antagonized by relatively high concen-
trations of the a-adrenergic antagonist
phentolamine (2, 13), it seems likely that
the dopamine stimulation of cyclase may
involve a kind of a-adrenergic receptor
or, perhaps, a dopamine receptor dif-
ferent from that of the adrenergic nerve
terminal of the rabbit ear artery.

The inhibitory effect of dopaminergic
agonists on neurotransmission in the rab-
bit ear artery represents a pharmacologi-
cal model for quantitative studies on do-
paminergic receptor mechanisms. Since
both antagonist and agonist activity can
be assayed, this model may prove useful
for the development of new dopaminer-
gic antagonists for the treatment of psy-
chotic disorders, as well as dopaminergic
agonists for the treatment of parkinson-
ism, a disease associated with depletion
of striatal dopamine levels (/4).

ODD S. STEINSLAND
J. PauL HIEBLE
Department of Pharmacology and
Toxicology, University of Texas
Medical Branch, Galveston 77550
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Maternal Behavior as a Regulator of Polyamine Biosynthesis

in Brain and Heart of the Developing Rat Pup

Abstract. Rat pups removed from the mother and placed in a warm incubator for 1
hour or more show a 50 percent reduction in ornithine decarboxylase activity in the
brain and heart. The decline is not caused by lack of nutrition. Instead, these studies
suggest that active maternal behavior is necessary to maintain normal polyamine
metabolism in brain and heart of the pup during development.

Data from various mammalian species
suggest that early interruption of mother-
infant interaction may have biochemi-
cal, physiological, and behavioral con-
sequences (/). Ornithine decarboxylase
(ODC) (E.C. 4.1.1.17) is the first and
probably rate-limiting step in polyamine
biosynthesis, and it is elevated in tissues
undergoing rapid growth and dif-
ferentiation (2). In the brains and hearts
of preweanling rats, a developmental
pattern of ODC activity exists, with en-
zyme activity reaching a peak during pe-
riods of maximum DNA and RNA syn-
thesis and returning to low levels as the
period of rapid brain growth ends (3).
Thyroxine and cortisol alter this devel-
opmental brain ODC activity pattern in a
direction similar to the effects of these
hormones on brain morphology, and pro-
tein synthesis, and behavioral develop-
ment; it has been suggested that ODC ac-
tivity is a sensitive index of maturation
of the central nervous system (CNS) ).
We have reported that removal of rat
pups from the mother prior to weaning
for periods as short as 1 hour leads to a
reduction of as much as 50 percent in
brain and heart ornithine decarboxylase
activity, as well as its immediate poly-
amine product, putrescine. The decline
in ODC activity is not caused by altera-
tions in the body temperature of the
pups, since temperatures of deprived
and nondeprived pups are the same, and
the ODC activity is reversed rapidly by
return to the biological mother or an ac-
cepting (lactating) foster mother (5).

Hofer (6, 7) has reported that a fast

Table 1. Brain ODC activity of 10-day-old
pups removed from the biological mother and
placed for 2 hours either in a warm incubator
or with a lactating foster mother whose nip-
ples had been ligated. ODC activity is ex-
pressed as a percent of that of the non-
deprived littermate controls.

Experimental

e ODC activity
condition N (% control)
of pups
With biological mother 44 100 = 10
In incubator 28 24 = 2%
With nipple ligated
lactating female 45 140 = 10*

*Significant difference from controls (P < .05, by
Student’s ¢-test).

and readily reversible decrease in heart
rate occurs in 14-day-old rat pups after
they are removed from the mother.
These alterations in heart rate have been
shown to be related to nutrition 6, 7).
The purpose of our experiments was to
examine the role of nutrition and other
factors in the maternal deprivation-in-
duced decline in ODC activity in brain
and heart tissue.

Gravid Sprague-Dawley rats (Zivic-
Miller) were obtained 1 week before de-
livery, housed individually, and given
free access to food and water. These rats
delivered normally on day 21 of gesta-
tion. On the day of an experiment, pups
were transferred from the vivarium to
our laboratory where all subsequent
studies were performed. For the mater-
nal deprivation experiments, all pups
were removed from the mother and ei-
ther placed individually in a warm in-
cubator or returned to the mother in the

“nest. At the end of an experiment, pups

were decapitated, and ODC activity was
determined by measuring the release of
CO, from bpL-[1-"*Clornithine (43 mc/
mole) (8), a reaction stoichiometric with
the formation of putrescine (3). Enzyme
activity was proportional to the tissue
added and was linear for at least 1.5
hours. The cofactor, pyridoxal phos-
phate, at a concentration of 50 uM was
used in all assays.

In the first set of experiments, lacta-
ting rats were anesthetized, and their
nipples were ligated; they were then al-
lowed to recover for 2 hours. Ten-day-
old pups were then either placed with
these mothers for 2 hours—the time
twice that normally necessary to effect a
decline in ODC activity induced by ma-
ternal deprivation—or allowed to remain
with the biological mother. Pups placed
with a lactating female whose nipples
were ligated did not show a decrease in
brain ODC activity (Table 1). In fact, a
small but significant increase in enzyme
activity occurred in these pups. Hofer
and  Weiner (9) have shown that pups
placed with nipple-ligated lactating
mothers spend more time with the
mothers, presumably because the pups
are continuously hungry. This may ac-
count for a slight increase in their brain
ODC activity. These data suggest that
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Table 2. Heart ODC activity of 10-day-old rat
pups maternally deprived for 2 hours, de-
prived for 2 hours and returned for 2 hours,
and deprived for 2 hours, injected with saline
or propranolol (2 mg/kg in a volume of 0.5 ml)
and returned for 2 hours. The ODC activity is
expressed as a percentage of that of the con-
trols.

Experimental N ODC activity
conditions (% control)
Nondeprived
No treatment 10 100 = 10
Deprived
No treatment 10 33 + 2%
No injection and 11 114 = 207
returned
Saline injection and 12 100 = 10
returned
Propranolol injection
and returned 12 139 = 16F

*Significant difference from control (P < .05, by
Student’s t-test or Newman-Keuls range test).
tNot statistically different from control.

nutrition is not responsible for the de-
cline in brain ODC activity as is the case
with changes in heart rate.

Hofer (7) has shown that propranolol,
a B-adrenergic antagonist, blocks the nu-
trition-mediated return of heart rate to
baseline levels in 14-day-old rat pups
that have been deprived and then re-
turned to the mother. Also, propranolol
has been reported to block B-adrenergic
mediated increases in heart ODC activity
(7). Therefore, the role of B-receptor
stimulation in the return of heart ODC
activity to baseline levels in pups de-
prived and then returned to their mother
was examined. Pups were removed from
the mother and home cage and kept in a
warm incubator. After 2 hours away
from the mother, pups were injected
with 0.5 ml of propranolol (2 mg/kg) or
0.9 percent saline and returned to the
mother. Two hours after being returned,
pups were killed and ODC activity in the
heart tissue was measured. Two hours of
deprivation caused a 60 percent decrease
in heart ODC activity, an effect which
was reversed by return to the mother
(Table 2). The reversal was not blocked
by propranolol. Repeating the experi-
ment with a large dose of propranolol (10
mg/kg) also failed to block the return in
heart ODC activity. These data appear to
exclude the possibility that the increase
in ODC activity observed after the pups
are returned to the mother is mediated
through a nutrition-dependent neural
mechanism, such as occurs with heart
rate.

Apart from halting nutrition, maternal
deprivation also interrupts suckling as
well as active mothering behavior, such
as licking and retrieving of pups. Since

446

nutrition does not appear to be respon-
sible for the deprivation-induced decline
in ODC activity, interference with either
of these other two aspects of the mother-
pup interaction may be stressful to the
pups, and in this way, initiate the decline
in brain and heart ODC activity. To dis-
tinguish between these two possibilities,
lactating female rats were anesthetized
with urethane (1.1 g/mg). This treatment
does not interfere with rat milk produc-
tion and ejection or suckling (10), but ob-
viously does eliminate active mothering
behavior. When 10-day-old pups were
placed for 2 hours with a urethane-
anesthetized lactating female, the brain
ODC activity was reduced about 55 per-
cent (Table 3). This decline was the same
as that caused by removal of pups from
the mother. The possibility that urethane
was crossing from mother to pup through
the milk and thereby directly altering
brain ODC activity was excluded by di-
rectly injecting pups with urethane (1.1
g/mg), waiting 2 hours, then killing the
animals and measuring brain ODC activi-
ty; this treatment did not lower brain
ODC activity (Table 3). These data sug-
gest, therefore, that the absence of ac-
tive mothering behavior and not suckling
is responsible for the decrease in brain
and heart ODC activity observed after
maternal deprivation.

Serum glucocorticoids become ele-
vated in response to many stressful stim-
uli (/1) and, when administered exoge-
nously, have been reported to cause nu-
merous effects on brain growth and
maturation, including the ability to inhib-
it ODC activity in preweanling rat brain
). If adrenal glucocorticoids were in-
volved in the maternal deprivation-in-

Table 3. Brain ODC activity of 10-day-old rat
pups. Group 1 rat pups were placed with
anesthetized (urethane) or nonanesthetizec
mothers for 2 hours. Group 2 pups were in-
jected intraperitoneally with urethane (1.1 g
per kilogram of body weight) or 0.9 percent
saline and returned to their lactating mothers.
All pups were killed 2 hours after placement
with the mother, and the ODC activity was
determined. Brain ODC activity is expressed
as a percentage of that of littermate controls.

Experimental ..
condition (()z(igsgzl];y
of pups
Group 1
With nonanesthetized

mother 18 100 = 13
With anesthetized mother 19 44 + 4%

Group 2
“Injected with saline 11 100 = 16
Injected with urethane 10 119 £ 15

*Significant difference from controls.

Table 4. Brain ODC activity of 4-day-old rat
pups which were adrenalectomized or sham
operated, allowed to recover for 24 hours,
then maternally deprived in a warm incubator
for 2 hours. ODC activity is expressed as a
percent of the nondeprived littermate con-
trols.

* Experimental N ODC activity
conditions (% control)
Not deprived
Sham operated 9 100 = 6
Adrenalectomized 10 100 = 7
Deprived
Sham operated 9 44 + 4%
Adrenalectomized 9 57 + 9%f

*Statistically significant difference from control
(P < .05, by Student’s t-test). tNo significant
difference from sham operated deprived pups.

duced decline in ODC activity, then ad-
renalectomy should block the effect. To
test this possibility, 3-day-old pups were
anesthetized lightly with ether, and both
adrenal glands were removed through a
single dorsal midline incision, which was
then closed with suture. Control pups re-
ceived the same anesthesia and opera-
tion except that the adrenal glands were
left intact. All pups were then allowed to
recover for 24 hours. Half of each litter
was then maternally deprived for 2
hours, after which all pups were killed
and brain ODC activity determined. As
shown in Table 4, a 2-hour deprivation
produced a similar decline in brain ODC
activity in adrenalectomized and sham-
operated controls, suggesting that mater-
nal deprivation did not alter ODC activi-
ty through an adrenal mechanism.

In summary, these data demonstrate
that maternal deprivation-induced de-
creases in brain and heart ODC activity,
unlike deprivation-induced decreases in
heart rate, are not mediated by nutrition,
but instead appear to be caused by the
absence of active mothering behavior.
The adrenal hormones do not appear to
mediate this response.

STEPHEN R. BUTLER
MaARK R. SuskIND
SAUL M. SCHANBERG
Department of Pharmacology,
Duke University Medical Center,
Durham, North Carolina 27710
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A Nonpeptide Morphine-Like Compound: Immunocytochemical

Localization in the Mouse Brain

Abstract. A nonpeptide morphine-like compound (MLC) which cross reacts with
morphine-specific antibodies has been localized with the use of immuno-
cytochemistry. This morphine-like compound is found in neuronal perikarya or proc-
esses (or both) in nuclei related to vestibular, cerebellar, and raphe systems.

The nervous system contains endoge-
nous compounds which in their actions
resemble opiates (/). The most investi-
gated of these compounds are the pep-
tides such as enkephalin or endorphins.
However, there is another type of endog-
enous morphine-like compound (MLC)
which is not a peptide and which has
been called MLC (2). In addition to bind-
ing to opiate receptors (3), MLC also
binds to antibodies generated against
morphine haptene (2). Critical to devel-
oping an understanding of the function of
MLC is the determination of the type
and distribution of the cells that contain
it. We now report the localization of
MLC in the perikarya and processes of
neurons in nuclei related to vestibular,
cerebellar, and raphe systems.

Rabbit antiserum containing anti-
bodies directed specifically against mor-
phine, first described by Spector (¢), was
used in these studies. Mice were Killed
by cervical dislocation, and the brains
were removed and fixed for 4 hours in
Bouin’s reagent. The tissue was then de-
hydrated through a graded series of eth-
anol solutions, embedded in paraffin, and
cut at 6 um. Sections of fixed brain were
then deparafinized, taken to water, and
incubated with rabbit antiserum to mor-
phine haptene for 72 hours in a humid at-
mosphere at 4°C. The antibody was lo-
calized by the unlabeled PAP (peroxi-
dase-antibody to peroxidase) technique
(5). For this technique, the sections were
first incubated with the antiserum to
morphine (diluted 1 : 500 in 0.1M phos-
phate buffered saline at pH 7.4), and
rinsed twice in buffer for 5 minutes with
constant shaking. The sections were
then incubated (i) with sheep antiserum
(diluted 1 : 100) to rabbit globulin for 30
minutes, (ii) treated by the PAP tech-
nique (antibody to peroxidase dilution,
1:200) for 1 hour, (iii) and then with
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3,3'-diaminobenzidine (50 mg/100 ml)
with 0.003 percent hydrogen peroxide
for 6 minutes with agitation. The sec-
tions were rinsed in distilled water, de-
hydrated through a graded series of eth-
anol solutions and mounted in Permount.
All solutions containing serums were
passed through a Millipore (0.2 mm) fil-
ter just before use.

Controls consisted of serial sections to
the ones exposed to specific antibody,
but incubated instead with nonimmune
serum, or morphine antiserum from
which specific antibody had been re-
moved by passage over a column con-
taining morphine immobilized on Seph-
arose. No reactive neurons or processes
were seen in these sections.

Several regions of the brain stem con-
tained neurons reactive to MLC. One
area showing intense immunoreactivity
for MLC surrounded (within 0.2 mm) the

floor of the caudal half of the fourth ven-
tricle. There was much reaction product
in neuronal perikarya and neurites in the
medial vestibular nucleus and the
praepositus hypoglossi (Fig. 1). Epen-
dymal cells of the choroid plexus are not
illustrated, but they also showed intense
staining. Figure 2 shows staining of neu-
ronal perikarya in the median raphe in
the vicinity of the nucleus raphe magnus.
Neurons and neuropil in the nucleus gi-
gantocellularis also contained consid-
erable reaction product (Fig. 3).

Other areas (not illustrated) in which
reactive cells were seen included the ver-
mis of the cerebellum, the deep cerebel- -
lar nuclei (for example, the dentate, fas-
tigial, and interpositus, the nucleus of
Roller, nucleus lateralis, medulla oblong-
ata (6), and area postrema of the me-
dulla.

Using techniques of light microscopic
immunocytochemistry we have suc-
ceeded in localizing in both neuronal
perikarya and processes a compound
that cross reacts with specific antibody
to morphine. The presence of this mate-
rial in these structures suggests that it
might play an important role in neuronal
function. The presence of MLC in dis-
crete nuclei further suggests that it might
be associated with a restricted number of
neuronal groups.

The localization of MLC in various
brain stem nuclei could imply its in-
volvement with certain neuronal path-
ways associated with stimulus produced
analgesia (SPA). It has been well estab-
lished that stimulation of medial brain
stem structures such as periventricular
structures and caudal raphe nuclei pro-

Fig. 1. Coronal section just below floor of fourth ventricle in the area of the vestibular nuclear
complex and praepositus hypoglossi. Reaction product is concentrated in neuronal perikarya
and in a varicose axon running across the upper portion of the field. Although reaction product
is most intense in the varicosities, staining of thin intervaricose segments can also be seen.
Arrow points in the direction of the fourth ventricle (scale bar, 20 um).
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