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Abstract

This research investigated the effect of an increase or decrease in opioid activity in the ventral tegmental area (VTA) on the onset of
maternal behavior in rats. In Experiment 1, the latency to show maternal behavior toward foster rat pups (sensitization latency) was
determined in maternally naive female rats given either nothing or a unilateral intra-VTA injection of morphine sulfate (MS) (0.0, 0.01,
0.03, 0.1 or 0.3 ug), on the first three days of a 10-day period of constant exposure to pups. Rats treated with 0.03 wg MS had
significantly shorter sensitization latencies than did rats treated with 0.0 wg MS, 0.01 wg MS, or receiving no treatment (higher doses of
morphine produced intermediate results). The facilitating effect of intra-VTA MS on the onset of maternal behavior was blocked by
pretreatment with naltrexone hydrochloride and was found to have a specific site of action in the VTA (MS injections dorsal to the VTA
were ineffective). In Experiment 2, sensitization latencies were determined in periparturitional rats given a bilateral intra-VTA injection of
either the opioid antagonist naltrexone methobromide (quaternary naltrexone), its vehicle, a sham injection, or left untreated 40 min after
delivery of the last pup. The mothers’ own pups were removed at delivery; mothers were nonmaternal at the time of testing. Quaternary
naltrexone treatment produced significantly slower sensitization to foster pups than did control conditions. Total activity and pup-directed
activity did not differ significantly with treatment. The results demonstrate that increased opioid activity in the VTA facilitates the onset
of maternal behavior in inexperienced nonpregnant female rats, and decreased opioid activity in the VTA disrupts the rapid onset of
maternal behavior at parturition.
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maternal behavior is induced primarily by stimuli associ-
ated with parturition and emanating from the pups, and is
facilitated by the endocrine and neurochemical changes

1. Introduction

The onset of maternal behavior in the rat, in the natural

context of parturition, is abrupt, rapid, and easily quantifi-
able by the appearance of pup retrieval, pup grooming, and
crouching over pups [13,61,82]. Maternal behavior can
also be elicited by the presence of rat pups independent of
the circumstances of parturition in, for instance, virgin
females, males, and juveniles [60,82]. In these nonparturi-
tional cases, the maternal behavior exhibited is similar to
postpartum maternal behavior; pup retrieval, pup licking,
and crouching over pups is present, differing mainly in the
duration of pup exposure required to elicit the behavior (h
or days vs. min) [15]. These observations regarding the
onset of maternal behavior have led to the idea that
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associated with pregnancy and parturition [52,68,70].
Endogenous opioids have been considered as one possi-
ble candidate mediating the rapid onset of maternal behav-
ior at parturition [38]. Plasma and brain levels of endoge-
nous opioids increase over the course of pregnancy, peak
during parturition, and then decline to pre-pregnancy levels
during lactation [58,80]. These changes in endogenous
opioids are consistent with at least one behavioral change
during parturition: pain threshold is greatly elevated in the
periparturitional period by an opioid-mediated mechanism
[43]. Only a few studies have assessed the role of opioids
in the onset and maintenance of maternal behavior, and the
findings are mixed. Given systemically, both opioid ago-
nists and antagonists have been shown to reduce or delay
maternal responding [5,20,40,50,63]. Given centrally, opi-
oid agonists injected i.c.v. have been shown to facilitate
the onset of maternal behavior in sheep [35,37] whereas
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injections directly into the medial preoptic area have been
shown to block ongoing maternal behavior in the rat
[45.46,62]. Finally, Kristal et al. [43] have found some
measures of maternal behavior to be highly correlated with
increased opioid activity during parturition.

One explanation for these apparently contradictory re-
sults may lie in the distribution and action of endogenous
opioids. Endogenous opioids are found at many levels of
the nervous system and the responses elicited by opiate
administration at different brain sites frequently oppose
each other [30,31]. Systemically administered opioid ago-
nists and antagonists may produce a variety of effects
depending upon where in the nervous system they act, or
which opioid receptor field contributes most to the final
behavior. A better approach to studying opioid effects on
maternal behavior would be to apply opioid agonists and
antagonists to specific brain areas thought to be part of the
maternal behavior neural substrate and also known to
contain an opioid receptor field. Bridges [45,46,62] has
shown that increased opioids in the medial preoptic area
inhibit maternal responsiveness; the medial preoptic is an
area widely accepted to be crucial to the mediation of
maternal behavior [52]. The experiments presented here
investigate the actions of endogenous opioids in the ventral
tegmental area (VTA) on maternal responsiveness [76].
The VTA, like the medial preoptic area, is a crucial
component of the ‘maternal neural substrate’ [18,22—
25,54], but in contrast to the medial preoptic area, the VTA
is also a principal site at which opioids act to stimulate
motivated behavior [2,30,3]].

Experiments 1A and 1B were designed to test the
hypothesis that increased opioid activity in the VTA facili-
tates the onset of maternal responsiveness in a dose-depen-
dent fashion. First, the effect of injecting several doses of
the opioid agonist morphine sulfate (MS) into the VTA on
the latency to onset of maternal behavior was determined
(Expt. 1A). Second, the pharmacological specificity of the
action of morphine on opioid receptors was directly as-
sessed by treating some rats with the opioid-receptor an-
tagonist naltrexone hydrochloride, systemically, prior to
the intra-VTA injection of morphine (Expt. 1B). If the
action of morphine on maternal behavior in Expt. 1A is
through the opioid receptor, then administering an opioid-
receptor antagonist should block the facilitating effect of
morphine on the onset of maternal responsiveness. Finally,
the anatomical specificity of the observed results was
assessed in some rats by injecting morphine dorsal to the
VTA. If the effect of morphine on maternal behavior
observed in Expt. 1A is specific to its action in the VTA.
then morphine injected dorsal to the VTA should have no
effect on the latency to onset of maternal responsiveness
(Expt. 1B).

Experiment 2 was designed to determine if the findings
of Expt. 1 could be applied to the induction of maternal
behavior in a more natural context. Bilateral intra-VTA
injections of the quaternary opioid antagonist naltrexone

methobromide, or its vehicle, were administered to newly
parturient rats that had been prevented from developing
maternal responsiveness during parturition, and the conse-
quent latency to show full maternal behavior was assessed.
Control rats were expected to show rapid development of
maternal responsiveness because the periparturitional pe-
riod provides the natural context for that rapid develop-
ment [4,55]. We hypothesized that VTA opioid activity is
necessary for the development of maternal behavior; there-
fore we would expect the experimental dams, those with
blocked VTA opioid activity, to show a delay in the
development of full maternal behavior (i.e., longer laten-
cies to onset of maternal responsiveness).

2. Materials and methods: General
2.1. Subjects

Subjects were nulliparous female Long-Evans (hooded)
rats, 3 to 5 months old, raised in our laboratory from
Harlan Sprague-Dawley (Blue Spruce Farms) stock.

Rats were maintained in a controlled environment with
an ambient temperature of 22 + 1°C, a relative humidity of
about 50%, and a 14 h on /10 h off light cycle (lights on at
05.00 h). During lights off, the room was illuminated by a
red 60-W bulb. Rats were housed individually in 24.5 X 18
X 18-cm suspended wire-mesh cages except during the
testing period when they were housed in specialized obser-
vation cages (see below). Food (Agway Prolab
Rat/Mouse /Hamster Formula 3000) and water were
available ad libitum throughout all experiments.

Each potential subject was screened for spontaneous
retrieval of pups or cannibalism by observing her initial
response to two foster pups [70]. Rats observed to retrieve
or bite the pups in a single 15-min period (approximately
5% of those tested) were removed from the pool of
subjects. (Pup-naive nulliparae that show spontaneous re-
trieval or cannibalism are rare enough not to be distributed
evenly across groups, and acquire different experience
with pups than do the more common pup-avoiders [27,57].)

2.2. Stereotaxic surgery

Subjects, except those assigned to no-treatment control
groups, were implanted with permanent indwelling guide
cannulae through which drugs could be injected directly
into the VTA. Guide cannulae consisting of either a 22-
gauge stainless steel tube (Plastic Products, Expts. 1A and
IB) or a 23-gauge stainless steel tube (Small Parts, Inc.,
Expt. 2), were aimed at an area 1 mm dorsal to the
posterior aspect of the VTA (A-P: —3.8; L: 4+0.6; and
D-V: —9.5 [56]). It was expected that these coordinates
would place the tip of the microinjection cannula into the
area of the VTA previously shown to yield the best
behavioral response to opioid microinjections [2,59]. In
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Expts. 1A and 1B, guide cannulae were implanted unilater-
ally, alternating between left and right placements. In Expt.
2, cannulae were implanted bilaterally approximately 1
mm apart. During surgery, rats were anesthetized with
pentobarbital sodium (40 mg/kg, i.p.) after pretreatment
with atropine sulfate (4 mg/kg, s.c.) to suppress mucus
secretion. At the end of surgery, the cannulae were closed
by inserting stylets, and the wound was covered with a
sulfa-urea antiseptic powder (Sulf-U-Dex). A systemic an-
tibiotic (Combiotic, 0.5 ml, i.m.) was given immediately
after surgery and on postoperative Day 3 as a prophylactic
measure. Rats were given an 8- to 14-day recovery period
before testing.

2.3. Stimulus pups

In all experiments, stimulus pups were foster rat pups
obtained from the litters of donors maintained in a separate
colony room. Exposing maternally naive adults to foster
pups for a prolonged period (concaveation leading to
maternal sensitization) necessitates replacing the pups at
regular intervals to insure continued stimulus quality and
survival of the pups because the subjects neither lactate
nor necessarily behave maternally [60,70]. In these experi-
ments, pups were exchanged approximately every 12 h
with pups that had been fed and cared for by their natural
mother (donor) over the preceding 12 h (at minimum)
period. Pup exchange occurred at the start of each 12 h
observation period.

2.4. Apparatus

Observation cages, in which experimental rats were
housed during the testing period, were 10-gallon glass or
plastic aquaria. Mirrors were positioned behind each cage
to facilitate observation by the experimenter. Rats were
prevented from seeing one another by cardboard partitions
placed between the cages.

All behavior observations were made over closed-cir-
cuit television equipped with a remotely controlled zoom
lens and pan-tilt gimbal. The zoom and pan-tilt controls, a
recorder, and a monitor were housed in a room adjacent to
the observation room.

A computer (DOS-based 286 micro-processor, 16 MHz)
was used as a continuous recorder (I1/0 sampling every 8
s) with the aid of a program (MONITOR?2) designed to
record and then extract frequency, onset, and duration data
for each of several behaviors during a testing period
[73,74]. Observations were limited to 1-2 rats at a time to
maximize visibility.

2.5. Drug injections
Injection of drug into the VTA was accomplished by

inserting a 28-gauge internal cannula into the guide can-
nula and injecting into brain tissue a 0.5 ul solution

containing the appropriate dose of drug. A micro-infusion
pump (Harvard, Model 944) was used to inject at a rate of
1 wpl/min. The internal cannula extended 1 mm beyond
the guide cannula and was left in place for 30 s after the
drug injection was completed. The experimenter was blind
to the drug condition until the end of the
sensitization /testing period.

2.6. Behavior observations

During the testing period, two 15-min behavior observa-
tions were made each day: once during the lights-on phase
(between 09.00 h and 11.00 h) and once during the
lights-off phase (between 21.00 h and 24.00 h). In Expt. 2,
additional behavior observations were made during the
first 12 h of the sensitization period.

2.6.1. Maternal-behavior tests

During the behavior observations, the presence or ab-
sence of full maternal behavior was noted. At the start of
each observation period, four freshly fed and cared-for
pups were scattered about the observation cage and the

. presence of pup retrieval to the nest, pup licking, and

crouching over the pups was scored. When a rat showed
all three of these pup-directed behaviors consistently, in
two consecutive observation periods, she was considered
fully maternal. The dependent measure derived from the
maternal-behavior test was latency, in days (Expts. 1A and
1B) or hours (Expt. 2), to show full maternal behavior.
Each rat was assigned the latency that corresponded to the
first observation period of the two consecutive observation
periods in which she showed full maternal behavior. The
protocol used to score full maternal behavior corresponds
to the standard maternal-behavior test protocol used during
sensitization to rat pups [60,70,82]. The latency to show
full maternal behavior (sensitization latency) was used to
test the primary hypothesis that an inerease in opioid
activity in the VTA facilitates the onset of maternal re-
sponsiveness.

In addition to measuring sensitization latency, the la-
tency to engage just in retrieving, which is highly corre-
lated with the other maternal behaviors, was indirectly
assessed by noting whether or not the test rat had gathered
her foster pups into her nest between behavioral observa-
tions (latency to show pup-grouping). Such pup grouping
would be an indication of some maternal responsiveness
even in rats that failed to meet the criteria for full maternal
behavior.

2.6.2. Other behavioral measures

Other behaviors were also measured during each 15-min
observation period to test secondary hypotheses about
drug-induced changes in pup-directed behavior and motor
activity. These behavior measures assessed duration of (a)
pup-directed behavior (sniffing, licking, retrieving, and
crouching over the pups); (b) object-directed behavior
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(sniffing, licking, carrying, and gnawing the other stimulus
objects; Expts. 1A and 1B only); (c) self-directed behavior
(grooming and eating); (d) duration of nest-related activity
(nest building and nest rearrangement within the nest
quadrant); (e) forward locomotion; and (f) resting.

2.7. Statistical analysis

2.7.1. Latency data

The sensitization /testing period was terminated after
9.5 days, thereby truncating the latency data for nonre-
sponders (Expts. 1A and 1B). Therefore, medians were
used to express group latencies (sensitization latency and
latency to show pup-grouping), and nonparametric statisti-
cal tests were used to assess the significance of group
differences. The test statistic was the Kruskal-Wallis one-
way analysis of variance by ranks (KW test) corrected for
tied ranks [64]. A multiple-comparisons test [64] was used
to probe significant group differences identified by the
KW test. The number of pairwise comparisons necessary
to identify differences among experimental and control
groups was minimized by first comparing control groups,
and, when found not to differ from each other (as ex-
pected), using only the single most appropriate control

group.

2.7.2. Duration data

The durations of self-directed, pup-directed, object-di-
rected, and nest-directed behaviors, forward locomotion,
and resting were determined during each 15-min observa-
tion. However, only a sample of the observation periods
obtained for each rat was used to assess, statistically, the
effect of intra-VTA drug treatment on responsiveness to
pups and on general level of activity. Observation periods
were chosen so as to maximize the chance of detecting
either acute (immediately after treatment) or enduring (long
after treatment) differences in the behavior of rats before,
during, and after becoming maternal. We hoped that such
information would complement the interpretation of treat-
ment effects on the onset of maternal behavior, for exam-
ple, that specific treatments appear to enhance the onset of
maternal behavior because they result in increased contact
with pups. The initial inspection of the data revealed that
rats tended to spend most of the observation period en-
gaged in only one or two of the behavior categories
(resting, nest-directed, forward locomotion, or self-directed
behavior). Duration scores within each behavior category
were not normally distributed, but clustered at each end of
the duration interval, thereby compromising a multivariate
statistical analysis on all dependent variables [72]. There-
fore, a more limited data analysis was performed to assess
whether significant differences in (a) the amount of pup
contact (total time spent in pup-directed behavior) and (b)
amount of total activity (total time spent in any active
behavior), existed between treatment groups. The effects
of treatment on pup contact and total activity were as-

sessed separately using one-way ANOVAs and adjusting
a to control for multiple comparisons.

2.8. Histological examination

Each cannulated rat was injected with pentobarbital
sodium (1 ml, i.p.) and its brain removed, frozen (—20°C),
and cut in 40-um sections. Methyl blue dye (0.5 wD) was
injected through an internal cannula just before the pento-
barbital injection to facilitate visual localization of the
cannula tip during sectioning. Every fourth section cut
from the area around the cannula site was saved and
stained with cresyl violet. Cannula placement was verified
by inspection and comparison with the stereotaxic atlas of
Pellegrino et al. [56].

3. Experiment 1A

The effect of each of five doses of intra-VTA morphine
sulfate on the sensitization latency was examined. Intra-
VTA morphine was expected to decrease, in a dose-depen-
dent fashion, the latency for nulliparous, maternally naive
female rats to show maternal behavior (i.e., expected to
facilitate the onset of maternal behavior). The morphine
dose ranged from 0.01 ug to 0.3 ug per injection and was
intended to be less than that needed to produce large
increases in locomotor activity [29]. In a pilot study in
which rats were given the highest dose of morphine (0.3
wng) for 3 consecutive days, we observed no marked
increase in locomotor activity and no overt
behavioral /physiological symptoms of withdrawal upon
drug cessation.

3.1. Method

3.1.1. Subjects

Sixty nulliparous nonpregnant (virgin) rats were ran-
domly and evenly distributed among six groups: four doses
of morphine (0.01, 0.03, 0.1, and 0.3 ug); a vehicle-in-
jected control group (0.0 ug morphine); and a no-surgery
control group (no treatment).

3.1.2. Apparatus

In these experiments, four stimulus objects other than
rat pups were also presented to the experimental rats at the
same time as the stimulus pups, to provide alternative
novel stimuli. The four stimulus objects were an eyedrop-
per bulb (1.25-cm long X 1.25-cm diameter at its widest
point); an acrylic pompom (2.5 c¢m, Darice); a hamster
chew stick (5 X 1.25 X 0.75 cm, V.I.P.); and a plastic ring
(2.5-cm diameter, Dritz). Eyedropper bulbs have been used
by other experimenters for roughly the same purpose [27].

The observation cage was 51 X 25 X 31 cm, covered by
a wire-mesh top. The cage floor was subdivided into
quadrants by 3-cm-high Plexiglas dividers. The height of
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the dividers was sufficient to prevent pups from crawling
out of the quadrant, and thereby initiating contact with the
adult, without impeding the movement of the adult rat
around the cage [533]. The cage floor was covered with 1-2
cm of standard wood shavings (Aspen laboratory-grade
shavings).

3.1.3. Drugs

Morphine sulfate was mixed in 0.9% sterile saline and
injected once each day during the first 3 days of the
sensitization period (Day 0, 1, and 2).

3.1.4. Experimental procedures

Each rat was moved into an observation cage one day
before the start of sensitization, to habituate to the cage
environment. One hour before the moming observation on
each day of sensitization, stimulus pups and other stimulus
objects were removed, stage of estrous cycle of the test rat
was determined by vaginal smear, and on the first three
days of the testing period, drug was administered. For each
rat, these procedures took about 3-5 min. The vaginal
smears were taken and drug was injected in a room
adjacent to the observation room. Immediately after drug
injection, rats were returned to their observation cages;
food, water and fresh bedding were added if necessary.

One hour later, fresh stimulus pups and stimulus objects
were placed in the test cage, and the observation period
was begun. Stimulus pups and objects were ‘scattered’
around the observation cage by placing two pups and two
objects in the quadrant diagonal to the rat’s resting quad-
rant and one pup and one object in each of the quadrants
adjacent to the resting quadrant. For the dark-phase test,
pups were switched but other manipulations, and the 1-h
delay, were omitted.

In addition to testing for maternal behavior, as de-
scribed above, we assessed the durations of pup-directed
behavior and general activity during the morning observa-
tion on Day 2 (1 h after the last daily drug injection), the
morning observation on Day 5 (72 h after the last daily
drug injection), and during the first observation in which
full maternal behavior was observed.

3.2. Results and discussion

During the experiment, four rats failed to complete the
entire testing sequence (e.g., had unusable indwelling can-
nulae) and were dropped from all subsequent analyses. At
the end of the experiment, histological examination showed
that cannula placement in 35 of the remaining 47 cannu-
lated rats fell within the VTA (Fig. 1). In these rats, the
cannula placement fell within the area bounded anteriorly
by the appearance of the interpeduncular nucleus, posteri-
orly by the appearance of the pons, medially by the
interpeduncular nucleus, laterally by the lateral lemniscus,
ventrally by the base of the brain and dorsally by the
dorsal extent of the interpeduncular nucleus. In 7 of the 12

Table 1
Median sensitization latency to show full maternal behavior and median
latency to show pup grouping in Expt. 1A

Treatment n Median sensitization Median latency to show

latency (days) pup grouping € (days)

Intra-VTA morphine

0.3 pug 7 100 9.0

0.1 pug 8 85 8.0

0.03 ug 7 55° 4.5

0.01 ug 5 100 10.0

0.00 ug 8 10.0 10.0
No treatment * 9 10.0 8.0

* Not used in the statistical analysis of the differences between specific
drug doses. No treatment and 0.0 ug control groups did not differ
significantly from each other in either sensitization latency or latency to
show pup grouping (P > 0.05).

P Significantly different from 0.0 pg and 0.01 pg MS groups (P < 0.05).
° The overall comparison of the drug-treated groups showed a statistically
significant difference (P < 0.05).

rats in which cannulae were judged to have missed the
VTA, placement was ventral to the VTA, piercing through

. the base of the brain (2 treated with 0.3 wg morphine, 1

treated with 0.1 wg morphine, 1 treated with 0.03 ug
morphine, 2 treated with 0.01 wg morphine, and 1 treated
with 0.0 pg morphine). The five remaining ‘misses’ were
anterior (1 treated with 0.3 g morphine and 1 treated
with 0.03 g morphine) or dorsal (1 treated with 0.1 ug
morphine, 1 treated with 0.03 wg morphine, and 1 treated
with 0.01 pg morphine). Data from these ‘missed’ cannula
placements were excluded from group statistical analyses.
During this experiment, all rats continued to show normal
estrous cyclicity, regardless of drug treatment; no signifi-
cant correlation between estrous cycle stage and the onset
of maternal behavior was observed.

3.2.1. Latency to the onset of full maternal behavior
(sensitization latency)

The median sensitization latencies of each group are
reported in Table 1. A KW test comparing the sensitization
latencies in each group was statistically significant (KW(5)
=17.81, P=0.003). A subsequent multiple pairwise
comparison probe of drug-treated rats (excluding the no-
treatment group) revealed that rats treated with 0.03 ug
MS had significantly shorter sensitization latencies
(median = 5.5 days) than did rats treated either with 0.01
ug MS or 0.0 ug MS (median = 10 days for each group;
P < 0.05). The sensitization latencies in rats treated either
with 0.1 pg MS (median = 8.5 days) or 0.3 ug MS
(median = 10 days) were not significantly different from
any other group (P > 0.10). As expected, no statistically
significant differences were found between vehicle-in-
jected rats (0.0 ug MS) and those in the no-treatment
group (KW(1) = 0.07, P = 0.80).

The intermediate effectiveness of MS at the higher
doses is suggested by the proportion of rats showing full
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Fig. 1. Schematic representation of the location of cannula tips in Expts. 1A and 1B. Open symbol, ‘hits’ Expt. 1A, data used in the group statistics; gray
symbol, ‘misses’ Expt. 1A, data excluded from the group statistics. O 0.0 wg morphine, O 0.01 ug morphine, Ao 0.03 ug morphine, v 0.1 ug
morphine, & 0.3 pg morphine, a dorsal placements in Expt. 1B (0.03 upg morphine). IP, interpeduncular nucleus; LM, medial lemniscus; MB,
mammillary bodies; PVG, periventricular gray substance; P, pons; SN, substantia nigra. Diagram after Pellegrino et al. [56].
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maternal behavior at different points during the testing
period (Fig. 2). Whereas only 22-25% of the control rats
(no-treatment and 0.0 pg MS) showed full maternal be-
havior during the 10-day test period, 100% of the rats
treated with 0.03 g MS, 75% of the rats treated with 0.1
ng MS, and 43% of the rats treated with 0.3 pg MS
showed full maternal behavior during the sensitization
period. Nonparametric analyses [14] revealed that the pro-
portions of the 0.03 and 0.1 pwg MS groups showing full
maternal behavior during the testing period were signifi-
cantly greater than that of the 0.0 ug MS group (overall
x2(4)=13.7; P<0.01; 0.03 pg vs. 0.0 pg: x*(1)=38.7,
P <0.005; 0.1 ugvs. 0.0 ug: x2(1)=4.0, P <0.05;0.3
pug vs. 0.0 pug: x*(1)=0.5, P> 0.05).

The sensitization latencies in rats with cannula place-
ments outside the VTA were similar to those of controls.
Three rats injected with 0.03 wg MS into areas dorsal
(n=1), anterior (n = 1), and ventral (n = 1) to the VTA,
showed sensitization latencies similar to control values (10
days each) rather than similar to those of rats treated with
0.03 pwg MS in the VTA (median = 5.5 days).

3.2.2. Latency to show pup grouping

A test comparing the median latencies to show pup
grouping in each treatment group (Table 1) revealed an
overall statistically significant difference (KW(5) = 11.75,
P =0.04). However, pairwise comparisons of the five

100
--W--03ug,n=7
g - &A- 0lugn=8
—Ml—0.03 pg,n=7
80+ —®-ocotugn=s
--@--00ug,n=8
-- Q- No Treatment, 7 = 9

40

20
0 Morphine Treatment

(once daily)

Cumulative Percent of Group
Showing Full Maternal Behavior

0

Days of Pup Exposure
(2 test / day)

Pasi '

drug-treated groups did not find any reliable group differ-
ences at P < 0.05. Although the extraneous objects (chew
stick, pompom, eyedropper bulb, plastic ring) were occa-
sionally manipulated and mouthed by the subjects, no
reliable patterns of behavior (e.g., relocation, retrieving,
grouping) directed toward these objects was ever detected.

3.2.3. Behavior during the observation period

One-way ANOVA was used to test group differences in
pup-directed behaviors and total active behavior at each
observation (Day 2, Day 5, and during full maternal
behavior), yielding a total of six 1-way ANOVAs. A
modified « level was used so that statistical significance
in any one test was achieved if a was less than 0.008
(overall for 6 ANOVAs, total a = 0.048).

Day 2 morning observations. The time spent (mean +
S.EM.) in each behavior category during the 15-min
observation on the morning of Day 2 (1 h after drug
treatment) is depicted in Fig. 3. Overall, rats in all groups
spent most of their time engaged in an active behavior,
with mean total activity scores ranging from 560.6 + 120.5
s (in the 0.03 wg MS group) to 883.4 + 9.6 s (in the 0.1
ug MS group). Very little time was spent in pup-directed
behavior, typically less than 30 s. No significant differ-
ences in pup-directed behavior or total active behavior
were found among groups by 1-way ANOVA (pup-di-
rected behavior: Fj s, <1; total active behavior: Fj 3 =

/

5 6 7 8

Last Test

Fig. 2. Cumulative percent of group showing full maternal behavior at each test over the 9.5-day sensitization /testing period. Nonmaternal nulliparae were
given unilateral intra-VTA injections of morphine (0.0, 0.01 0.03, 0.1, or 0.3 ug) or no treatment 1 h before the morning test on Days 0, 1, and 2. The
median latency of the 0.03 pg and 0.1 g morphine groups is indicated by an open circle. Remaining groups were assigned a median latency of 10 (0.5
day longer than the longest possible median) because fewer than half of the rats in the these groups showed full maternal behavior during the sensitization
period. The proportion of rats showing full maternal behavior during the pup-exposure period was significantly greater in the 0.03 ug and 0.1 ug

morphine groups than in the 0.0 pg morphine group (P < 0.05).
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Fig. 3. Mean + S.E.M. time spent (in s) in pup-directed or active behavior
during the 15-min test on the morning of Days 2 and 5, and during the
test in which full maternal behavior was observed (MB). Nonmaternal
nulliparac were treated with either intra-VTA morphine (0.0, 0.01, 0.03,
0.1 or 0.3 ug) or no treatment 1 h before the morning test on Days 0, 1,
and 2. The number in parentheses represents the number of rats observed
on that test day (rats showing maternal behavior before Day 5 were not
among those tested on Day 5; rats not ever showing full maternal
behavior were not tested on Day MB). No significant differences among
groups in pup-directed behavior or active behavior were found on any
day.

3.45, P> 0.008). A more limited comparison between the
group that showed the most rapid onset of maternal behav-
ior (0.03 wg morphine) and the controls also revealed no
differences in either pup-directed or total active behavior
(Ps>0.05).

Day 5 morning observations. The time (mean +
S.E.M.) spent in each behavior category during the 15-min
observation on the morning of Day 5 (3 days after the last
drug injection) is reported in Fig. 3. The pattern of data is
similar to that obtained in the Day 2 observation. No
differences in either pup-directed behavior (Fj 43 <1) or
total active behavior (F; ;3 < 1) were found. Note that five
rats (three from the 0.03 ug MS group, one from the 0.1
ug MS group, and one from the 0.0 g group) were not
observed during this observation as they had already shown
full maternal behavior by Day 5. None of the remaining
rats was showing full maternal behavior during the Day 5
observation, although approximately 55% (21 /39) of these

rats would show full maternal behavior over the next 4
days.

Observation after the onset of full maternal behavior.
The time (mean + S.E.M.) spent in each behavior category
during the 15-min observation in which each rat showed
full maternal behavior for the first time is reported in Fig.
3. In contrast to the rats on the previous observation days
(Day 2 and Day 5), those showing full maternal behavior
spent a much greater proportion of time in pup-directed
behavior (approximately 360480 of 900 s). No significant
differences were found in the 1-way ANOVA that com-
pared pup-directed behavior among the rats receiving the
three highest drug doses (0.3, 0.1, and 0.03 ug MS) and
controls (no treatment and saline combined) (F; ;= 1.51,
P =0.25).

The results of Expt. 1A support the hypothesis that
opioid activity in the VTA facilitates the onset of maternal
responsiveness, by showing that increased opiate activity
in the VTA (by injection of morphine) decreased the
maternal sensitization latency in a dose-dependent fashion.
An inverted U-shaped pattern of dose-responsiveness was
obtained in which the effectiveness of MS was reduced as
the dose increased, presumably as a result of an increase in
a competitive response(s), reduced receptor selectivity, or
both. The first observation period was intended to evaluate
the possibility of the appearance of a competitive response.
This observation was made 1 h after the third MS adminis-
tration, that period when the effect of MS should have
been maximal: Acute microinjection of MS into the VTA
increases activity over several hours, peaking at about the
end of the first hour [26,29], and repeated MS administra-
tion enhances this effect [79]. No unusual behaviors were
observed by casual inspection and no significant group
differences in total activity were found during the first
observation period. Although the activity level of the two
highest drug dose groups may have been maximal in that
the rats remained active over the entire 15-min sampling
period (Fig. 2). It is possible that had the observation
period been longer, it would have revealed significantly
higher total activity levels in these two highest dose groups
relative to the remaining treatment groups. Such a finding
would then suggest that an increase in general activity may
have competed with the development of maternal behavior.
Changes in receptor selectivity seem less likely. Certainly
the doses used here were not so high as to induce non-
opioid receptor-mediated effects. The doses we used were
well below those typically used in studies of opioid-in-
duced locomotor activation [26,29]. However, the VTA
contains multiple opioid receptor types [47] and so it is
possible that the proportional stimulation of these receptor
types varied over the range of MS doses used here. In the
absence of additional data (i.e. longer observation periods
or more selective opioid-receptor agonists), we can only
speculate about the reduced efficacy of the higher drug
doses.

No rat showed full maternal behavior (or pup grouping)



192 A.C. Thompson, M.B. Kristal / Brain Research 743 (1996) 184-201

during the 3-day period of drug injections, therefore our
results do not reflect an acute drug-bound change in the
expression of behavior, but rather a drug-induced increase
in the induction of maternal behavior toward pups.

Fewer than half of the rats in control groups developed
full maternal behavior during the 10 day testing period.
Large variations in sensitization latencies between labora-
tories have been reported and ascribed to differences in
strain [28,67] and housing environment [75]. In this case, it
seems probable that the steps we took to reduce pup-ini-
tiated contact (the addition of floor dividers) increased the
co-habitation time needed to induce full maternal behavior
rather than blocked the development of maternal behavior.
Whereas it is possible that these rats may have never
shown maternal behavior, the overwhelming preponder-
ance of data in this field suggests that they would eventu-
ally do so.

Finally, the ancillary behaviors of rats in that dose
group with the shortest sensitization latencies (0.03 ug
MS) did not differ from those of control rats. In addition,
the reduced efficacy of higher MS doses would seem to
rule out the possibility that drug-induced increases in the
period of activation increased incidental pup contact and
reduced sensitization latencies; higher doses of MS treat-
ment would in fact be predicted to produced faster devel-
opment of maternal behavior. Therefore, no specific differ-
ences in general behavior or pup-directed behavior were
observed that might account for the facilitated onset of
maternal responsiveness among the rats receiving 0.03 pg
MS.

4. Experiment 1B

The conclusion reached in Expt. 1A. that morphine
sulfate injected into the VTA facilitates the onset of mater-
nal behavior, rests on either or both of two key assump-
tions about the action of the MS once it is injected into the
VTA. Specifically that (a) the effect of intra-VTA mor-
phine on maternal responsiveness is the result of the action
on opioid receptors (receptor specificity), and (b) the effect
of intra-VTA morphine on maternal responsiveness is the
result of the action of morphine within the VTA (anatomi-
cal specificity). Experiment 1B tested these assumptions
by determining the sensitization latency in two groups of
rats pretreated systemically with the opioid antagonist
naltrexone hydrochloride or vehicle and receiving the most
effective intra-VTA dose of morphine found in Expt. 1A
(0.03 ug), and one group of rats pretreated systemically
with vehicle and receiving the most effective dose of
morphine in a neuroanatomical site dorsal to the VTA. We
expected that either pretreatment with the antagonist or
injection into a site other than the VTA would prevent the
facilitating effects of morphine on the onset of maternal
behavior, therefore reflecting the receptor-specific and lo-
cation-specific actions of intra-VTA morphine injection.

4.1. Method

4.1.1. Subjects

Twenty-five virgin rats were used. In 20, cannula place-
ment was aimed at the VTA; in the remaining five, the
cannula placement was aimed at a point 2 mm dorsal to
the VTA. Rats with VTA placements were randomly as-
signed to one of two pretreatment conditions (naltrexone
hydrochloride: n =10, or vehicle: n = 10); rats with dor-
sal-to-VTA placement were pretreated only with vehicle
(for comparison to VTA /vehicle-pretreated rats).

4.1.2. Drugs

The naltrexone hydrochloride (1 mg /kg, s.c.) was mixed
in 0.9% sterile saline and injected 10 min before the
intra-VTA injection of morphine sulfate (0.03 wg). The
dose of naltrexone hydrochloride (1 mg /kg) was found in
a pilot study to be effective in blocking the action of
intra-VTA MS (1 ug in 0.5 ml) on morphine-induced
forward locomotor activity.

4.2. Results and discussion

One rat from the dorsal VTA placement group was lost
as the result of surgery and two rats from the vehicle-pre-
treatment intra-VTA group did not complete the testing
sequence after the integrity of their indwelling cannula was
compromised. Histological examination revealed that can-
nula placements in 16 of the remaining 22 rats fell in the
expected area of the brain (Fig. 1). In six rats, the cannula
placement that was intended to hit the VTA fell outside the
area of the VTA (4 from the naltrexone-pretreatment group
and 2 from the vehicle-pretreatment group). The missed
cannula placements were dorsal (n = 4), anterior (n = 1),
or ventral (n=1) to the VTA. Data from the missed
cannula placements were excluded from group statistical
analyses, except for one rat with a dorsal placement that
had also received pretreatment with vehicle. Her treatment
was identical to that of rats in the planned dorsal-to-VTA
group and so her data were added to that group.

4.2.1. Maternal behavior

Median sensitization latencies for each group in Expt.
IB are reported in Table 2. As expected, pretreatment with
1 mg/kg naltrexone hydrochloride blocked the facilitating
effect of 0.03 ug MS in the VTA on sensitization laten-
cies. Vehicle-pretreated rats with cannulae in the VTA had
significantly shorter sensitization latencies (median = 6.5
days) than did naltrexone-pretreated rats (median = 10
days) (KW(1)=5.32, P=0.02). The same differences
were found in the comparison of the latency to show
grouping into a nest (KW(1) =4.68, P =0.03; vehicle
pretreatment latencies (median = 5.5 days) < naltrexone
pretreatment latencies (median = 10.0 days)).

The vehicle-pretreated rats receiving non-VTA mor-
phine (5 dorsal, 1 anterior) showed long sensitization
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Table 2

193

Median sensitization latency to show full maternal behavior and proportion of rats showing full maternal behavior during the 10-day period of cohabitation

with pups in Expt. 1B

Pretreatment n

Median sensitization
latency (in days)

Proportion of rats showing
full maternal behavior
within 10 days

Rats injected with 0.03 wg MS intra-VTA

Naltrexone HCI (1 mg /kg, s.c.) 6 10.0 ®
Vehicle (1 ml/kg, s.c.) 6 6.5
Rats injected with 0.03 g MS dorsal to the VTA

Vehicle * (1 ml /kg, s.c.) 5 100 °

0.17
0.83

0.20

* Rats received vehicle pretreatment for the purpose of comparison to the intra-VTA MS-injected group receiving vehicle.
b Significantly different from vehicle pretreated rats receiving intra-VTA morphine (P < 0.05).

latencies (median = 10 days) relative to those vehicle-pre-
treated rats receiving VTA morphine (median = 6.5 days;
KW(1) = 4.44, P=0.035, dorsal vs. VTA site). There-
fore, the onset of full maternal behavior and of pup-group-
ing were facilitated only in rats with cannula placements in
the VTA.

The results of Expt. 1B strengthened the conclusion
drawn from Expt. 1A that an increase in opioid activity in
the VTA during the first few days of pup exposure hastens
the onset of maternal responsiveness. In Expts. 1A and 1B,
rats treated with a single injection of MS on each of the
first three days of sensitization showed full maternal be-
havior in little more than half the time of controls (5.5 to
6.5 days vs. > 10 days). Blockade of opioid receptors by
pretreatment with systemic naltrexone prevented the facili-
tating effect of MS on maternal responsiveness, supporting
an opioid-receptor specific site of action for the MS. An
alternative interpretation is that systemic naltrexone inter-
fered with the onset of maternal behavior through a mecha-
nism independent of the blockade of opioid receptors in
the VTA. However, this interpretation is not supported in
previous studies by Mayer et al. [50] which showed that
systemic naltrexone and naloxone alone do not prevent the
onset of maternal behavior in the rat. Finally, the long
sensitization latencies in rats with cannula placements
lying outside the VTA argue that the site of the opioid-re-
ceptor field in which the intra-VTA morphine is acting to
facilitate sensitization latency is within the VTA.

5. Experiment 2

In Expt. 2, the effect of blocking VTA opioid receptors
on the onset of maternal behavior was tested during the
time when maternal behavior normally develops very
rapidly — the periparturitional period. Forty minutes after
parturition, mothers whose pups had been removed at
delivery were injected with the quaternary opioid antago-
nist naltrexone methobromide (QN) bilaterally into the
VTA. QN has been shown to diffuse slowly from the site
of injection in the CNS, and to be resistant to crossing the
blood-brain barrier [6,11,78]. Thirty minutes after the test

rat was injected, foster stimulus pups were introduced into
the cage and the development of maternal behavior was
observed.

5.1. Method

5.1.1. Subjects

Forty-seven postpartum primiparous rats were divided
into four groups: a QN-injected group; a vehicle-injected
group; a surgery-control group (sham treatment); and a
no-treatment group.

5.1.2. Drugs

QN (MRZ 2663 BR, Batch H) was mixed in 0.9%
sterile saline. Bilateral injections consisted of 0.5 ug QN
in 0.5 wl, injected at a rate of 1 wl/min. The vehicle-in-
Jjected rats received 0.5 ul saline, injected at a rate of 1
wpl/min. This QN dose is within the range used previously
to block other opioid-mediated behaviors effectively when
applied centrally [7,8,77].

5.1.3. Pretesting procedures

After the recovery period, accuracy of intra-VTA can-
nula placement was assessed indirectly in 27 rats by
determining if a unilateral injection of MS (1 ugin 0.5 ul;
1 wl/min) induced contralateral circling [26] during a 1-h
period after the injection. Two days after the first con-
tralateral-circling test, the rat was again tested, this time by
injecting MS into the other cannula. Any rat that failed to
show a net increase in contralateral circling after each MS
injection was not tested further, since it was unlikely that
her cannulae placements fell in the VTA.

Approximately 1 week after the two contralateral-circ-
ling tests, rats in proestrus were mated by co-housing them
with males overnight. Mating was considered successful if
sperm was found in the female’s vaginal smear the next
morning (Day 1 of pregnancy).

5.1.4. Testing procedures

On Day 21 of pregnancy, rats were moved to delivery
cages so they could habituate to them for at least 24 h. The
characteristics of the delivery cage were identical to those
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of the observation cages described above, except that the
bottom was constructed from a coarse wire mesh, so that
pups would fall through the bottom of the cage onto a soft
mat (cotton batting) as they were delivered, thereby allow-
ing easy and unobtrusive removal by the experimenter. In
addition, a small, opaque, square of Plexiglas (10 X 10 X
0.3 ¢cm) was placed in the cage to provide a platform on
which the female could easily adopt an anogenital-groom-
ing /birthing posture. The pad was not large enough to be
occupied by both the female and the pups. Plexiglas
dividers were not used to partition the aquaria into quad-
rants as in Expts. 1A and 1B. Finally, great care was taken
to remove the pups as soon as possible, since it seemed in
a prior test of this apparatus that the mother became
agitated by the presence of an out-of-reach pup on the
floor beneath the delivery cage. The parturient behavior of
control rats in response to these experimental procedures
was similar to the parturient behavior described by
Dollinger et al. [12] and by Kristal et al. [43]; for instance,
delivery times fell within an expected range and females
remained relatively active during the immediate postpar-
tum period.

Dams were observed continuously starting on Day 22 of
pregnancy for the appearance of labor and delivery. Forty
minutes postpartum, each dam received her assigned drug
treatment and was returned to her delivery cage, which
was now equipped with a solid Plexiglas floor. Bilateral
injections were given consecutively using the same micro-
infusion pump used in Expts. 1A and 1B.

Pups were reintroduced to the female’s cage 30 min
after the drug injection. To provide a stimulus similar to
that existing during parturition, pups were introduced with
birth fluids and tissues. The four foster pups were covered
with a mixture of 1 ml amniotic fluid and four placentas
(minced and heated to 37°C) immediately before placing
them in the test rat’s cage for the first time. Amniotic fluid
and placenta from Day 21 pregnant females is regularly
collected and stored in our laboratory [42]. Fifteen-minute
behavior observations were conducted at 0, 2, 6, 12 h, and
subsequently every 12 h during the postpartum testing
period. Pups were replaced every 12 h with clean well-fed

pups. During each behavior-observation period, the pres-
ence or absence of full maternal behavior and pup group-
ing was noted and the duration of pup-directed behavior,
self-directed behavior, other activity, and resting were
determined as in Expt. 1A. In addition, the duration of
parturition, total number of pups, number of pups that
were cleaned off during parturition, and the number of
placentas eaten were recorded. The latter information was
used to assure that the parturitional experiences of rats in
each group were similar. Group statistical comparisons
were made on latency data and on duration data obtained
during the 0 and 2 h observation periods and also during
the first observation period in which full maternal behavior
was observed.

5.2. Results and discussion

The contralateral-circling test indicated that 18 of the 27
rats tested had bilateral cannulae terminating in the VTA.
In the nine remaining rats, eight showed contralateral
circling after one of the two circling tests, indicating that
they were unilateral ‘hits’ only; one rat failed to show
contralateral circling after either test, indicating that both
cannulae missed the VTA. Only rats shown to have bilat-
eral ‘hits’ were used for the remainder of the experiment.
The remaining 18 rats were combined with another 10 rats
that had bilateral implants aimed at the VTA but had not
been screened in the contralateral-circling test, and then
randomly assigned to treatment conditions: 12 were as-
signed to the experimental treatment group (QN), 8 to the
vehicle-injection group, and 8 to the sham-injection group.
Because all control groups were expected to perform simi-
larly and because some rats were expected to be lost over
the course of pregnancy (see below), a larger number of
rats was assigned to the QN treatment group, so that at
minimum, a statistical comparison between rats in the
experimental condition and rats in the combined control
conditions would be possible.

Thirty-eight rats were bred (18 contralateral circlers, 10
non-screened VTA-implanted, and 10 no-treatment con-
trols). Of these, 24 carried their pregnancies to term and

Table 3
Mean + S.E.M. of several measures of labor and delivery in Expt. 2
Treatment n Duration of Proportion of Proportion of Litter
parturition whole placenta eaten * total number of size
(min) pups cleaned °
Naltrexone methobromide 6 1475+ 12.7 0.63 +0.03 0.76 + 0.06 10.5+0.8
Vehicle 5 127.0 £27.2 0.86 + 0.10 0.88 + 0.09 7.6+ 1.7
Sham injection 4 133.8 +38.6 0.80 + 0.06 0.80 £ 0.08 100+1.2
No treatment 5 158.0 £ 38.9 0.66 + 0.10 0.71 + 0.06 120105
Fy6 <1 2.05 1.10 2.6]
P 0.15 0.38 0.09

# Number of whole placenta eaten /number delivered.

® Number of pups with birth membranes removed during delivery /number delivered.
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Fig. 4. Schematic representation of the location of cannula tips in Expt. 2. O QN treatment; O sham injection; A no injection. Missed placements not
presented. IP, interpeduncular nucleus; LM, medial lemniscus; MB, mammillary bodies; PVG, periventricular gray substance; P, pons; SN, substantia
nigra. Diagram after Pellegrino et al. [56].
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could be tested (the remainder either failed to become
pregnant, resorbed the fetuses, or sustained damage to the
cannula assembly; no trends relating treatment (surgery)
and the ability to initiate or maintain pregnancy were
detected). Four of the 24 were found upon histological
examination to have unilateral or bilateral cannula place-
ment outside the VTA (none of the four had been screened),
leaving a total of 20 rats in which complete data were
collected and cannula placement was verified to lie within
the VTA (Fig. 4). The results obtained from these 20 rats
(5 no-treatment rats, 6 QN-injection rats. 4 no-injection
rats, and 5 vehicle-injection rats) are reported here.

Because early pilot results indicated that the extent to
which the female was ‘distressed’ during delivery would
affect her subsequent behavior toward the pups, several
measures of delivery were taken including day, time and
duration of birth, total number of pups, total number of
pups with birth membranes removed (‘clean pups’), and
total number of placentas eaten. The latter two measures
also assessed indirectly the amount of pup contact the
female had during delivery. Regarding the day and time of
birth, 45% of the rats (9/20) gave birth on Day 22 of
pregnancy, 55% (11/20) gave birth on Day 23, and all
gave birth during the lights-on phase of the light/dark
cycle (as is usual). Table 3 presents the statistics on the
remaining birthing variables, by group.

Overall, no significant group differences in the birthing
variables were found. Therefore, it seemed that the groups
had a similar parturition experience prior to any manipula-
tion. In addition, the periparturitional behavior of the 20

rats seemed comparable to the periparturitional behavior of
undisturbed and unmanipulated dams observed in an an-
other ongoing experiment in our laboratory, at least in
terms of the expected time of birth (during lights on),
expected day of birth (evenly split between Day 22 and
Day 23 of pregnancy), and duration of birth (1 to 3 h with
no periods of cessation greater than 30 min). Once the
experimental manipulation had been performed and foster
pups introduced into the cages of the postpartum females,
maternal responsiveness was tested at 0, 2, 6, 12 h, and
then every 12 h from the initial pup presentation until the
rats showed full maternal behavior. Maternal sensitization
latency was the primary dependent variable. Latency to
show pup grouping was also recorded, however it did not
differ from latency to show full maternal behavior and so
was not analyzed statistically. In addition, as in Expts. 1A
and 1B, the time spent in various behaviors during each
observation period was measured.

5.2.1. Maternal responsiveness
The median sensitization latencies and cumulative per-

- cent of rats showing full maternal behavior at each test are

presented in Fig. 5. QN-treated rats took significantly
longer to show maternal behavior than did controls (QN:
median = 30 h; Vehicle: median = 2 h; No injection: me-
dian = 4 h; No treatment: median = 6 h) (KW(3) = 14.3,
P =0.0025). As predicted, blockade of opioid receptors in
the VTA during the natural onset of maternal behavior
significantly delayed the onset of maternal responsiveness.
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Fig. 5. Cumulative percent of group showing full maternal behavior after 0, 2. 6, 12, 24, 36, 48, and 60 h of pup exposure. Rats were given bilateral
intra-VTA injections of either naltrexone methobromide (QN), vehicle, sham injection, or no treatment, at 40 min postpartum (30 min before pup
presentation). The dams’ own pups had been removed during parturition to slow or prevent the development of maternal behavior. No rat showed full
maternal behavior during the first postpartum test. The median latency of each group is indicated by an open circle. The QN group showed a significantly
slower onset of full maternal behavior than did the control groups (P < 0.05). Control groups did not differ significantly from each other (P > 0.05).
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5.2.2. Other behavioral measures

The data from the O h observation period, the 2 h
observation period, and the observation period in which
full maternal behavior was observed were chosen for
analysis, and are presented in Fig. 6. During the first
observation (0 h), 30 min after the drug infusion and
immediately after the first re-exposure to rat pups, no
differences in either pup-directed behavior or in total
active behavior were found (pup-directed behavior: Fj o
< I; total active behavior: F; (= 1.47, P =0.25).

At the second observation (2 h), 2.5 h after drug
injection, a trend toward lower total active behavior was
observed in QN-treated rats, however, the number of rats
not yet showing full maternal behavior in control groups at
this time was too small to assess statistically. Instead, data
from the control groups were combined and then compared
to the QN group. In these analyses, no differences in
pup-directed behavior were found between QN-treated
(37.6 £ 29.3 s) and control-treated (121.3 + 80 s) rats
(F,;, < 1), and a significant decrease in total active behav-
ior was found between QN-injected (212.3 + 106.1 s) and
control-treated (707.8 + 102.8 s) rats (F, ,, = 11.16, P =
0.006).

No group differences in the duration of the ancillary
behaviors were apparent during the observation period in
which full maternal behavior was first observed (pup-di-
rected behavior: F; 4 =2.52, P =0.09; total active behav-
ior: Fy 4 <1). v

These results strongly support the hypothesis that in-
creased opioid activity in the VTA is necessary for the
almost immediate onset of maternal behavior during the
periparturitional period, as blockade of opioid activity in
the VTA at that time impedes the natural onset of maternal
responsiveness. No significant differences between treat-
ment groups were found in the duration of various ancil-
lary behaviors observed during the first observation (0 h)
and, therefore, there are no obvious changes in behavior
that are correlated with the difference in maternal respon-
siveness. At this time, all rats were observed to approach,
sniff, and clean the placenta-covered pups, and no rat
showed marked lethargy or aberrant stereotypic behavior.
The significant decrease in total active behavior observed
during the 2-h observation period was not correlated with
sensitization latency; control-treated rats showing the least
total active behavior (similar to the QN-injected rats) were
nearest to showing full maternal behavior. In this observa-
tion period, any rat, regardless of drug treatment, not
engaged in some pup-directed behavior was observed to be
resting in a typical sleep posture. Overall, these data argue
against the possibility that a decrease in pup contact
(passive or active) delayed the sensitization process in
QN-injected rats.

The delay in the onset of maternal behavior among
QN-treated rats was longer than expected given previous
reports on the time course of QN drug action. Peak effects
of QN on other opioid-mediated behaviors have been
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Fig. 6. Mean+ S.E.M. time spent (in s) in pup-directed or active behavior
during the 15-min tests at O h and 2 h after pup presentation, and during
the test in which full maternal behavior was observed (MB). Rats were
treated with either naltrexone methobromide (QN). vehicle. sham injec-
tion, or no treatment at 40 min postpartum (30 min before pup presenta-
tion). The number in parentheses represents the number of rats observed
on that test (rats showing maternal behavior before the 2-h test were not
among those tested at 2 h). No significant differences among groups in
either pup-directed behavior or active behavior were found at 0 h or MB.
At 2 h, the QN-treated rats showed significantly less active behavior than
did the combined controls (P < 0.006) but did not differ in pup-directed
behavior.

obtained within 15 to 30 min of drug administration
[7.8,44,77]. We reintroduced pups 30 min after the QN or
control injection, and found that more than 90% of the
control dams exhibited full maternal behavior within 6 h,
whereas the fastest QN-treated dam showed full maternal
behavior only after 12 h. If the time course for action of
QN is similar to that reported for other opioid-mediated
responses, then the appearance of maternal behavior among
QN-treated rats required considerably more time than can
be explained by the acute action of QN. This suggests that
the effect of QN treatment was on the development of
maternal behavior and not simply its expression. Although
maternal behavior appears rapidly during parturition be-
cause of the facilitation effect of the parturitional, hor-
monal, and neurochemical milieu, a number of studies
have demonstrated that in the absence of this facilitating
milien, as in the virgin rat, the induction of maternal
behavior involves a gradual development of sensitivity
toward pup stimuli [52,68]. In the natural context, this
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begins during parturition and the immediate postpartum
period when the dam has extensive contact with the pups
in the processes of delivery and of cleaning and ingesting
afterbirth materials. The importance of this contact is
apparent when pup contact is reduced during parturition
(as in this experiment) and the capacity of dams to respond
to pup stimuli at a later time is hampered. By reducing pup
contact during parturition, the appearance of full maternal
behavior required several hours of subsequent exposure to
pups. Recenily, Fleming and Sarker [17] have shown that
the first 2 h of postpartum pup exposure are critical for
subsequent rapid induction of full maternal behavior. Dis-
ruption of mother—pup contact during this period increases
significantly the sensitization latencies to pups at a later
time. Perhaps a similar phenomenon occurred in this ex-
periment. The advantage conferred to dams by pup contact
during the immediate postpartum period was blocked by
opioid reduction due to QN treatment, and so a longer
period of development was required before full maternal
behavior was exhibited in this group.

Observations made during the initial 15 min of postpar-
tum pup exposure in Expt. 2 revealed no significant differ-
ences in the amount time spent with pups, and all dams
were observed to lick and ingest the afterbirth materials.
Casual notes taken during this period, however, suggested
that QN-treated dams were less responsive to pup stimuli.
These dams did not avoid stepping on pups, and showed
no response to the pups when they did step on them. In
contrast, dams in other treatment groups typically ‘walked
around’ pups and ‘jumped back’ if they did step on one.
However, once full maternal behavior was expressed, no
differences in the quantity and quality of maternal behav-
ior were found. In summary, QN treatment interfered with
the development of maternal behavior during the immedi-
ately postpartum period, but did not produce a long-term
change in the rat’s capacity to develop this behavior or the
quality and quantity of maternal behavior once it was
established.

6. General discussion

The results of Expts. 1A and 1B show that increased
opioid activity in the VTA is sufficient to reduce the
amount of pup exposure needed to induce maternal behav-
ior in virgin rats. Among rats treated with the most effec-
tive dose of morphine, the median sensitization latency
was half that of control rats receiving no treatment, vehicle
treatment, or an ineffective (low) dose of morphine. No
evidence was obtained to suggest that the facilitating effect
of morphine on maternal responsiveness was limited to the
acute actions of the drug: no rat showed maternal behavior
within the drug-injection period and grouping behavior
was not dissociated from the onset of maternal responsive-
ness among drug-treated rats. Nor was any evidence ob-
tained to suggest that the effect of morphine on maternal

responsiveness was the result of the formation of a condi-
tioned association between the presence of pups and the
application of morphine: no group differences were ob-
tained in the amount of time spent with pups, and no
change in the females’ responsiveness to novel objects,
other than pups that were paired with the drug application,
were observed at any time. Finally, no significant differ-
ences in activity level were observed among groups after
three days of drug treatment, so incidental increases in pup
contact due to an increase in general activity seem un-
likely. Therefore, increased opioid activity in the VTA
facilitated the onset of maternal responsiveness in virgin
rats without overtly increasing pup contact.

The facilitating effect of intra-VTA MS on maternal
responsiveness was shown to be specific to VTA and not
the result of activation in areas immediately dorsal, ante-
rior, or lateral to the injection site (Expts. 1A and 1B).
Furthermore, the facilitating effect of intra-VTA MS ap-
peared to be opioid-receptor mediated as the effect was
blocked by pretreatment with systemically administered
naltrexone.

In Expt. 2, blockade of opioid receptors in the VTA

. blocked maternal responsiveness during the periparturi-

tional period without changing the amount of initial total
activity or pup contact. This strongly suggests that opioid
activity in the VTA is necessary for the rapid onset of
maternal behavior associated with the periparturitional pe-
riod.

Together, these results provide evidence for a stimula-
tory role for endogenous opioids in the development of
maternal behavior. This would be in agreement with sev-
eral papers on the initiation of maternal behavior in the
sheep [35,37] and the expression of some maternal behav-
iors in the primate [48,63] and the rat [41,43,50]. These
research findings seem to be in contrast with those of
Bridges who showed that morphine produced an inhibitory
effect on maternal behavior through its action on p-opioid
receptors in the medial preoptic area [5,20,45,46,62]. These
seemingly conflicting results may reflect the difference in
neuromechanism mediating the development and expres-
sion of maternal behavior. Another possibility is that facili-
tating or inhibiting effects of opioids are mediated by
different neural substrates under different physiological
conditions [66].

The dissociation between drug treatment and the even-
tual appearance of maternal behavior suggests that the
results obtained in these experiments do not reflect an
acute drug effect on the expression of maternal behavior.
No virgin rat displayed full maternal behavior or any
component of maternal behavior during the several-hour
period following morphine microinjection into the VTA.
Furthermore, in postpartum dams the appearance of mater-
nal behavior after blockade of VTA opioid receptors oc-
curred many hours later. Given the short action of the
antagonist treatment, it seems that blockade of VTA opioid
receptors did not simply prevent the expression of mater-
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nal behavior; instead it apparently prevented the natural
development of maternal behavior.

It is well established that microinjection of opioid ago-
nists or antagonists into the VTA change A10 dopamine
neurochemistry, increasing or decreasing dopamine levels
respectively in the n. accumbens [9,10,21,33,49]. Further-
more, repeated opioid stimulation produces long term
changes in mesolimbic dopaminergic activity [34]. There-
fore, one possible mechanism of action for intra-VTA
opioid stimulation or inhibition would be to increase or
decrease dopamine neurotransmission.

Manipulations that increase or decrease mesclimbic
dopamine activity affect a wide variety of motivated be-
haviors, including maternal behavior [3,24,34,51]. Disrup-
tion of the DA terminals in the n. accumbens by elec-
trolytic lesion [65] or by 6-OHDA lesion [22-25] de-
creases the expression and initiation of maternal behavior.
Dopamine receptor blockade by haloperidol disrupts some
aspects of maternal behavior [19], whereas stimulation of
dopamine, indirectly by tail pinch [1], facilitates the devel-
opment of maternal behavior [71]. In contrast, cocaine,
which dramatically increases dopamine in the n. accum-
bens and elsewhere, does not facilitate the onset or expres-
sion of maternal behavior and, in fact, has a negative effect
on the development and expression of maternal behavior
[32,39]. In these latter studies, however, cocaine was ad-
ministered systemically, so it may have produced competi-
tive effects at different neuroanatomical or neurochemical
sites. Overall, the available data on dopaminergic manipu-
lations within the mesolimbic system support the idea that
the development and expression of maternal behavior are
mediated in part by this dopaminergic system. Our data
would lend some support in that it is well established that
endogenous opioids regulate dopaminergic neurotransmis-
sion at the level of the VTA.

Manipulation of the mesolimbic dopamine system affect
a broad range of behaviors; consequently, several theories
have been developed to provide a unifying conceptual
framework in which to view the role of the mesolimbic
dopamine system in behavior, all of which emphasize the
importance of this substrate in mediating sensory-motor
responses [3,34,51,81]. A fundamental characteristic of
maternal behavior is that it is stimulus-induced and stimu-
lus-dependent [60,61,82]. Considerable research has sug-
gested that among nulliparous females, olfactory stimuli
inhibit the onset of maternal responsiveness [16], whereas
somatosensory stimuli facilitate the onset of maternal re-
sponsiveness [36,69]. Interestingly, West and Michael [81]
have shown that increases in nucleus accumbens dopamine
selectively modify the electrophysiological response to
somatosensory and olfactory stimuli. Perhaps in the experi-
ments presented here, opioid manipulation modified the
sensory quality of pup contact. Therefore, although total
pup contact did not change, differences in the effect of pup
contact may have existed. In Expts. 1A and 1B, intra-VTA
morphine may have increased mesolimbic dopaminergic

activity and enhanced the tactile sensory stimuli emitted by
the pups, thereby facilitating the development of maternal
behavior. In Expt. 2, blockade of VTA opioid receptors
may have disturbed the initiation of maternal behavior by
blocking the stimulating actions of endogenous opioids on
mesolimbic dopamine, which in turn may have reduced the
effects of pup contact.

No evidence is available to show whether endogenous
opioid levels in the VTA are changed during the immedi-
ate postpartum period. However, endogenous opioid activ-
ity is greatly affected by gonadal steroids [58,80]. Wardlaw
and Frantz [80] suggested that dynamic changes in mid-
brain opioid activity do occur around parturition, reporting
that increases in opioid levels in the midbrain occur during
later pregnancy, peak near parturition, and decrease in the
first 24-48 h postpartum. Additional research will be
necessary to determine if similar changes occur in the
VTA and if so, whether these changes reflect an increase
in opioid release that is correlated with the period when
maternal behavior develops.

In conclusion, the data presented here provide further
support for the importance of the VTA in the underlying
neuroanatomic substrate mediating maternal behavior. Fur-
thermore, these results add to a growing body of evidence
that suggest that endogenous opioids participate in signifi-
cant ways in periparturitional behavior, in this case by
facilitating the onset of maternal behavior through action
in the VTA.
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