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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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