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ROBINSON, S. R., T. C. M. HOELTZEL AND W. P. SMOTHERMAN. Development of responses to an artificial nipple in the
rat fetus: Involvement of mu and kappa opioid systems. PHYSIOL BEHAV 57(5) 953-957, 1995.— Presentation of an artificial
nipple to the rat fetus on E19, E20, or E21 of gestation promotes the expression of organized behavioral responses. Fetal responses
include mouthing, licking, head-turning, and oral grasping of the nipple. Fetuses on E21 were more successful at grasping the
nipple. Because all subjects were naive at the time of testing, this improved performance occurred in the absence of explicit
experience with the nipple or specific practice (grasping the nipple). Manipulation of kappa and mu opioid activity with selective
agonist drugs (U50,488 and DAMGO, respectively) altered fetal responsiveness to the nipple. U50.488 generally disrupted ap-
petitive responses and promoted aversive reactions to the artificial nipple, whereas DAMGO increased responsiveness (licking and
oral grasping), especially on E21. These findings suggest that both the mu and kappa systems may play functional roles in regulating
neonatal behavior at the nipple by initiating and terminating a suckling bout.

Rat fetus Artificial nipple Suckling Opioids

EXPERIMENTS conducted with developing rats have sug-
gested a role for the endogenous opioid system in early ex-
periences at the nipple. For instance, infusion of milk into the
mouth of the infant rat results in endogenous opioid activity
that can modify infant behavior, including responsiveness to
other forms of sensory stimulation (2,4,17). The ability of
milk to elicit activity in the endogenous opioid system devel-
ops without explicit suckling experience during the prenatal
period. Exposure to milk in the fetal rat on E20 or E21 of
gestation consistently evokes activity in the kappa opioid sys-
tem, which results in a cascade of effects on motor behavior
and sensory responsiveness (21,22). Further, experiments with
fetal subjects have suggested that milk-induced opioid activity
can support associative learning. Three paired presentations
of an artificial nipple with milk infusion results in the expres-
sion of a conditioned opioid response upon reexposure to the
artificial nipple. But presentation of the artificial nipple alone,
or explicitly unpaired presentations of milk and the artificial
nipple, are not effective in promoting conditioned opioid re-
sponses (13). Although the unconditioned stimulus in these
experiments (milk) ordinarily evokes activity in the kappa
opioid system alone, the conditioned response involves activ-
ity in the mu opioid system. The finding that a single pairing
of the nipple with milk is sufficient to promote a conditioned
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opioid response suggests that classical conditioning can occur
rapidly in the context of the first few suckling episodes (24).

Experimental demonstration of conditioned opioid responses
in fetal subjects has provided general support to the hypothesis
that sensory stimuli present in the early suckling environment
can quickly come to evoke conditioned activity in the endoge-
nous opioid system in advance of milk letdown (5,23). Subse-
quent to the initial suckling episode and ingestion of milk, infant
rats may experience sensory cues that consistently predict the
proximity of the nipple and availability of milk. If so, then infant
rats are likely to experience conditioned activity in the endoge-
nous opioid system during early experiences at the nipple. To
assess the potential ramifications of such opioid activation on
suckling behavior in general, it will be informative to assess the
effects of opioid activity on developing responses to suckling
stimuli. Previous reports have documented how selective ago-
nists of mu and kappa opioid receptors can influence fetal re-
sponses to intraoral infusion of milk (1,22,25). The aim of this
study was to provide data on the influence of opioid activity on
responses to an artificial nipple in developing fetal subjects that
lack prior experience with the nipple, milk, or other suckling
stimuli.

Published descriptions have suggested that rat fetuses begin
to exhibit responsiveness to an artificial nipple on E18 of the
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21.5 day gestation, and are capable of actively grasping the nip-
ple with the mouth from E19 through term (14). By E21, oral
contact with the nipple also evokes other behavioral responses,
including appetitive responses (such as mouthing and licking)
and rejection responses (such as head aversion) (5). In this ex-
periment, the behavioral responses of rat fetuses to an artificial
nipple were recorded on videotape on E19, E20, or E21 of ges-
tation after treatment with a mu-selective opioid agonist
(DAMGO) or a kappa-selective agonist (U50,488). Because con-
ditioned responses to milk and the artificial nipple involve activ-
ity in the mu opioid system, our expectation was that DAMGO
would facilitate appetitive responses directed at the artificial nip-
ple. Conversely, because kappa opioid activity is evoked by milk
and results in terminal behaviors in the suckling sequence (e.g.,
behavioral activation and the stretch response (15)), it was pre-
dicted that U50,488 would interfere with fetal responses to the
artificial nipple.

METHOD
Subjects

A total of 54 rat fetuses from 20 pregnancies served as sub-
jects in this study. Fetuses were the progeny of Sprague—Dawley
rats (Charles River Laboratories, Wilmington, MA) time-mated
in our laboratory. Breeding females were housed in groups of
three in plastic breeding cages (36 X 47 X 20 ¢m) under constant
room temperature (22°C) and 12:12-h light/dark cycle (lights on
at 0700), with food and water freely available. Vaginal smears
were collected daily during a 4-day breeding period, with the first
date of detectable sperm designated as the date of conception
(E0). Animals were maintained and treated following guidelines
of the National Institutes of Health (PHS publication 86-23), In-
ternational Society for Developmental Psychobiology, and So-
ciety for Neuroscience. To avoid confounding litter effects with
treatment effects in testing multiple offspring (7), different ex-
perimental conditions were represented only once in each preg-
nant female.

Prenatal Preparation

Pregnant rats were prepared for fetal testing on E19, E20, or
E21 of the 21.5 day gestation. Under brief ether anesthesia, the
pregnant rat received a 100 xl injection of 100% ethanol into the
spinal cord between the first and second lumbar vertebrae. This
procedure produces an irreversible spinal blockade at the low
thoracic level and eliminates sensation in the lower half of the
rat’s body. The prepared rat was placed in a plexiglas holding
apparatus and immersed to chest depth in an isotonic saline bath
maintained at body temperature (37.5°C). The condition of the
prepared rat was monitored throughout the period of fetal obser-
vation. The prepared rat was allowed to acclimate to the bath
environment for 20 min before fetal observation. To gain direct
visual access to fetuses, the uterus was externalized through a
low midline laparotomy, and individual fetal subjects were de-
livered from the uterus and amniotic sac into the saline bath,
taking care to maintain the integrity of the umbilical cord and
placental attachment to the uterus. Coloration of the fetus and
umbilical cord was used to judge fetal oxygenation; only fetuses
that remained pink throughout the observation session were in-
cluded in the study (20).

Administration of Opioid Agonists and Antagonists

Selective agonists of mu or kappa opioid receptors were ad-
ministered to manipulate the opioid system of fetal subjects. (D-
Ala> NMe-Phe*,Gly’-ol)-enkephalin (DAMGQO; Sigma Chemical
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Co., St Louis, MO) is a selective mu opioid agonist; U50,488
(U50; Research Biochemicals Inc., Natick, MA) is a selective
kappa opioid agonist. These drugs, or the isotonic saline vehicle,
were administered by IP injection into the midabdominal cavity
of the fetal subject using a 30-ga hypodermic needle. During the
injection, the fetus remained submerged within the saline bath.
A fixed volume of the drug solution (50 ul) was administered to
each fetal subject, with the dosage adjusted for the mean body
weight of rat fetuses on Days 19-21 (18). This study involved
administration of a single dosage of each opioid agonist, which
was selected based on dose response studies previously reported
in rat fetuses. DAMGO has been administered in dosages of 0.5
to 5.0 mg/kg, with all dosages effective in reducing fetal respon-
siveness to aversive cutaneous stimuli applied to the perioral re-
gion (25). The dosage of DAMGO employed in this study (1.0
mg/kg) has no effect on motor activity. U50,488 has been
administered in dosages of 0.1 to 5.0 mg/kg, with dosages of 1.0
or greater also reducing fetal responsiveness to a perioral stim-
ulus (19). The dosage of U50,488 employed in this study (1.0
mg/kg) results in a 3-fold increase in motor activity, which pre-
dominantly involves rearlimb movements (22). Behavioral
evidence has confirmed that both drugs exert their maximum ef-
fects within 5 min after IP injection; in this study, the opioid
agonist or saline vehicle injection was administered to the fetal
subject 8 min before behavioral testing.

Nipple Preseniation

The artificial nipple (AN) was fashioned from soft vinyl to
approximate the dimensions of a lactating nipple in a recently
parturient rat. The AN tapered to a diameter of 1 mm at the
rounded tip. The base of the AN was attached to a handle to
facilitate manual presentation by the experimenter. Presentation
consisted of gently holding the tip of the AN in contact with the
mouth of the fetus, without forcing the tip into the mouth, during
a 3-min test session. The total duration of contact with the AN
(determined from examination of videotape records) was 111.5
*+ 2.4 s (mean = SEM), which did not vary systematically among
Age or Drug groups.

Behavioral Observation

Test sessions were videotaped to permit detailed analysis of
fetal responses to the AN. A video camera (Panasonic, model
AF-X8) was positioned vertically over the subject fetus during
recordings (VHS format, 33.35 mm/s recording speed). To fa-
cilitate creation of videotape records and subsequent analysis of
fetal movements, subjects were placed on a high-contrast vinyl
substrate below the surface of the water bath during the obser-
vation session. The subject was illuminated from two sides with
cool light directed from fiber-optic lightguides (Schott KL1500-
Z). Videotape records were time-stamped with a video timer
(FOR-A, model VTG-33A) to uniquely label each video frame,
and analyzed frame by frame (30 frames/s) on a video playback
system (Sony SLV-676UC).

Analysis of fetal responses from videotape records focussed
on oral and head movements. Contact with the AN evokes oral
grasping responses, which involve an active movement of the
head of the fetus that results in the tip of the AN entering the
mouth, which closes around the AN. Grasp responses can be
expressed by rat fetuses at each of the ages tested in this study
(E19-E21) (14). Oral responses included mouthing movements
(opening and closing of the mouth immediately after physical
contact of the nipple with the oral area), and licking movements
(protrusion of the tongue, with or without mouthing activity).
Lateral movement of the head, which resulted in movement of
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FIG. 1. Number of oral grasp responses (top) and duration of each grasp
response (bottom) directed toward the artificial nipple by fetuses in the
three drug groups at three gestational ages. Bars represent group means;
vertical lines depict SEM.

the mouth away from the tip of the AN, also were scored as head-
turning responses. The observer who scored these response mea-
sures from videotape records was blind to the opioid treatment
received by each fetal subject. Time measurements with this pro-
tocol for scoring from video records were accurate to * 0.03 s.

Experimental Design and Analysis

The AN was presented to a total of 54 fetal subjects, distrib-
uted equally among three drug groups (SAL, DAM, US0) at three
gestational ages (E19, E20, E21; N = 6 subjects per Age X Drug
group). Duration or frequency measures of different behavioral
categories were analyzed by two-factor (Age X Drug) between-
subjects analysis of variance (ANOVA). Where the overall
ANOVA indicated significant main or interaction effects, addi-
tional analyses were conducted to assess simple main effects and
pairwise comparison of individual group means (Fisher PLSD).

RESULTS
Oral Grasping of AN

A two-factor (3 Ages X 3 Drug treatments) ANOVA com-
paring the number of oral grasping responses evoked by the AN
indicated the significant main effects of Age, F(2,45) =79, p
< 0.01, and Drug treatment, F(2, 45) = 4.4, p < 0.05 (Fig. 1,
top). The interaction between Age X Drug was not significant (p
> 0.10). Posthoc comparisons indicated that grasping of the AN
was expressed more frequently by fetuses on E21 (5.9 = 0.9)
than at earlier ages (E19: 2.9 = 0.7; E20: 2.3 + 0.6). Fetuses
treated with U50,488 expressed fewer oral grasping responses
(2.1 = 0.6) than fetuses injected with DAMGO (4.5 + 1.0) or
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saline (4.6 = 0.7). The average duration of each grasp response
was compared in a second ANOVA, which indicated the signif-
icant main effect of Drug treatment, F(2, 45) = 3.9, p < 0.05
(Fig. 1, bottom). The main effect of Age and the Age X Drug
interaction were not significant (p-values > 0.40). Posthoc com-
parisons indicated that average grasp duration was shorter in fe-
tuses treated with U50,488 (0.9 = 0.2 s) than in subjects injected
with DAMGO (3.6 + 0.8 s) or saline (3.6 = 1.0 s). In an earlier
experiment, we reported that morphine (a nonselective mu ago-
nist) facilitated fetal grasping of the AN on E21 of gestation, and
specifically increased the amount of time spent on the AN after
grasping (14). A planned comparison of E21 fetuses in this study
was conducted to confirm this mu influence on grasp duration.
The one-way ANOVA indicated the significant effect of Drug
treatment on E21, F(2, 15) = 13.0, p < 0.001. Pairwise com-
parison of groups indicated that the duration of grasping was
significantly longer in fetuses treated with DAMGO at this age
than either saline or U50,488 (p-values < 0.05).

Oral Responses to AN

Mouthing activity, which involved opening and closing of the
mouth, was commonly expressed during periods of AN presen-
tation. The number of mouthing responses evoked by the AN
was compared in a two-factor ANOVA. Mouthing did not differ
as a function of either Age or Drug treatment, or the interaction
of these factors (p-values > 0.10). However, a subset of all
mouthing responses were followed immediately by oral grasping
of the nipple. (Across all Age and Drug conditions, these pre-
grasp Mouth responses resulted in 59% of all observed Grasp
responses). Pregrasp Mouth responses, expressed as a percentage
of the total number of mouthing responses evoked by the AN,
varied as a function of Age and Drug treatment, as indicated by
the significant interaction, F(4, 45) = 3.0, p < 0.05 (Fig. 2). The
simple main effect of Age was evident in the saline control group,
F(2, 15) = 7.0, p < 0.01. Among control subjects, pregrasp
Mouthing was greater on E20 and E21 than on E19 (p-values <
0.05). The simple main effect of Age also was evident for fetuses
treated with DAMGO, F(2, 15) = 55, p < 0.05). Among
DAMGO treated subjects, pregrasp Mouthing was higher on E21
than on E20 or E19 (p-values < 0.05). The simple main effect
of Age was not significant among subjects treated with U50,488
(p > 0.25).

Licking activity, as distinct from mouthing, also was ex-
pressed during periods of AN presentation. The two-way
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FIG. 2. The percentage of mouthing responses that resulted in oral grasp-
ing of the artificial nipple (pregrasp mouthing). Bars represent group
means; vertical lines depict SEM.
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ANOVA comparing the total number of licking movements in-
dicated the significant main effects of Age, F(2,45) = 5.1,p <
0.01, and Drug treatment, F(2, 45) = 15.2, p < 0.001 (Fig. 3).
No interaction between Age X Drug was evident (p > 0.20).
Posthoc comparisons indicated that licking behavior was ex-
pressed more often by fetuses in the DAMGO group than by
subjects treated with U50,488 or saline (p-values < 0.05). Lick-
ing movements on E21 were significantly more frequent than on
E20 (p < 0.05), but did not differ from the intermediate levels
of this behavior on E19.

Head Aversion Responses to AN

The two-way ANOVA comparing head-turning responses
evoked by the AN indicated the main effect of Drug treatment,
F(2,45) = 29.8, p < 0.001. The main or interaction effects in-
volving the Age factor were not significant (p-values > 0.15).
Posthoc comparisons indicated that head-turning responses were
expressed more often by fetuses treated with U50,488 (35.9 =+
24.1 movements) than by fetuses in the DAMGO (7.7 *+ 1.3) or
saline groups (13.2 + 2.1), (p-values < 0.05).

DISCUSSION

During the first three weeks after birth, infant rats receive
virtually all of their nutrition and fluids through suckling from a
lactating mother. Although behavior directed toward the nipple
is an important focus of neonatal behavior, infant rats are reluc-
tant to show typical suckling responses to surrogate nipples
(8,14). By necessity, alternative methods of delivering milk to
the neonatal rat have been employed to study the development
of suckling and feeding behavior (12). The responsiveness of the
rat fetus to an artificial nipple stands in sharp contrast to the
behavior of pups after birth. Presentation of a soft artificial nipple
to the fetus over the last three days of gestation (E19-E21) elicits
a complex assortment of behavioral responses, including the ex-
pression of rare patterns such as oral grasping and licking, and
increases in common patterns such as mouthing and head move-
ment. This study illustrates how presentation of a stimulus that
mimics features of the postnatal suckling environment—the ar-
tificial nipple—can reveal behavioral competence in the fetus,
which lacks any experience in the context of suckling.

The behavior of fetuses treated by injection of isotonic saline
in this experiment provides information about age-related
changes in responsiveness to the artificial nipple. The number of
oral grasping responses to the artificial nipple increased with fetal
age. Although mouthing responses to the artificial nipple did not
change per se, the percentage of mouthing movements that were
followed by oral grasping (pregrasp mouthing) increased steadily
with age. This finding indicated that a higher percentage of oral
responses in older fetuses resulted in grasping the nipple (28%
on E21 compared to 5% on E19). If mouthing responses are
indicative of attempts to seize the nipple, changes in the per-
centage of pregrasp mouth responses imply general improvement
in the success rate of grasping the nipple with advancing age.
Because the between-subjects experimental design in this study
involved presenting the artificial nipple to each subject at only
one age, the apparent improvement in grasp success rate was not
due to experience with the artificial nipple. Similar age-related
improvement in reaching toward, pecking, or grasping an object
have been reported in developmental studies of young birds and
mammals (e.g., 6,16,26) and generally have been interpreted as
the consequence of accruing experience. However, it is important
to note that all studies to date of postnatal subjects have neces-
sarily confounded age-related improvement in performance with
experience. The findings from the fetal subjects in this study
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FIG. 3. Mean number of licking responses (+ SEM) during presentation
of the artificial nipple.

provide evidence that improved performance can occur in the
absence of explicit experience with the target (the artificial nip-
ple) or specific practice (grasping the nipple).

The responses of fetal rats to the artificial nipple also are in-
fluenced by selective agonists of the mu or kappa opioid systems.
The kappa opioid agonist U50,488 appeared to diminish appeti-
tive responses to the nipple, including oral grasping and pregrasp
mouthing, all of which resemble functional behavioral responses
expressed by infant rats during suckling. At the same time,
U50,488 promoted the rejection response of head-turning away
from the nipple. U50,488 effects generally were evident on E20
and E21 of gestation. Kappa opioid agonists such as U50,488 or
U69,593 have been shown to increase overall motor activity in
the fetal rat, and specifically to increase movement in caudal
portions of the body, including rear limbs, lower body trunk, and
tail (1,11). Kappa agonists also reduce fetal responsiveness to
perioral cutaneous stimulation on E20 and E21 (25). These find-
ings appear to present a consistent picture of the behavioral ef-
fects of kappa opioid activity, namely, to shift the focus of motor
activity and responsiveness away from the head and mouth and
toward the caudal half of the body. In contrast, the mu opioid
agonist DAMGO had varying effects on different categories of
fetal behavior. DAMGO appeared to increase some appetitive
responses, such as licking behavior evoked by the artificial nip-
ple. Other responses, including mouthing behavior, appeared to
be little influenced by DAMGO, even though the same dose of
DAMGO has been shown to be highly effective in reducing fetal
responsiveness to other forms of perioral stimulation (25). The
effects of this highly specific mu agonist broadly agree with pre-
viously reported effects of a less selective opioid agonist on nip-
ple-evoked behavior: morphine increased the duration of grasp
responses and decreased rejection responses (head-turning and
facial wiping) in E21 rat fetuses (14). The facilitatory effect of a
mu agonist was confirmed in this study, with DAMGO increasing
the duration of grasp responses on E21. In general, it appears that
activity at mu opioid receptors may facilitate some aspects of
appetitive responses to the artificial nipple and suppress aversive
responses that interfere with nipple attachment.

During the first 3 weeks after birth, infant rats receive virtually
all of their nutrition and fluids through suckling from a lactating
mother. Although behavior directed toward the nipple is an impor-
tant focus of neonatal behavior, infant rats are reluctant to show
typical suckling responses to surrogate nipples (8,14). By necessity,
alternative methods of delivering milk to the neonatal rat have been
employed to study the development of suckling and feeding behav-
ior (12). The lack of response of the nconatal rat to an artificial
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nipple stands in sharp contrast to the behavior of the rat fetus. Pre-
sentation of a soft artificial nipple to the fetus over the last three
days of gestation (E19-E21) elicits a complex assortment of behav-
ioral responses, including the expression of rare patterns such as oral
grasping and licking, and increases in common patterns such as
mouthing and head movement. Differences in the responsiveness of
fetal and neonatal rats to the artificial nipple may be due to subtle
changes in the sensory cues that direct and elicit suckling behavior.
Before birth, simple contact with an object of appropriate size and
shape is sufficient to evoke an oral grasp response (14). After birth,
however, pups are attracted to the maternal ventrum and nipples by
olfactory stimuli, including amniotic fluid that is deposited on nip-
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ples during parturition (10), and pup saliva deposited during sub-
sequent suckling episodes (9). Removing these postnatal odor cues
by lavage markedly reduces attachment even to natural, lactating
nipples (3). This study thus illustrates how presentation of a stimulus
that mimics key features of the postnatal suckling environment—
the artificial nipple— can reveal behavioral competence in the fetus,
which lacks any experience with postnatal cues associated with
suckling.
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