containing a bed of
commercially produced wood shavings suitable for delivery
and care of offspring.
Following parturition, litter size was adjusted to
approximately eight pups per mother. The dam and her off
spring remained in the solid-bottom cages until the pups
were used or weaned. After weaning, the young animals were
separated by sex and housed in wire-bottom cages until used.
The young rats were weighed every third day prior to wean
ing, every fifth day therafter, and immediately prior to
sacrifice, to ascertain their relative rate of growth.
Tissue Dissection and Preparation
On days 5, 15, 25 and 75 (+ 1 day) post partum, rats
from both saline-control and methadone-treated mothers were
selected for use in the present study; the first three days
were chosen as they the span the critical period of rat
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brain development;

207 day 75 was chosen as represetative

of early adolescence. Ten animals from each group were
utilized on day 5; five animals from each group were used on
the succeeding days studied. Approximately equal numbers of
males and females from each group were used on days 5, 15
and 25, as sex has no significant effect on beta-endorphin
166 However, on day 75, only males
content at these ages.
were utilized, as significant sexual differences in betaendorphin content and regulation are apparent by this
148 ,166,208-216 Rats from at least four different
age.
litters were utilized at each age studied. All animals were
sacrificed between 10.00 hr. and 13.00 hr. to minimize the
209
and
effect of circadian variations on both pituitary
brain 217,218 beta-endorphin content.
The animals were sacrificed by cervical dislocation.
Access to the brain was accomplished by removal of the upper
skull. A bent probe was then inserted under the brain, the
cranial nerves severed, the brain lifted out, and placed in
an ice cold solution of 1.15% KC1-0.025 M tris buffer.
pH 7.35. The pituitary was removed from either the sella
tursica or from the base of the hypothalamus by cutting the
stalk, and placed in a container of KCl-tris buffer. The
brain was then placed on a square of Parafilm and dissected
163
according to the method of Bayon et al♦
The medulla-
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raidbrain, diencephalon and midline telencephalon were
retained in separate containers of KCl-tris buffer; the
remainder of the brain was disgarded. The pituitary and
brain tissues were then individually blotted dry with a
paper tissue and weighed to the nearest tenth of a milli
gram. Each tissue sample was placed in a test tube contain
ing 2 mL, of preheated 1.0 M acetic acid, which was then set
in a boiling water bath for 15 minutes. 163 The pituitary
and brain tissues of two animals were pooled for the day 5
samples. The procedures from sacrifice to boiling in acetic
acid were accomplished as rapidly as possible.
After boiling, the test tubes were removed from the
water bath and placed on ice. The tissue samples were then
processed as described by Rossier et al., 219,220 with modifications suggested by Bayon et al. 163 Each sample was
transferred to a Potter homogenizer and homogenized for
approximately 10 seconds (3-5 strokes, depending on tissue
weight); the 2 mL. of homogenate was then transferred to a
polypropylene tube and placed on ice. Following this, the
homogenate was vortexed, and a 0.5 mL. aliquot taken for use
in the protein assay; each aliquot was then stored for later
use at -20 °C in a covered polypropylene tube. The remain
ing 1.5 mL. of homogenate was centrifuged at 1000 x g for 30
minutes in a Sorvall RC-2 refrigerated centifuge;
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the supernatant was then transferred to another
polypropylene tube, covered, and frozen overnight at
-20 °C. The following morning, the supernatant was thawed,
and the solution neutralized to approximately pH 7.5 with
1.0 N NaOH supplemented with 0.2 M Na2HPO^ and 0.1%
bovine serum albumin; the amount of base added was recorded
to the nearest 0.05 mL

Following neutralization, the

resulting solution was again centrifuged at 1000 x g for 30
minutes; the supernatant was then transferred to another
polypropylene tube, covered, and stored at -20 °C until
used in the beta-endorphin radioimmunoassay.
Protein Assay
Tissue protein content was determined by the method of
221
Lowry et al.,
using bovine serum albumin (Cohn's
Fraction V) as the standard. The 0.5 mL. aliquots were
thawed, vortexed, and appropriate dilutions made, prior to
performing the assay

The optical densities of the standards

and samples were determined using a Gilford SOON Spectropho
tometer at 500 nanometers. All assays were done in dupli
cate .
Beta-endorphin Radioimmunoassay
In a preliminary study, a human beta-endorphin radio
immunoassay kit was purchased from New England Nuclear,
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Boston, MA. Upon arrival, their antisera was checked for its
affinity to synthetic ovine beta-endorphin (data not shown).
It was found that this antisera has a reletively low
affinity for ovine beta-endorphin: no displacement of
radioactive human beta-endorphin tracer ([ 125 I]-labeled
beta-endorphin) from this antisera by ovine standard
(unlabeled beta-endorphin) was observed in the picogram
range; further, in another experiment, less than one percent
of added ovine tracer competitively bound to free
(non-complexed) antisera, regardless of the amount of ovine
standard present. The New England Nuclear antisera, however.
actively bound human beta-endorphin; a typical standard
curve was obtained using materials supplied with the kit.
222
Computer analysis
of the data suggested that this
antisera had a 7500-fold lower affinity for ovine
beta-endorphin than for human beta-endorphin. These results
suggest that this antisera recognizes human beta-endorphin
as part of its antigenic determinant; ovine beta-endorphin
possesses a different primary sequence near its carboxyl
terminus. 49,52,54,223,224 This hypothesis has been
proposed elsewhere by Wilkes et al. 225 for another
antisera which displayed similar affinities toward both
human and ovine beta-endorphin as did this antisera.
Therefore, as the sequences of rat and ovine beta-endorphin
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52,54,223,224 or differ by a single,
224,226
it
antigenically silent, amino acid substitution.
are equivalent

was decided that the New England Nuclear kit was unsuitable
for use in the present study.
Beta-endorphin content was determined using the New
England Nuclear human beta-endorphin radioimmunoassay kit
modified by the use of certain materials and methods from
the beta-endorphin radioimmunoassay described by Guillemin
227 The antisera supplied with the New England
et al.
Nuclear kit was replaced with an antisera that recognizes
ovine and rat beta-endorphin equally; the human betaendorphin standard and tracer supplied with the kit were
replaced with ovine standard and tracer; beta-endorphin
antisera and synthetic ovine beta-endorphin were donated by
N. Ling of the Salk Institute, La Jolla, CA. This modifica
tion has been successfully used in other studies in which
228,229
rat beta-endorphin content was determined.
Synthetic ovine beta-endorphin was radioiodinated with
125 I]-Nal by the chloramine-T method 230-237 and
[
purified on a Whatman CM-52 cation exchange column (courtesy
of Dr. C. Y. Cheung). The beta-endorphin tracer was stored
at -20 °C. Prior to performing the assay, an aliquot of
tracer was thawed and diluted with assay buffer (see below)
to give approximately 5000 cpm/100 microliters; this
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dilution was used for the assay.
Beta-endorphin antisera RB 100-10/27/76 was used in the
227,238-240
present study.
This antisera recognizes, at
least, ovine, porcine, and rat beta-endorphin, beta-lipotropin, and apparently their precursor polypeptide, pro-opiomelanocortin, with approximately the same affini220,227,239,240
ty;
because of this crossreactivity, the
results presented in this study represent beta-endorphin
immunoreactivity, rather than actual beta-endorphin content.
The antisera was diluted 1/700 and stored in aliquots at
-20 °C. Prior to performing the assay, an aliquot was
thawed and diluted with assay buffer (see below) to the
working dilution of 1/7000. The final dilution was 1/21,000;
at this dilution, approximately 30% maximum specific binding
of tracer to the antisera was observed; this is near the 33%
value originally determined by S. Berson and R. Yalow for
optimum assay performance. 241-243
Aliquots of beta-endorphin standard were prepared by
diluting synthetic ovine beta-endorphin in assay buffer (see
below) at a ratio of 1 microgram/mL.; these were stored at
-20 °C. Prior to performing the assay, an aliquot was
thawed, and standards prepared in a series of serial
dilutions. The range of the standards was from 10 to 2500
picograms/100 microliters.

1
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The assay buffers used in the present study were either
that supplied with the New England Nuclear kit, or
227 Buffer D, as
"Buffer D" as per Guillemin et al.;
prepared for this study, consists of: 0.02 M Na2HPO^,
0.15 M NaCl, 0.01% thimerosal, 0.1% gelatin (calfskin),
0.01% bovine serum albumin (Cohn's Fraction V), and
0.1% (vol./vol.) Triton X-100? the pH was adjusted to 7.5
using HC1. The charcoal suspensions used in the present
study were either that supplied with the New England Nuclear
kit, or one prepared as follows: 1.6% charcoal Norit A,
0.16% dextran T-70, and 5 mM EDTA, dissolved in Buffer D;
the pH was adjusted to 7.5 using NaOH.
Although two different assay buffers were used in the
present study, both produced standard curves similar to that
provided by N

Ling for antisera RB 100; the Buffer D system

appeared to be slightly more sensitive, as the curve was
consisitently shifted to the left of the New England Nuclear
system curve. Preliminary studies indicated that formation
of the antigen-antibody complex in the neutralized acetic
acid extraction buffer-assay buffer system used for the
samples was not significantly different (less than 1% dif
ference in specific binding) from that observed for the
assay buffer system used for determining the standard curves
(data not shown); therefore all standard curves were done in

1
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assay buffer rather than in the neutralized acetic acid
extraction buffer. The sensitivity of the assay was _< 50
picograms per sample; half-maximal displacement was usually
obtained at 100 to 300 picograms; the usable range was
consistently between _< 50 picograms and 5 nanograms. A
244
computer generated
standard curve of actual data (used
for determining certain assay parameters) is presented in
Figure 1.
Samples were thawed prior to performing the assay and
diluted appropriately with assay buffer. A preliminary study
indicated that beta-endorphin content was slightly below the
detectable limits of the assay in day 5 midline telen
cephalon and medulla-midbrain, and day 15 midline telen
cephalon extracts at their present dilution (approximately
2.5 mL.); these samples were lyophilized and reconstituted
to 1.5 mL. with deionized water.
The radioimmunoassay protocol used in the present study
is that recommended for the New England Nuclear kit; it is
described in Table 1. Assay buffer, standards, samples,
tracer, and antisera were pipetted, in this order, into
polypropylene tubes, as described in the protocol. The tubes
were vortexed for approximately 4 seconds, and then
incubated at 4 °C for 20 hours (overnight). The following
day, bound and free antigen were separated using activated

TABLE 1
RADIOIMMUNOASSAY PROTOCOL

Tube
Number

Assay
Buffer

Standards

Samples

Tracer

Antibody

(All volumes are in microliters.)
Total Counts

1,2

200

100

Blank . .

3,4

200

100

Zero Standard

5,6

100

100

100

Standards . .

7-22

100

100

100

100

Samples . .

23,24,etc.

100
100
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charcoal as the adsorbant; activated charcoal is widely used
in radioimmunoassay to separate free from bound
232,234,235,245-249
antigen;
in a recent study employing
250
beta-endorphin antisera RB 100,
it was found that
charcoal separation gave consistently better results than
the double antibody method suggested by Guillemin et
227
al.
Charcoal separation was performed as follows: 500
microliters of uniformly stirred charcoal suspension were
added to all tubes, except the total counts tubes, to which
500 microliters of assay buffer were added.

The tubes were

vortexed for approximately 4 seconds, and then immediately
centrifuged for 10 minutes at 2400 rpm in a refrigerated
swinging-bucket centrifuge. Following centrifugation, the
supernatant of each tube was decanted into a corresponding
counting tube. Each counting tube was then counted for one
minute in a Searle 1190 gamma counter. Polypropylene tubes
and pipette tips were used throughout the assay; counting
tubes were made of polystyrene. All assays were done in
duplicate.
Data Evaluation
Maternal weight was monitored every three days during
the study, from the initiation of the drug treatment until
the offspring were either used or weaned. Following
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parturition, litter size and neonatal mortality were
checked. The weights of the offspring were monitored.
beginning on day 2 post partum, every three days throughout
lactation; perinatal viability was also recorded during this
period. Sexes were separated at weaning; weights were then
recorded every five days, beginning on day 25, until day 75,
at which time all remaining animals were terminated.
One-tailed Student's t-tests and/or two-way analysis of
variance tests were performed where appropriate. One-tailed
Student's t-tests were used in the present study, the
hypotheses being that the drug treatment would decrease
maternal and progenial weights, and litter size

Toward the

end of the study, as the number of remaining offspring
dwindled, the use of the Student's t-test became irrelevant
at some time intervals; this is reflected in the results.
All biochemical data have been expressed as: milligrams
of protein per gram of tissue, nanograms of beta-endorphin
immunoreactivity per milligram of protein, and picograms of
beta-endorphin immunoreactivity per milligram of tissue,
unless otherwise indicated in the tables and figures.

(A

note concerning the figures: at those points where the
standard errors are not drawn in, the standard errors are
too small to be depicted accurately.) Therefore, many of the
results obtained in the present study are directly
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comparable to those of Bayon et al.

163

In the Results,

Discussion, and Conclusion sections, "beta-endorphin
content” will refer to immunoreactive beta-endorphin
content, unless otherwise stated. Beta-endorphin content has
been presented per milligram of protein and per milligram of
tissue, in order to distinguish a depletion in betaendorphin content due to a general decline in total protein
content from a specific change in beta-endorphin content
only. One-tailed Student's t-tests were performed for all
data from all day intervals studied, the hypotheses being
that chronic methadone exposure in utero will decrease both
protein and beta-endorphin content in the pituitary and
brain of the progeny. Two-way analysis of variance tests
were also performed on all data to determine if any temporal
differences in the developmental appearance of protein and
beta-endorphin content are apparent. For both morphological
and biochemical data, a difference between the salinecontrol and methadone-exposed groups was considered to be
significant if p<0.05.

PART III
RESULTS
The Effects of Chronic Maternal Aministration of
Methadone on Selected Maternal and Progenial
Morphological Parameters
Administration of methadone to maternal rats has a sig
nificant effect on their body weight gain during both
gestation and lactation. As can be seen in Table 2, the
weights of the treated females were consistently lower than
those of the controls, over most of the study; these differ
ences were most obvious near term and throughout lactation.
Two-way analysis of variance tests indicated that these
values were significant over time, both during gestation
(p<0.05) and lactation (p<0.01). These data tend to support
the results obtained by others for the effects of chronic
methadone administration on maternal weight
gain. 27,30,36,198,199 Although the average weight of the
methadone-treated females remained significantly lower than
that of the controls throughout most of lactation, it is
important to note that the average methadone-treated female
actually gained more weight (56 grams) than did the average
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control female (38 grams) over the same time period. It may
be significant that this greater weight gain observed for
the methadone-treated females throughout lactation (18
grams)

is nearly equivalent to the smaller weight gain (20

grams) observed for the average methadone-treated female
throughout gestation. Control females gained a net 102 grams
while methadone-treated females gained only 82 grams over
gestation (these values represent the difference between the
average initial weights and the immediate post partum
weights of the females, presented in Table 2). Thus, there
was no significant weight difference observed between the
methadone-treated and saline-control females at the time of
weaning. A quantitatively similar pattern of weight gains
for methadone-treated and control females can be derived
198
from the data presented in White et al.
and in Bui et
199
al.
The differences between the two treatment groups
cannot be attributed to a pre-existing weight discrepancy,
as the average weights of both groups were nearly identical
at the initiation of drug treatment. Other studies have
shown that these weight deficits are not attributable to
inadequate food and water consumption by the methadonetreated animals. 18,30,198,199 Chronic opiate administra
tion is known to affect the release of numerous hormonal
peptides from neonatal and maternal rat brain and/or
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pituitary, as well as certain endocrine organs.

40,200

Neonatal methadone exposure has been shown to increase serum
prolactin, growth hormone and corticosterone, and decrease
serum TSH in young rats. 40 Chronic maternal morphine
treatment suppresses maternal prolactin release, as well as
200
suppressing neonatal LH release in exposed offspring.
78,252
These alterations in hormonal stasis
may contribute
to the observed altered weight gains through alterations in
the metabolic fate of the food and water consumed by the
maternal rats. However, the actual pathophysiologic
mechanisms involved have yet to be determined. No maternal
fatalities directly attributable to either of the treatments
were observed in the present study.
Prenatal exposure to methadone also has as apparent
effect on litter size and perinatal viability. The average
litter size for methadone-treated females (8.79+0.43) was
significantly less (p<0.005) than that observed for the
controls (10.50+0.31). Perinatal viability was not con
siderably affected by the drug treatment: 4.26% of the
methadone-exposed offspring were stillborn, compared to
3.40% for the control offspring; however, it is important to
note that the stillborn offspring were found in 7 of the 24
methadone-exposed litters, compared to only 1 of the 14
control litters. These results tend to support the results
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of previous studies for the effects of chronic administra
tion of methadone on litter size and perinatal viabil9,26-28,36
ity.
Perinatal exposure to methadone had a significant effect
on the absolute weight of the offspring. As can be seen in
Table 3, the weights of the methadone-exposed pups were sig
nificantly lower than those of the saline-control offspring
throughout lactation? a two-way analysis of variance test
indicated that these values were also significant over time
(p<0.01). During lactation, the average methadone-exposed
pup gained 36.0 grams while the controls gained 38.6 grams.
After weaning, the absolute weights of both male and female
methadone-exposed pups continued to average below those of
the control offspring at most time intervals throughout the
remainder of the study, although the differences were often
not statistically significant; these results are presented
in Table 4. Two-way analysis of variance tests indicated
that the absolute weight values for both male and female
methadone-exposed offspring were significantly different
from those of the control pups over time (p<0.01). From day
25 to day 75 post partum, methadone-exposed males gained an
average of 294.0 grams while control males gained 288.5
grams; methadone-exposed females gained 168.7 grams while
control females gained 171.7 grams over the same time
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TABLE 2
AVERAGE MATERNAL WEIGHT PARAMETERS

r.

Day a

Methadone
treated

(n)

Saline
controls

(n)

P

Gestation
Arrival
Conception
3
6
9
12
15
18
21
Post partum

177+1.4
205+3.1
217+3.8
226+3.5
240+3.0
251+3.2
265+3.4
283+3.7
309+4.3
259+2.8

(24)
(24)
(24)
(24)
(24)
(24)
(24)
(24)
(24)
(24)

175+1.5
204+4.6
216+4.3
228+5.2
240+5.2
257+4.9
277+5.0
292+5.0
333+5.8
277+3.9

(14)
(14)
(14)
(14)
(14)
(14)
(14)
(14)
(14)
(14)

N.S. b
N.S.
N.S .
N.S.
N.S.
N.S.
p< 0.05
p<0.1
p<0.00 25
p<0.0005

(ID
(ID
(10)
(10)
(10)
(9)
(9)
(7)

p<0.0005
p<0.0025
p<0.005
p<0.05
p<0.1
p<0.1
p<0.05
N.S.

Lactation
2
5
8
11
13
16
19
21

249+4.1
268+4.0
279+4.7
294+4.5
293+4.2
296+4.2
296+3.2
305+4.8

(18)
(18)
(17)
(17)
(17)
(17)
(17)
(14)

276+5.0
291+6.8
302+6.9
316+9.1
305+8.1
308+8.6
311+9.8
314+4.2

NOTE: All weights are expressed in grams, plus or minus the
standard error.
aThe "Day" is approximate, as the animals were weighed
every three days, and on the day of parturition.
N.S.: Not significant.
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TABLE 3
AVERAGE PROGENIAL WEIGHT PARAMETERS
THROUGHOUT LACTATION

Days
post partum
2
5
8
11
13
16
19
21

Methadone
exposed
7.1+0.14
10.2+0.23
14.8+0.32
21.0+0.42
24.5+0.59
31.0+0.36
36.0+1.16
43.1+1.28

(n)a

(18)
(18)
(17)
(17)
(17)
(17)
(16)
(14)

Saline
controls
7.9+0.20
12.3+0.26
17.3+0.36
24.8+0.77
28.2+0.65
33.5+0.89
39.1+0.99
46.5+0.98

(n)3

(ID
(ID
(10)
(10)
(10)
(9)
(9)
(7)

P

p<0.0025
p<0.0005
p<0.0005
p<0.0005
p<0.0005
p<0.05
p<0.05
p<0.05

NOTE: All weights are expressed in grams, plus or minus the
standard error.
aThe "n" values represent the number of litters. Each
weight value represents an average of the average weights of
all litters in that group on that day.
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TABLE 4
AVERAGE PROGENIAL WEIGHT PARAMETERS
AFTER WEANING
Days
post partum

Methadone
exposed

(n)a

Saline
controls

(n)a

P

Males
25
30
35
40
45
50
55
60
65
70
75

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

60.9+2.17
91.4+2.34
125.6+2.66
161.0+5.05
197.0+6.39
229.8+4.56
265.3+6.99
285.5+8.51
311.0+6.78
335.1+13.00
354.9+12.85

(8)
(8)
(6)
(7)
(8)
(7)
(7)
(5)
(4)
(2)
(2)

64.1+1.02
94.7+4.04
134.7+2.17
171.5+0.79
188.3+6.89
255.8JH5.30
280.9+3.32
314.7+2.34
325.4+0.98
342.1+8.10
352.6+6.60

(4)
(4)
(4)
(3)
(3)
(2)
(4)
(3)
(3)
(2)
(2)

N.S . b
N.S.
p<0.05
N.S .
N.S.
p<0.05
p<0.1
p<0.05
p<0.1
N.S.
N.S.

(3)
(3)
(3)
(2)
(2)
(1)
(3)
(3)
(3)
(1)
(1)

N.S.
p<0.01
N.S.
N.S.
N.S.
N. A. C
N.S.
p<0.01
p<0.1
N. A.
N. A.

Females
25
30
35
40
45
50
55
60
65
70
75

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

57.2+1.87
81.6+1.97
112.3+3.30
136.2+3.43
155.0+2.67
169.7+2.25
185.1+3.69
194.2+1» 86
206.5+2.79
215.0+2.71
225.9+5.12

(8)
(8)
(6)
(7)
(8)
(7)
(7)
(5)
(5)
(3)
(3)

61.8+3.84
93.8+4.13
120.5+6.30
138.6+3.65
150.5+5.50
184.7
192.0+3.65
204.5+2.74
213.8+2.23
231.7
233.5

NOTE: All weights are expressed in grams, plus or minus the
standard error.
cl

The "n" values represent the number of cages. Each weight
value represents an average of the average weights of all
cages in that group on that day. Progeny were caged accord
ing to treatment, sex, and day of weaning.
^N.S.: Not significant.
Q

N.A.: Not applicable.
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period. These results tend to support the results obtained
in previous studies for the effects of chronic maternal
administration of methadone on progenial weight
16-20,22,26-30,34
gain.
The pathophysiological mechanisms
responsible for the decreased size of the methadone-exposed
rat progeny are unknown. However, as already discussed above
for the methadone-treated maternal rats, alterations in
40,200
hormonal stasis
may affect progenial weight gain.
The Effects of Chronic Maternal Administration
of Methadone on Protein Content in the
Brain and Pituitary of the Progeny
Previous studies have determined that perinatal exposure
of rats to methadone results in reduced brain protein
16-18
content;
these studies have reported on whole brain
protein content. Zagon and McLaughlin have reported on the
cerebellar protein content of rats perinatally exposed to
methadone. 17 Besides these studies, however, other indi
vidual brain regions have not been studied; thus any region
al effects of methadone on brain protein content may have
been neglected. Further, to this author's knowledge, the
pituitary has not been analyzed in this regard. Therefore,
the present study may be a useful supplement to these
earlier studies.
As can be seen in Tables 5 to 7, and Figures 2 to 4, the
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only significant decrease in protein content apparent in any
of the brain regions studied was in the day 25 diencephalon
of methadone-exposed progeny (p<0.05). In fact, further
scrutiny of the data indicates that, at some time intervals.
the protein content of methadone-exposed medulla-midbrain
and diencephalon was actually higher than that of the
control animals, although the differences were not large.
Two-way analysis of variance tests revealed a significant
difference (p<0.01) between the two groups only for the
midline telencephalon; the significance of this is unknown.
Comparison of the values obtained in the present study with
163
indicate a general agreement on
those of Bayon et al.
the developmental patterns of brain protein content, at
least through day 25 post partum. Further comparisons,
however, are not possible, as their data are presented as
protein content per total tissue section, rather than per
weight of tissue; in the present study it is preferable to
express these data per weight of tissue because they are not
directly susceptible to variations in tissue sample size
incurred by the dissectional procedures.
The age related changes of protein content in the rat
pituitary appear to be significantly affected by perinatal
methadone exposure; see Table 8 and Figure 5. Throughout the
first half of lactation, values for methadone-exposed
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progeny were significantly lower (p<0.05) than those of the
control offspring; thereafter, the differences between the
two groups declined, and were approximately equivalent by
early adolescence (day 75). A two-way analysis of variance
test indicated a significant difference between the two
groups over time (p<0.05).
The Effects of Chronic Maternal Administration
of Methadone on Beta-endorphin Content in the
Brain and Pituitary of the Progeny
Midline Telencephalon
On day 5, beta-endorphin content was approximately 300
picograms per milligram of protein; by day 15, this value
had declined slightly to near 200 picograms; see Table 5 and
Figure 6. It then increased to 1.4 nanograms on day 25, and
10 nanograms by day 75. This pattern, at least through day
163
25, is qualitatively similar to that of Bayon et al.;
absolute content is similar on days 5 and 15; the day 25
values obtained in the present study are approximately
three-fold higher than that of the earlier study. No
significant differences between the methadone-exposed and
control offspring were obtained by either the Student's
t-test or by a two-way analysis of variance test.
When these data are expressed per milligram of tissue,
the pattern is similar to that seen above; see Table 5 and
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Figure 7. On days 5 and 15, the values were approximately 14
picograms per milligram of tissue, increasing to near 130
picograms on day 25, and averaging near 355 picograms on day
75. Statistical analyses of the data revealed that the
differences between the two treatment groups were near sig
nificance (0.05<p<0.1) on days 15 and 75. The day 75 value
for the methadone-exposed progeny was 150 picograms lower
than that of the control group; however, the large standard
error within both groups eliminated any statistically sig
nificant differences. A two-way analysis of variance test
indicated no significant differences between the two groups.
Diencephalon
In the diencephalon, beta-endorphin content was approxi
mately 240 picograms per milligram of protein on day 5; see
Table 6 and Figure 8. By day 15, the average control value
was near 1.7 nanograms, while that of the exposed offspring
averaged near 1.1 nanograms; this difference was near sig
nificance (0.05<p<0.1). On day 25, the control value was
unchanged at near 1.7 nanograms, while the average value for
the exposed offspring rose to approximately 1.6 nanograms.
Beta-endorphin content then increased rapidly, with both
groups averaging near 12.9 nanograms on day 75. The values
obtained through day 25 are similar to those reported by
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Bayon et al.

163

There were no significant differences

between the two groups as determined by either the Student's
t-test, or by a two-way analysis of variance test.
Beta-endorphin content in the diencephalon increases
linearly when the data are expressed per milligram of
tissue; see Table 6 and Figure 9. On day 5r a value near
10.5 picograms was obtained for both groups. By day 15, the
average control value was 92.6 picograms, while that for the
exposed offspring was 65.8 picograms; this difference was
near significance (0.05<p<0.1). Thereafter, the values for
both groups increased to approximately 151 picograms by day
25, and 357 picograms by day 75. Neither Student's t-tests
nor a two-way analysis of variance test indicated any sig
nificant differences between the two groups.
Medulla-Midbrain
On day 5, beta-endorphin content was near 115 picograms
per milligram of protein; see Table 7 and Figure 10. This
increased to approximately 320 picograms by day 15, 405
picograms on day 25. Beta-endorphin content then rose
greatly in the medulla-midbrain, averaging near 5.2 nano
grams on day 75. These results, at least through day 25, are
comparable to those obtained by Bayon et al. 163 No significant differences between the two groups were noted by
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either Student's t-tests, or by a two-way analysis of
variance test.
As in the diencephalon, beta-endorphin content in the
medulla-midbrain increases linearly when expressed per
milligram of tissue; see Table 7 and Figure 11. Betaendorphin content averaged near 5.4 picograms on day 5 for
both groups; this value increased to 21.8 picograms by day
15, 37.8 picograms by day 25, and 165.9 picograms by day 75.
Neither Student's t-tests nor a two-way analysis of variance
test indicated any significant differences between the two
groups.
Pituitary
The content of beta-endorphin immunoreactivity in whole
rat pituitary is relatively large in comparison to that of
the brain. This is especially true when the data are pre
sented per milligram of protein; when expressed thus, the
results are in the microgram range; see Table 8 and Figure
12. On day 5, the values for both groups were near 12 micro
grams, declining to about 4.5 miocrograms by day 15; this
value then increases to approximately 6.8 micrograms by day
25, and 12.6 micrograms on day 75. The day 15 and 75 values
for the methadone-exposed progeny were approximately 1 to 2
micrograms lower than those of the control offspring; the
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opposite was true on days 5 and 25. However, no significant
differences were apparent by either Student's t-tests or a
two-way analysis of variance test, as large standard errors
were evident on all days studied; a possible explanation for
these errors will be presented below in this subsection.
When the data are presented per milligram of tissue, the
beta-endorphin content is in the nanogram range; see Table 8
and Figure 13. The day 5 values average near 759 nanograms.
By day 15, this value had declined to approximately 701
nanograms for the controls, and 414 nanograms for the expos
ed offspring; this difference was near significance
(0.05<p<0.1). On day 25, the large difference between the
two groups disappeared; their averages were near 891 nano
grams. By day 75, this value had increased to approximately
1385 nanograms. These results are qualitatively similar to
those obtained by Lee et al. ; 166 however, the absolute
contents obtained in the present study are 3 to 4 times
higher than that reported by Lee et al. 166 and Rossier et
al. 220 This difference most probably reflects the large
amount of beta-lipotropin present in the rat anterior
pituitary; 76,195,220,253-260 it will be recalled that the
beta-endorphin antisera used in the present study has a 100%
crossreactivity with beta-lipotropin. 220,227,239,240 The
results presented by Lee et al. 166 and Rossier et al. 220
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apparently represent the actual beta-endorphin content of
whole pituitary extracts. A two-way analysis of variance
test indicated a significant difference (p<0.05) between the
two groups over time; no significant differences were noted
by Student's t-tests.
Large standard deviations, and consequently large stan
dard errors, were especially apparent within the results
obtained for the pituitary. A most probable explanation for
this phenomenon concerns the relatively small tissue weight
and, subsequently, the even smaller absolute protein content
of this functional unit: through day 25, the absolute weight
of the pituitary (1 to 3 milligrams) was near the limit of
accurate measurement; accuracy at these low weights is
further complicated by extraneous connective tissue and
water that adheres to the pituitary, and is rather diffi
cult, if not impossible, to totally eliminate. The measure
ment of protein content was similarly affected: the absolute
protein content was near the limit of accurate measurement
by the method used, at least in the younger animals. Experi
mental error can be further accentuated by the large dilu
tion factor necessary to reduce beta-endorphin sample con
centration to within the usable range of the beta-endorphin
radioimmunoassay

Thus, many of these parameters may be sub

ject to a large amount of undeterminable error.

52

TABLE 5
PROTEIN AND BETA-ENDORPHIN CONTENT IN THE
DEVELOPING RAT MIDLINE TELENCEPHALON

Days
post partum

Methadone
exposed

(n)a

Saline
controls

P

(n)a

Milligrams of Protein
per Gram of Tissue
5
15 . .
25 . .
75 . .

45.7+3.9
67.4+5.6
91.9+3.4
35.4+6.0

(5)
(5)
(5)
(5)

47.0+5.3
71.9+2.1
93.2+5.6
40.8+5.7

(5)
(5)
(5)
(5)

N.S. b
N.S.
N.S.
N.S.

Nanograms of Beta-endorphin Immunoreactivity
per Milligram of Protein
5
15 . .
25 . .
75 . .

0.32+0.11
0.16+0.03
1.47+0.35
9.58+3.14

(5)
(5)
(5)
(5)

0.28+0.11
0.25+0.06
1.39+0.20
10.70+2.16

(5)
(5)
(5)
(5)

N.S.
N.S.
N.S.
N.S.

Picograms of Beta-endorphin Immunoreactivity
per Milligram of Tissue
5
13.6+3.9
15 . .
10.7+1.9
25 ... . 130.4+25.8
75 ... . 279.6+60.9

(5)
(5)
(5)
(5)

14.4+7.2
17.8+3.9
126.0+12.6
429.8+81.8

(5)
(5)
(5)
(5)

N.S .
p<0.1
N.S.
p<0.1

NOTE: All weights are expressed in the appropriate units,
plus or minus the standard error.
The "n" values represent the number of samples used on
that day for each treatment group.
^N.S.: Not significant.
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TABLE 6
PROTEIN AND BETA-ENDORPHIN CONTENT IN THE
DEVELOPING RAT DIENCEPHALON

Days
post partum

Methadone
exposed

(n)a

Saline
controls

P

(n)a

Milligrams of Protein
per Gram of Tissue
5
15 . .
25 . .
75 . .

48.2+2.4
62.3+3.4
86.7+3.5
26.2+2.7

(5)
(5)
(5)
(5)

40.1+3.4
56.9+3.4
98.8+4.8
27.5+1.3

(5)
(5)
(5)
(5)

N.S. b
N.S .
p<0.05
N.S.

Nanograms of Beta-endorphin Immunoreactivity
per Milligram of Protein
5
0.22+0.02
15 . .
1.08+0.20
25 . .
1.57+0.14
75 ... . 13.33+3.13

(5)
(5)
(5)
(4)

0.26+0.05
1.67+0.26
1.66+0.20
12.42+1.92

(5)
(5)
(5)
(5)

N.S.
p<0.1
N.S .
N.S.

Picograms of Beta-endorphin Immunoreactivity
per Milligram of Tissue
5
10.6+1.3
15 . .
65.8+11.5
25 ... . 137.2+15.3
75 ... . 376.0+99.4

(5)
(5)
(5)
(4)

10.4+2.3
92.6+12.7
164.2+21.2
338.2+44.9

(5)
(5)
(5)
(5)

N.S.
p<0.1
N.S.
N.S .

NOTE: All weights are expressed in the appropriate units,
plus or minus the standard error.
Si

The "n" values represent the number of samples used on
that day for each treatment group.

^N.S.: Not significant.

54

TABLE 7
PROTEIN AND BETA-ENDORPHIN CONTENT IN THE
DEVELOPING RAT MEDULLA-MIDBRAIN

Days
post partum

Methadone
exposed

(n)a

Saline
controls

P

(n)a

Milligrams of Protein
per Gram of Tissue
5
15 . .
25 . .
75 . .

46.0+3.0
69.9+3.6
95.8+0.8
33.9+4.7

(5)
(5)
(5)
(5)

48.9+2.2
68.9+5.9
90.2+6.4
33.3+4.5

(5)
(5)
(5)
(5)

N.S. b
N.S.
N.S.
N.S.

Nanograms of Beta-endorphin Immunoreactivity
per Milligram of Protein
5
15 . .
25 . .
75 . .

0.12+0.05
0.32+0.05
0.36+0.05
5.27+1.03

(4)
(5)
(5)
(5)

0.11+0.04
0.32 + 0.06
0.45+0.08
5.08+0.76

(4)
(5)
(5)
(5)

N.S.
N.S.
N.S.
N.S .

Picograms of Beta-endorphin Immunoreactivity
per Milligram of Tissue
5
5.5+2.5
15 . .
22.4+2.8
25 . .
34.6+4.7
75 ... . 168.4+26.4

(4)
(5)
(5)
(4)

5.4+1.6
21.2+3.0
41.0+8.7
163.4+24.0

(4)
(5)
(5)
(5)

N.S.
N.S.
N.S.
N.S .

NOTE: All weights are expressed in the appropriate units,
plus or minus the standard error.
aThe "n" values represent the number of samples used on
that day for each treatment group.
^N.S.: Not significant.

55

TABLE 8
PROTEIN AND BETA-ENDORPHIN CONTENT IN THE
DEVELOPING RAT WHOLE PITUITARY

Days
post partum

Methadone
exposed

(n)a

Saline
controls

P

(n)a

Milligrams of Protein
per Gram of Tissue
5
52.3+10.5
15 ... . 103.9+12.9
25 ... . 127.3+23.9
75 ... . 113.8+7.1

(5)
(5)
(5)
(5)

76.8+5.1
141.1+11.5
149.6+14.6
106.9+2.4

(5)
(5)
(5)
(5)

p<0.05
p<0.05
N.S.,
N.S.b

Micrograms of Beta-endorphin Immunoreactivity
per Milligram of Protein
5
.
15 . . .
25 . . .
75 ...

. 13.34+2.14
. 4.15+0.79
. 7.56+1.18
. 12.00+1.89

(5)
(5)
(5)
(5)

10.54+1.15
4.91+0.89
6.08+1.50
13.25+1.56

(5)
(5)
(4)
(5)

N.S.
N.S.
N.S.
N.S.

Nanograms of Beta-endorphin Immunoreactivity
per Milligram of Tissue
5
15 . .
25 . .
75 . .

702+186
414+78
869+50
1357+211

(5)
(5)
(5)
(5)

817+141
701+151
912+216
1413+158

(5)
(5)
(4)
(5)

N.S.
p<0.1
N.S .
N.S.

NOTE: All weights are expressed in the appropriate units,
plus or minus the standard error.
aThe "n" values represent the number of samples used on
that day for each treatment group.
bN.S.: Not significant.
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FIGURE 2
PROTEIN CONTENT IN THE DEVELOPING
RAT MIDLINE TELENCEPHALON
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FIGURE 3
PROTEIN CONTENT IN THE DEVELOPING
RAT DIENCEPHALON
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FIGURE 4
PROTEIN CONTENT IN THE DEVELOPING
RAT MEDULLA-MIDBRAIN
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FIGURE 5
PROTEIN CONTENT IN THE DEVELOPING
RAT WHOLE PITUITARY
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FIGURE 6
BETA-ENDORPHIN CONTENT
PER MILLIGRAM OF PROTEIN IN THE
DEVELOPING RAT MIDLINE TELENCEPHALON
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FIGURE 7
BETA-ENDORPHIN CONTENT
PER MILLIGRAM OF TISSUE IN THE
DEVELOPING RAT MIDLINE TELENCEPHALON
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FIGURE 8
BETA-ENDORPHIN CONTENT
PER MILLIGRAM OF PROTEIN IN THE
DEVELOPING RAT DIENCEPHALON
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FIGURE 9
BETA-ENDORPHIN CONTENT
PER MILLIGRAM OF TISSUE IN THE
DEVELOPING RAT DIENCEPHALON
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FIGURE 10
BETA-ENDORPHIN CONTENT
PER MILLIGRAM OF PROTEIN IN THE
DEVELOPING RAT MEDULLA-MIDBRAIN
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FIGURE 11
BETA-ENDORPHIN CONTENT
PER MILLIGRAM OF TISSUE IN THE
DEVELOPING RAT MEDULLA-MIDBRAIN
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FIGURE 12
BETA-ENDORPHIN CONTENT
PER MILLIGRAM OF PROTEIN IN THE
DEVELOPING RAT WHOLE PITUITARY
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FIGURE 13
BETA-ENDORPHIN CONTENT
PER MILLIGRAM OF TISSUE IN THE
DEVELOPING RAT WHOLE PITUITARY
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PART IV
DISCUSSION
Introductory Remarks
In the present study, the effects of maternal methadone
administration on progenial brain and pituitary protein and
beta-endorphin content were investigated. Adjunct to these
major studies, numerous maternal and progenial parameters
were recorded and analyzed in order to determine what
effects, if any, they may elucidate in relation to the
observed protein and beta-endorphin content. In the
following sections the results of these studies will be
discussed in relation to the hypotheses proposed above in
the Introduction, and also in relation to other pertinent
information.
Maternal and Progenial Parameters
In general, most results from the adjunct studies
support the findings of previous investigations. Exposure to
methadone prior to conception, and throughout gestation and
the first half of lactation, did significantly decrease the
absolute weight gain of maternal rats. 27,30,36,198 ,199
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Again, in accord with previous studies, maternal rats
exposed to methadone do show an absolute weight gain which
is larger than that observed for the saline-controls over
the latter half of lactation. 198,199 Other investigators
have noted that these patterns of weight change cannot be
totally explained by inadequate food and water consump18,30 ,198 ,199
tion,
but may be influenced by opiate-induced
fluctuations of maternal and/or fetal hormone status.
Neonatal methadone exposure does increase serum prolactin.
growth hormone and corticosterone, and decrease serum TSH in
40
young rats;
chronic maternal morphine treatment has been
shown to suppress maternal prolactin release as well as
neonatal LH release in the exposed progeny. 200
Antenatal methadone exposure was shown to both reduce
litter size and perinatal viability; these results tend to
support the results obtained by other investigator s. 9,26-28,36 Perinatal methadone exposure was also
shown to have a significant effect on progenial weight gain:
throughout lacation, the absolute weights of the methadoneexposed progeny were significantly lower than those of the
saline-controls; these patterns of weight gain continued
into early adolescence, but became nearly equivalent by day
75 post partum

These results are in agreement with those of
other studies. 16-20,22,26-30,34 Again, the mechanisms
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responsible for the decreased size of the methadone-exposed
rat offspring are unknown, but may be related to the altera
tions in both maternal and progenial hormonal status
mentioned above. Two recent studies by Zagon and McLaughlin
suggest that the endogenous opioid system(s) may have a
261,262
significant role in tissue neogenesis.
Their
studies indicate that administration of the opiate antago
nist naltrexone to neonatal rats significantly increased
cell differentiation, migration and proliferation in body,
whole brain and cerebellar tissues; conversely, they sug
gested that opiate agonists, such as methadone, inhibited
somatotrophic activity via activation of the opiate recep
tor, as is indicated by their earlier work with
17 ,27-29 ,31
methadone.
Brain and Pituitary Protein Content
The results of the present study suggest that maternal
exposure to methadone has no significant effect on protein
content in the developing rat midline telencephalon or
medulla-midbrain, but may have an effect in the developing
rat diencephalon: as compared to the saline-controls, the
methadone-exposed offspring had a significantly lower
protein content in the day 25 diencephalon. The significance
of these results is unknown, but they may suggest that the
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midline telencephalon and medulla-midbrain are rather insen
sitive to the effects of methadone exposure, or that cell
proliferation was not prevalent in these tissues over the
chosen time intervals. The significance of the results for
the diencephalon are, again, unknown; however the signifi
cantly lower protein content on day 25 in methadone-exposed
progeny may indicate the susceptibility of this tissue to
the cumulative effects of methadone. Previous studies have
shown that methadone exposure does reduce whole brain and
16-18
cerebellar protein content;
other studies have also
shown that perinatal methadone exposure does decrease the
biosynthesis of proteins in mouse brain, liver and
263
muscle.
The present results cannot confirm these other
studies, but they do provide additional information in this
area of research.
The present results tend to support the data on the
kinetics of protein change provided by Bayon et al. for
different brain tissues; 163 absolute comparison, however.
is impossible because of differences in experimental proto
col (see Results subsection on protein content). These
results show that tissue protein content increases linearly
from day 5 to day 25 post partum, and then decreases from
day 25 to day 75. The results tend to confirm many previous
studies which have shown that the period from days 5 to 25
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post partum is the "critical period" or "growth spurt"
during which increased cell differentiation, migration and
proliferation occurs in the rat brain. During this critical
period, increased DNA, RNA and protein biosynthesis are
264-277
observed;
this is also the time interval during
9
which the blood-brain barrier to methadone develops. It
is thus the time interval during which the brain is most
vulnerable to the teratogenic effects of opioid agents on
macromolecule biosynthesis. 16-18,278,279
In contrast to the brain, the protein content of pituitaries from methadone-exposed offspring was found to be
significantly lower than that of the control offspring on
days 5 and 15 post partum; this trend continued through day
25, although the difference was not significant due to large
standard errors in the data. Although the significance of
these results is unknown, it might be speculated that the
pituitary may be quite susceptible to the effects of
methadone during its critical period of development. The
kinetics of protein change during development of the
pituitary are similar to that observed in the rat brain; an
almost linear increase was observed from day 5 to day 25,
followed by a decrease from day 25 to day 75 post partum.
Comparison of these data to other studies is impossible as
comparable information is absent from the literature.

73

In summary, it appears that maternal methadone exposure
has a major effect on protein content in the pituitary , a
small, but probable, effect in the diencephalon, and little,
if any, effect in the midline telencephalon and medullamidbrain of the rat progeny. The biochemical mechanism(s)
responsible for the observed changes is unknown, but chronic
morphine treatment is known to have a complex effect on DNA,
RNA, and consequent protein biosynthesis in brain tissues
from adult rats; it has been shown that morphine exposure
can increase, decrease, or have no effect, on DNA, RNA
and/or protein biosynthesis, depending on many different
experimental parameters. 92,102
Brain and Pituitary Beta-endorphin Content
Analyses of Experimental Praxis
The present study suggests that maternal exposure of rat
progeny to methadone throughout gestation and during lac
tation decreases beta-endorphin content only slightly, if at
all, in the pituitary, diencephalon and midline telen
cephalon, and has no effect on beta-endorphin content in the
medulla-midbrain, of the neonatal, pre-adolescent and/or
young adolescent rat. The results do not support the hypoth
esis that the development of opiate tolerance/dependence is
associated with a decrease in beta-endorphin content in
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either the brain and/or pituitary. 89 ,111,112 nor are they
in agreememnt with those studies suggesting that chronic
morphine treatment of adult rats is associated with
decreased beta-endorphin content in both the brain and
118,120-126,257,280
pituitary.
It therefore seems apparent
that there is no distinguishably significant relationship
between brain and/or pituitary beta-endorphin content and
the teratogenicity associated with perinatal exposure to
16-40
However,it may be suggested that the
methadone.
experimental presuppositions, protocol and procedures of the
present study may result in the differences observed between
the data of this study and those of others; some of these
factors will be discussed in the following paragraphs.
In considering the results, one must bear in mind the
various experimental factors that can affect the determina
tion of absolute beta-endorphin content in physiologic
systems. Among these factors is the variability extant among
the different tissue preparations and pre-assay procedures
published in the literature. In the present study, a modifi
cation of the procedures suggested by R. Guillemin and his
collaborators was employed; 163 ,164,219 ,220,227 insofar as
is possible, the present results are comparable to those
from previous studies. However, comparison with other
studies requires due caution, as it has been shown that the
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methodology used can have a significant effect on the
195,219,225,281-283
measurable content of beta-endorphin.
The innate characteristics of radioimmunoassay method232,234,235,241,284-292
ology are another set of factors
that can significantly affect the accurate determination of
beta-endorphin content. In the present study, beta-endorphin
content was determined using a synthesis of the radioimmuno
assays described for the New England Nuclear kit and that of
227
the major modification being the use
Guillemin et al • I
245-249,289
of dextran-coated charcoal
to separate free
from antibody-bound beta-endorphin, rather than the double227
antibody method described;
this modification appears to
give results comparable to that described by Guillemin e_t
al. 227 for beta-endorphin antisera RB 100, and with the
data supplied to us by N. Ling for the same antisera. In
another study, Vuolteenaho et al. have found the dextrancoated charcoal method to be superior to the double-antibody
method for use with antisera RB 100. 250
One major factor determining the applicability of radio
immunoassay methodology to the estimation of antigen content
232,234,235,
is the specificity of the antisera employed.
241,288-290,293,294
In a set of experiments preliminary to
the present study, the specificity of two different betaendorphin antisera was compared in order to ascertain their
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suitability for measuring beta-endorphin in rat tissue prep
arations. It was found that the New England Nuclear human
beta-endorphin antisera is relatively selective for human
beta-endorphin, and has a much lower affinity, approximately
7500-fold difference, for the corresponding peptide of sheep
and rat. In contrast, antisera RB 100-10/27/76, the one
selected for use in the present study, was not found to
demonstrate any significant variability in its affinity for
beta-endorphin of different species, supporting the data of
227 Similar interspecific differences in
Guillemin et al.
antisera affinity for beta-endorphin have also been suggest
ed in other studies in which the specificity of different
225,281 A possible
beta-endorphin antisera was compared.
explanation for these differences in antisera specificity.
as well as the rationale for antisera choice, have been
presented above in the Materials and Methods section.
Because different beta-endorphin antisera exhibit such
125 and because of
diverse antigenic specificity/affinity.
other technical factors that can determine the character232,235,241,284-292
an
istics of radioimmunassay in praxis,
evaluation of the present data in comparison to other
studies requires appropriate discrimination.
Other experimental factors that were considered in the
determination of the present data on beta-endorphin content
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208-218,295-304 and other tempoinclude cyclical
304-306 variations in absolute beta-endorphin content.
r al
as well as the concurrent functional status of other
physiologic components and mechanisms within the endogenous
296,308-328 It should be noted that
opioid systems.
circadian rhythms are already apparent in late fetal
rats;

309 therefore cyclical variations were considered

over the entire length of the present study. Species and
strain diversity should be considered when comparing data
315,330,331 Sprague-Dawley rats
from different studies.
were used in the present study; numerous strains and
substrains of Rattus norvegicus are known to exist, and are
known to vary considerably in many physiologic parameters,
332
including psychogenetics.
Intra-animal variability must also be considered. Lee et_
al. have found that significant variations in beta-endorphin
content do exist between individual rats that are otherwise
homogeneous; they suggested that stress may be a major
166
factor contributing to intra-animal heterogeneity.
Indeed stress has been found to significantly alter beta43,122,281,282,333-335
endorphin content in both rat brain
and pituitary. 43,196,197,335-337 The effects of maternal
stress

201-206

or handling stress 324 may be major

influences in determining the beta-endorphin content of the
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offspring. The stressful effects of methadone exposure on
maternal brain and/or pituitary beta-endorphin content have
yet to be studied. Throughout the present study, handling of
both maternal and progenial rats was uniformly minimized to
reduce the introduction of extraneous stress variables.
One final procedural factor to be considered concerns
the choice of dissection protocol relative to the micro
anatomy of the endogenous pro-opiomelanocortin systems. In
the present study, the rat brain was dissected according to
163
This method was
the method suggested by Bayon et al.
chosen because of its basic simplicity and reproducibility.
especially in neonatal rats; it was also chosen because the
163
is probably the most complete
study of Bayon et al.
study on the development of the pro-opiomelanocortin system
in the rat brain. Although this dissectional method provides
a gross division of the rat brain into basic anatomical
regions, it lacks the specificity that may be necessary to
detect nuclei-specific changes in beta-endorphin content. As
was mentioned in the Introduction, the arcuate nucleus of
338-341
the hypothalamus
is the origin of all
pro-opiomelanocortin neurons within the brain; from this
nucleus, efferent fibers project to other hypothalamic
structures, the median eminence, other diencephalic struc
tures, as well as to certain limbic and mesencephalic struc-
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tures.

73-75,259,260,342-347 Recent studies have shown that

beta-endorphin content in discrete nuclei of the rat brain
can change significantly, and independently, in response to
certain physiologic stimuli, such as age, stress, and during
210-212,215,216,307
It is
the phases of the estrus cycle,
therefore possible that beta-endorphin content could change
dramatically in specific brain nuclei, in response to
perinatal methadone exposure, without these changes being
reflected in the results of the present study.
In considering the present data on beta-endorphin
content for the pituitary, one must recognize the division
of pro-opiomelanocortin systems in this gland. Extensive
research has shown that two distinct pro-opiomelanocortin
73-75,259,260,348
systems are present in the rat pituitary.
In the anterior pituitary, pro-opiomelanocortin is localized
348,349 where it is processed
in the corticotropes,
254,255
in the
primarily to ACTH and beta-lipotropin;
intermediate pituitary, pro-opiomelanocortin is localized in
348,350 where ACTH and beta-lipotropin
the melanotropes,
are further processed to the smaller products of alphamelanotropin and CLIP, and beta-endorphin and gamma-lipotropin, respectively. 254 ,255 From the results of the
present study, it is apparent that the pituitary may be
sensitive to the teratogenic effects of methadone. It has
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already been established in other studies that the betaendorphin content in the pituitary of adult rats is suscep118,120-124
It is signiftible to the effects of opiates .
icant, however, that in these other studies the investiga
tors were able to dissect the pituitary into the anterior
and intermediate/posterior lobes. Their results indicate
that intermediate/posterior, but not anterior lobe, betaendorphin content is affected by chronic morphine treatment;
chromatographic comparison of peptide extracts from
morphine-treated and saline control rats revealed no signif
icant alterations in the usually observed patterns of the
118,120,121
Separation of the pituitary
elution profiles.
lobes from neonatal rats was not attempted in the present
148 gel chromatography of such
study for technical reasons;
whole pituitary extracts would result in irrelevant data, as
no distinction between the lobes could be made.
In summary, the results of the present study suggest
that perinatal methadone exposure has little, if any, major
effect on beta-endorphin content in the pituitary or brain.
However, many technical and presuppositionable factors may
contribute to the observed data; these include theoretical
and technical aspects of tissue dissection, tissue
preparation, as well as radioimmunoassay methodology. Such
factors will need to be considered in any future studies.
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The Kinetics and Biosynthesis of Beta-endorphin
in the Developing Rat Brain and Pituitary
Although not being the emphasis of the present study, a
qualitative analysis (data not shown) of the data on the
appearance of protein and beta-endorphin in the developing
rat brain suggest that, between days 5 and 75 post partum,
the absolute amount of beta-endorphin present increases at a
markedly greater rate than that observed for total tissue
protein. In brief, beta-endorphin content increases almost
linearly from day 5 to day 75 post partum in all three brain
tissues; it also appears that beta-endorphin content
increases in an approximately parallel fashion in the same
three brain tissues. This is in agreement with similar
information supplied by Bayon et al. for the period from day
6 to day 25 post partum. 163
In contrast to the brain, a markedly different pattern
is apparent for the whole pituitary. An analysis of the data
reveals a dramatic decrease in beta-endorphin content
relative to protein content between days 5 and 15 post
partum; thereafter beta-endorphin content increases in a
manner similar to that observed for the brain. The reason
for the marked decrease in beta-endorphin content between
days 5 and 15 is unknown, but it may be speculated that this
decrease may be due to a stress-related depletion of beta-
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endorphin in the anterior and/or intermediate pituitary
during parturition and/or the early postnatal period. No
differences were noted between data for methadone-exposed
and saline-control rats in either the pituitary or brain.
Although no significant differences in hypophyseal or
brain beta-endorphin content were noted between the
methadone-exposed and saline-control animals in the present
study, the results suggest that methadone exposure may have
a small, but probable, effect on beta-endorphin content in
the pituitary, and possibly in the diencephalon and telen
cephalon. The biochemical mechanisms involved in this
phenomena are unknown, but a number of recent studies
suggest that it might be related to the reduced activity of
messenger RNA. Work by A. Herz and his collaborators have
recently shown that long-term treatment of rats with
morphine reduces the biosynthesis of beta-endorphin in the
neurointermediate pituitary by a mechanism involving the
decreased activity of the m-RNA coding for pro-opiomelanocor tin. 124,351 Further work by this group, 352 and by
M. Chretien and others. 353,354 have found that long-term
morphine treatment decreased the in vitro biosynthesis and
secretion of beta-endorphin from the neurointermediate lobe
of the rat pituitary; employing pulse-chase procedures, they
obtained results indicating a decreased incorporation of
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radiolabeled amino acids into pro-opiomelanocortin and its
derived peptides. Unfortunately it was not stated in these
studies whether these effects are restricted just to the
biosynthesis of pro-opiomelanocortin, or if protein bio
synthesis in general is inhibited. Clouet and Ratner have
reported a similar decrease in the incorporation of
radiolabeled glycine into the enkephalins by the brain
355
tissue of rats chronically treated with morphine.
The etiology, maintenance, and sequelae of opiate
tolerance/dependence most probably involve complex alter
ations in a variety of different physiological systems in
84-89
order to maintain physiologic homeostasis.
Ultimately, these changes can be traced to the intracellular
milieu. The results of the present study tend to offer some
support for the hypothesis that opiates, such as methadone,
ultimately alter physiologic homeostasis by a direct action
at either the transcriptional and/or translational step(s),
thus atering polypeptide and protein biosynthesis. Further,
the results tend to suggest that total protein biosynthesis,
rather than that of a specific polypeptide, i.e., pro-opio
melanocor tin , is inhibited by methadone: a decline in
protein content per total tissue weight was observed for the
pituitary, midline telencephalon, and diencephalon. Pro
opiomelanocortin biosynthesis would be decreased if general
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protein synthesis is inhibited. This would be apparent if
beta-endorphin content is expressed per total tissue weight.
but not if it is expressed per total protein content, as the
decrease in beta-endorphin content would be directly
proportional to the decrease in total protein content. The
results of the present study are compatible with this
hypothesis: trends toward significance were observed for
beta-endorphin content per total tissue weight in the
pituitary, midline telencephalon and diencephalon. They are
also supported by the studies of Zagon and McLaughlin which
suggest that opiates interfer with general tissue
261,262
growth .
If pro-opiomelanocortin (and thus betaendorphin) biosynthesis and processing is specifically
affected, this would be most apparent when beta-endorphin
content is expressed per total protein content, as this
would reflect a specific change in beta-endorphin content in
relation to total protein. This is not seen, however, in the
results of the present study. It has been suggested that
opiates, such as methadone, may induce a change in pro-opio
melanocor tin/ beta-endorphin turnover, with no subsequent
changes in the steady state content of pro-opiomelanocortin/beta-endorphin; 125,356-358 this cannot be rejected
as an alternate hypothesis to explain some of these results.
It may be suggested that inhibition of protein synthesis is
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a primary factor contributing to the teratogenicity
associated with methadone use.
The Specificity of Methadone
as a Teratogenic Agent
The concept of multiple opiate receptors has received
considerable verification in the recent litera92,359-367
ture.
Therefore, one may be led to question the
specificity of methadone as an opioid agent. Methadone is
usually categorized as a typical mu- or morphine-like
367-369
opioid.
However, other recent studies have shown
methadone to display delta- or enkephalin-like specificities, rather than that of a mu-agonist. 370,371 Thus,
although no known opioid ligand binds exclusively at any one
receptor subtype, methadone may preferably bind at certain
receptor subtype(s). This may be significant, in that
certain receptor subtype(s) or subpopulation(s) apparently
mediate the various sequelae of opioid pharmacology. In the
present study methadone is the opiate under study. Previous
studies concerned with the effects of opioids on betaendorphin content in rat tissues have usually employed
morphine as the pharmacologic agent; 118,120-126 these
studies suggested that chronic morphine treatment had an
effect on beta-endorphin content in rat brain and pituitary.
However, other studies employing levorphanol, etorphine and
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loperamide,

125 and methadone 127 ,128
have noted no change

in rat brain, pituitary or plasma beta-endorphin content.
One may then speculate that the effects of morphine on betaendorphin content may not be closely associated with its
capacity as an opioid agent, but rather may be related to
some innate toxicity; 125 other opiates, such as methadone.
may lack similar toxicologic properties.
S. B. Sparber and his associates have recently ques
tioned the pathologic mechanism(s) responsible for the
teratogenic activity associated with methadone use. 372-378
Using levo-alpha-acetylmethadol (LAAM), a methadone
derivative with an extended duration of action, they have
suggested that repeated in utero withdrawal, rather than any
direct teratogenic effect, is responsible for the observed
pathology of rat offspring exposed to methadone during
gestation. This hypthesis is supported by the work of Ling
et al., in which they demonstrated the rapid elimination of
methadone by the rat; 379 this is in contrast to the
extended half-life of methadone in man.^
Because of the rapid elimination of methadone by the
rat, the methadone dosage regimen chosen for the present
study (5 mg./kg. daily by intraperitoneal injection) may be
questioned; this dosage regimen was chosen by suggestion of
previous work by Dr. M. A. Peters and his associ-
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ates.

7-11,16,26,32

The dosage used may be considered near

to the median therapeutic index, i.e., the highest dosage
allowable with minimal maternal fatalities. Although no
maternal fatalities were observed in the present study, they
were noted in concurrent studies by Dr. Peters and associ
ates (unpublished observations). Further studies may require
new dosage regimens; multiple or divided dosages may be
necessary to compensate for the pharmacokinetic differences
of methadone metabolism between man and rat.
380
has suggested that
The study of Vorhees et al.
certain psychoactive drugs may act as behavioral terato381
gens.
Among the drugs studied was propoxyphene, a weak
opiate analgesic structurally similar to methadone. Their
results indicate that propoxyphene, at least in rats, is
apparently a "pure" behavioral teratogen, void of any
morphological teratogenicity. Methadone is likewise a
behavioral teratogen. 16,32-36 Opiates, such as
propoxyphene and methadone, may alter the normal physiologic
development of neuronal function, thus altering behavioral
development; this may involve a specific alteration in
endogenous opioid physiology. Endogenous opioids have been
implicated in many different behavioral phenomena. 80,164 ,188,335,382,383 Therefore, it may be suggested
that the teratogenicity associated with methadone use may

88

involve at least two distinct mechanisms: in utero with
drawal and/or a specific neurotoxicity, perhaps involving
the endogenous opioid systems.

PART V
CONCLUSION AND PERSPECTIVE

The results of the present study suggest that exposure
of rat progeny to methadone throughout gestation and during
lactation has little, if any, effect on beta-endorphin con
tent in their midline telencephalon, diencephalon and
medulla-midbrain, or in the pituitary. This is in contrast
to other studies which have shown that chronic morphine
treatment can influence beta-endorphin content in certain
hypophyseal and brain structures of the adult
rat. 118,120-126 The differences between these studies may
be real, or they may be methodological artifacts. Analyses
of the present experimental protocol suggest a number of
methodological factors which may contribute to the observed
differences; these include the particular choice of tissue
preparation and radioimmunoassay procedures. The methods
chosen for brain and pituitary dissection may have a signif
icant influence on the results. The procedures of Bayon et
al. were chosen because of their relative simplicity and
similarity with previous studies. 163 ,164 This method has a

89

90

rather limited capacity to differentiate the fine structure
of the pro-opiomelanocortin system of the rat brain;
therefore significant changes in the beta-endorphin content
of specific brain nuclei may have been missed. If possible,
the pituitary should be dissected into at least the anterior
and intermediate/posterior lobes, in order to localize any
lobe specific changes of protein and/or betaendorphin
content. All these factors will have to be considered in
future studies. It is also possible that any significant
differences between the two treatment groups may have been
missed due to large standard errors in the data; therefore
it may be suggested that a larger sample size be used in
further studies.
The results of the present study tend to support
previous studies which have shown that perinatal methadone
exposure can significantly alter protein content in rat
brain. 16-18 The results suggest that methadone has a
definite effect on protein content in the rat diencepahalon,
and little, if any, effect on protein content in the midline
telencephalon or medulla-midrain. Significant changes in
protein content were also observed in the pituitary of
methadone-exposed offspring. The biochemical mechanism(s)
responsible for these changes in protein content are
unknown, but previous studies have shown that perinatal
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methadone exposure can alter RNA and protein biosynthesis in
young rats 16-18 and mice. 263,384-386
Maternal exposure of rats to methadone can have a
significant effect on both maternal and progenial weight
gain. It was shown in the present study that maternal
exposure of rats to methadone significantly retards the
normal weight gain observed in both maternal rats and their
offspring; these differences in weight gain were most
obvious during the gestational period for pregnant rats, and
during lactation for the progeny. Pregnant rats exposed to
methadone gave birth to significantly smaller litters; the
data also suggest that methadone exposure in utero may
compromise perinatal viability. These results are in
agreement with numerous other studies. 9,16-20,22,26-30,
34,36,198,199
In conclusion, the present study suggests that major
changes in rat brain and/or pituitary beta-endorphin content
are not implicated in the teratology associated with
methadone use during pregnancy; they do not, however,
eliminate the possiblity that small, but significant,
changes in beta-endorphin content may occur in specific
brain nuclei or pituitary tissues. The results also indicate
that changes in progenial brain and pituitary protein con
tent may be associated with methadone use during pregnancy.
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Extrapolation of the present data to the clinical
theatre requires an apt perusal of the differences between
the physiology of rat and man. For example, as was pointed
out in the Discussion section above, there are significant
differences between the pharmacokinetics of methadone in the
379 and man;1 this will require the use of different
rat
methadone dosage regimens or the use of a longer acting
methadone derivatives, such as LAAM, 372-378 in future
studies employing the rat as model. One must also consider
the route of administration. Methadone is usually
administered orally in methadone maintenance programs; by
contrast, methadone is usual given by a parenterally route
in animal studies. There may be significant differences in
the actual exposure of the fetus to methadone when it is
administered by different routes.1^ Other researchers have
noted many differences between the pro-opiomelanocortin
systems of the two species; 348,387-390 there are also many
differences between the systems of fetal and adult
humans. 388-398 One could undoubtedly find many other
experimental variables that could be evaluated.
Looking toward a future perspective, the present study
would suggest that further research is necessary in order to
elucidate the exact mechanisms involved in methadoneassociated teratology, as well as those active in opiate
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tolerance/dependence. As has been suggested above, these
future projects should include an in-depth study of changes
in beta-endorphin and/or protein content in specific brain
nuclei and pituitary tissues. Other studies may consider
significant changes of specific species of DNA, RNA and/or
certain peptides and enzymes. Chromatographic analyses of
brain and pituitary extracts may be necessary to ascertain
opiate-associated changes in the biosynthesis of
pro-opiomelanocortin. One major variable that should be
considered concerns the contribution of maternal/fetal/
placental factors to opioid-associated teratology, 251 The
maternal/ fetal/placental opioid systems are known to change
considerably during pregnancy, parturition and
lactation. 300,397-411 The placenta is known to possess
opiate receptors; 412-416 other studies have demonstrated
the biosynthesis of pro-opiomelanocortin 195,417-419 and
pro-enkephalin 420 by the placenta; an immunohistochemical
study has located opioid peptides in the human
421
placenta.
Hopefully, future research will continue to establish
new and significant principles to our understanding of
opioid-associated pathophysiology and teratology; and,
hopefully, these principles will lead to successful clinical
alleviation of such maladies.

PART VI
ADDENDUM TO THE
LIST OF REFERENCES
Following the completion of the present thesis, the
author has become aware of some relevant information that
has appeared in the recent literature. This includes recent
material on the ontogeny of opiate receptors, 422-426 the
ontogeny of the enkephalin systems, 427-430 the ontogeny of
the pro-opiomelanocortin systems, 431-434 as well as
pertinent information on the physiology of the endogenous
opioid systems during the estrus cycle, pregnancy and/or
opiate addiction. 435-443 The reader may wish to consult
the Proceedings of the 1982 and 1983 International Narcotic
Research Conferences. 83,444 The recent review by F. E.
Bloom and his associates on the immunodection of endorphins
and enkephalins is also highly recommended reading. 445
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