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Abstract
The present study investigated if oral exposure to milk or amniotic fluid (AF) alters
responsiveness to sensory stimulation in the neonatal rat, and whether these effects are mediated
by the opioid system. Facial wiping evoked by intraoral lemon infusion was used as a measure of
sensory responsiveness. Pups were tested in a supine posture, because they showed more paw-face
strokes during facial wiping than pups tested prone (Experiment 1). Moreover, pups orally
exposed to milk (Experiment 2) or AF (Experiment 3) showed a diminished wiping response to
lemon compared to controls exposed to water. Blockade of opioid receptors with the non-selective
antagonist naltrexone (Experiment 4) or the kappa antagonist nor-binaltorphimine (Experiment 5)
reinstated higher levels of facial wiping after AF exposure. These findings confirm developmental
continuity between fetal and neonatal behavioral responses to AF and the ability of AF to induce
activity at kappa receptors of the endogenous opioid system.
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The study of the prenatal period provides an opportunity to trace behavior to its
developmental origin. Moreover, knowing how different mammalian species develop before
birth permits better understanding of the emergence of postnatal behavior. As part of
prenatal development, the fetus actively interacts with its intrauterine environment
(Smotherman & Robinson, 1986), a dominant feature of which is amniotic fluid (AF).
Fetuses are continually surrounded by AF during prenatal development, and contribute to
the regulation of AF through fetal swallowing, breathing and micturition (Brace, 1997; Ross
& Nijland, 1997). Although AF is a crucial characteristic of the fetal environment, it has
been suggested that it is important not only for the prenatal setting but also for preparing the
fetus for the transition of birth, the process of parturition, and the expression of postnatal
behavior (Schaal, 2005). In this sense, previous work has concentrated on establishing
behavioral continuity of AF, with a particular emphasis on the odor properties of AF that
support adaptive learning responses in the fetus and neonate (see Schaal, 2005 for a review).

Several previous studies have provided evidence that human infants are attracted to the odor
of AF only a few hours or days after birth. For example, when exposed to the odor of AF,
neonates show a head-orientation response toward AF (Schaal, Marlier, Soussignan, 1995).
A preference for AF over formula milk has been demonstrated in infants 2–4 days after birth
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(Marlier, Schaal & Soussignan, 1998a), or AF over a control stimulus of distilled water
(Marlier, Schaal & Soussignan, 1998b). Schaal, Marlier, and Soussignan (1995) observed
that neonates that were exposed to the odor of AF not only showed a preference by moving
their heads toward the stimulus but also showed longer bouts of mouthing activity.
Similarly, this preference toward AF also has been reported in newborn lambs that showed
an attraction to AF relative to a control stimulus of distilled water (Schaal, Orgeur, &
Arnould, 1995).

In addition to preferring AF over a neutral fluid such as water, infants also show a
preference for their own AF in comparison to unfamiliar AF collected from different
pregnancies (Marlier et al., 1998b; Schaal, Marlier & Soussignan, 1998). A comparable
behavioral response has been demonstrated in rat pups, which prefer AF collected from their
own litter over AF from an unrelated rat. Preferences for the odor of AF from self or siblings
from the same pregnancy has been cited as evidence of the role of AF in the development of
kin recognition (Hepper, 1987).

Previous findings suggest that in addition to promoting preference responses, AF also is
important in the expression of other behavior. For example, it has been demonstrated
experimentally that AF helps guide neonatal rats to the first nipple attachment (Teicher &
Blass, 1977). Similarly, human neonates prefer to suck or grasp a nipple washed with AF
versus an untreated one (Varendi, Porter & Winberg, 1996). Soothing is another property
attributed to AF. This characteristic has been identified by observing that neonates exposed
to a cloth moistened with AF show significantly less crying than controls or babies exposed
to their mother’s breast odor (Varendi, Christensson, Porter, & Winberg, 1998). AF also can
provide a medium for early olfactory experience. Postnatal olfactory preference for a
specific odor can be induced by prenatal exposure via injection into the AF or through
maternal exposure to the odor compound in her diet, suggesting that AF and its chemical
properties may play an important role in the prenatal acquisition and perinatal transmission
of olfactory learning (see Schaal & Orgeur, 1992 for a review). As an example, Hepper
(1988) demonstrated in rats that the progeny of mothers that were fed garlic during gestation
showed a preference for garlic after birth, unlike the offspring of mothers that did not eat
garlic during pregnancy.

While AF has been studied to explore perinatal continuity, other studies have explored the
effect of AF to modulate behavioral responses of the fetus to chemosensory stimulation.
When rat fetuses are exposed to novel chemosensory fluids, such as intraoral infusion of a
lemon-odor solution, they show an increase in activity (Smotherman & Robinson, 1987,
1988). One of the components of the behavioral activation elicited by lemon infusion is the
distinctive response of facial wiping (Smotherman & Robinson, 1987). Facial wiping
involves moving one or both forepaws in a rostral direction by placing them along the side
of the head, generally just behind the eyes, and sliding the paws forward over the face, nose
and mouth (Robinson & Smotherman, 1991). This behavior is a species-typical response
that has been described in many rodent species (Robinson and Smotherman, 1992b), which
appears related to postnatal grooming and aversion responses (Berridge, 2000; Ganchrow,
Steiner, & Canetto, 1986; Golani & Fentress, 1985; Johanson & Shapiro, 1986). Facial
wiping also has been used as a measure of sensory responsiveness to study the behavioral
effects of milk in neonatal and fetal rats (Smotherman & Robinson, 1992c). Perinatal rats
that receive an experimental oral infusion of milk show diminished responsiveness to stimuli
that ordinarily evoke facial wiping, including a perioral cutaneous stimulus or intraoral
lemon infusion (Smotherman & Robinson, 1992a). These studies suggest that sensory
responsiveness can be modulated by prior exposure to biologically relevant chemosensory
cues, such as milk.
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Fetuses are not ordinarily exposed to milk before birth, but they are regularly exposed to AF,
another biologically relevant fluid. Korthank and Robinson (1998) described the effects of
AF on the facial wiping response of rat fetuses exposed to lemon infusion. Fetuses were
exposed to one of two stimuli—AF collected on gestational day 20 (E20) or isotonic saline
—via intraoral infusion. One minute after exposure, fetuses received a second infusion of a
novel test solution of lemon. Those fetuses exposed to AF before the lemon stimulus showed
a diminished facial wiping response (fewer paw-face strokes) compared to subjects exposed
to saline. This study also presented evidence that the behavioral effect exerted by AF is
mediated by the endogenous opioid system in the fetus. Subjects that were pretreated with
an injection of naloxone (a nonselective opioid antagonist) before exposure to AF showed a
normal, robust facial wiping response to lemon. These findings suggest that blockade of
opioid receptors by naloxone is effective in reinstating the facial wiping response to novel
chemosensory stimulation in rat fetuses.

Because some studies have suggested that AF exerts effects on fetal behavioral responses
that are opioid mediated, and other studies have demonstrated that AF possesses attractive
properties after birth, it is reasonable to hypothesize that AF also is capable of exerting
postnatal behavioral effects that are mediated by the endogenous opioid system. To test this
possibility, the present study reports results from five experiments in which neonatal rats
were tested 24-hr after birth (P1) following procedures similar to those described previously
by Korthank and Robinson (1998). Using facial wiping as a behavioral index of sensory
responsiveness, this study sought to provide evidence for neonatal responsiveness to AF and
developmental continuity in the underlying neural substrates involved in the effects of AF
exposure in neonates.

General methods
Subjects

Neonatal subjects were the offspring of Sprague-Dawley Norway rats (Rattus norvegicus)
tested 24-hr after birth (Harlan Laboratories, Indianapolis, IN). Female rats were time-mated
in our laboratory. The breeding period consisted of housing three adult female rats with an
adult male during four days in standard breeding cages (38 × 48 × 20 cm) in a colony room
with controlled temperature and humidity and a 12:12 hr light:dark photoperiod cycle (lights
on at 0700 hr). Food and water were available ad libitum. Vaginal smears were collected
daily during the 4-day breeding period to detect presence of sperm (designated as day of
conception; E0 of gestation). A total of 146 P1 pups delivered vaginally at term (22 days of
gestation, P0 = day of birth) from 28 adult female rats were included in the study.
Maintenance of rats before and during the experiment was in accordance with guidelines
established by the NIH (Institute for Laboratory Animal Resources, 1996) and approved by
the Institutional Animal Care and Use Committee at the University of Iowa.

Amniotic Fluid Collection
AF samples were collected from donor fetuses at gestational age E20. Previous work has
reported the effectiveness of AF collected at this gestational age to induce a behavioral
effect in the fetal response to chemosensory stimulation (Korthank & Robinson, 1998).
These fetuses were obtained from different pregnancies not used for behavioral testing. The
procedure of AF collection involved (a) rapid euthanasia of the pregnant rat by cervical
dislocation, (b) externalization of the pregnant female’s uterus, (c) careful removal of
fetuses and placenta, avoiding rupture of the amnion and chorion, and (d) extraction of AF
into a sample tube that was immediately stored at −20° C until the day of testing. AF
samples were thawed and presented to rat pups at incubator temperature (35°C).
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Cannula implantation
Single or dual intraoral cannulae prepared with polyethylene tubing (PE-10; Clay -Adams)
with a heat-formed flange at one end were implanted in pups following a method originally
described by Hall and Rosenblatt (1977). To facilitate handling during the cannulation
procedure, pups were briefly immobilized by immersion to neck depth in cold water for 1–2
min. Moderate hypothermia induced by this method is an accepted and effective form of
general anesthesia in neonatal rats (Danneman & Mandrell, 1997; Phifer & Terry, 1986).
When the pup was immobilized, a fine wire was passed through the lower jaw and tongue,
the cannula slipped onto the wire, and the wire carefully pulled back through the jaw. This
method allowed the flange end to rest on the tongue in a mid-anterior position (Kehoe &
Blass, 1985). An alternative method of cannula implantation involves the cannula placed in
the cheek of the pup rather than an anterior position on the tongue. Cheek cannulation was
reported to result in reduced corticosterone responses in older rat pups compared to anterior
or posterior tongue cannulae (Spear, Specht, Kirstein, & Kuhn, 1989). However,
Smotherman and Robinson (1988) reported that the anterior tongue cannula results in no
behavioral changes when compared to untreated or saline-infused control subjects.
Moreover, the anterior tongue cannula is a standard method used in previous studies of
facial wiping behavior in perinatal rats (Brumley & Robinson, 2004; Korthank & Robinson,
1998; Robinson & Smotherman, 1991). Placement of the cannula in an anterior position is
necessary to prevent interference of the cannula with the expression of facial wiping
behavior: pups cannot perform facial wiping with a cheek cannula because the tubing
physically obstructs movement of the paw across the side of the face. After cannulation,
pups were placed in a thermoneutral incubator for 1-hr at a temperature of 35°C to recover
from anesthesia and acclimate before testing.

Presentation of Stimuli
Delivery of chemosensory stimuli involved attaching the external end of the intraoral
cannula to polyethylene tubing (PE-50) attached to a syringe that contained the exposure or
test fluid. This procedure permitted precise infusion (± 1 µl) of the exposure and test stimuli
in a 2-s pulse. The fluids used for chemosensory exposure were AF, milk, or distilled water
(DW); the fluids used for behavioral testing were pure lemon extract (McCormick brand) or
DW. The lemon extract contained pure lemon oil dissolved in alcohol (83%), which
provides a complex chemosensory cue that stimulates olfactory, gustatory and trigeminal
systems in the mouth (Smotherman & Robinson, 1990). The milk used in Experiment 2 was
a commercially available bovine light cream (half-and-half), which has been previously used
in studies with fetal and neonatal rats (Hall & Rosenblatt, 1977; Robinson & Smotherman,
1994). All infusions of exposure and test fluids were delivered in a volume of 20 µl.
Previous studies have demonstrated that an infusion of 20 µl of undiluted lemon extract is
highly effective in eliciting the wiping response in E20 rat fetuses (Brumley & Robinson,
2004).

Behavioral observations
Behavioral observations during test sessions consisted of 2- or 3-min sessions. Behavioral
scoring involved quantifying facial wiping strokes, which were identified every time the
paw made contact with the face. The occurrence of the wiping cycle involves two phases;
(a) when movements are made in a rostral direction (from ear to nose) maintaining contact
with the side of the face, and (b) when the forelimbs are moved from nose to ear without
contacting the face in order to prepare the limb for placement on the face again (Robinson &
Smotherman, 1991). Unilateral wipes (single-paw) were distinguished from bilateral (dual-
paw) facial wipes. Unilateral wipes were scored when one paw made contact with the face
without overlapping with contact by the opposite paw. Scoring of bilateral wipes was made
only when contact of both paws with the face coincided during the wiping cycle.
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In addition to facial wiping, some experiments also report general motor activity, which was
quantified by scoring movements of forelimbs, hindlimbs, head, and mouth. The activity of
forelimbs and hindlimbs involved scoring each limb movement as an independent event (left
vs. right, fore vs. hind). Scoring of general activity of forelimbs included movements that
also were scored as facial wiping responses. In order to score head activity, only movements
consisting of ventral, dorsal, lateral or rotary motion were quantified. Mouthing consisted of
opening and closing of the mouth, sometimes involving extension of the tongue. The sum of
forelimb, hindlimb, head and mouth movements provided a measure of overall activity
before and after each infusion.

All experimental sessions were recorded to DVD from a single camera view to allow
subsequent playback and scoring from video records. The microcamera was positioned
ventral to the pup along the midline, providing a clear view of all four limbs and the head
and mouth. In all experiments, facial wiping responses and general motor activity were
scored during the entire 2- or 3-min experimental session.

Experimental Design and Data Analysis
In Experiments 3 and 4, where subjects were pretreated with an opioid antagonist or a
vehicle control injection, video recording and behavioral testing began 5-min after the
injection. Previous studies have documented that 5-min is sufficient for IP injections of
opioid antagonists to exert full effects on behavior in fetal rats (Korthank & Robinson, 1998;
Smotherman & Robinson, 1992a). In all experiments, sessions included a 1-min baseline
period before any exposure to chemosensory stimuli and concluded 1-min after presentation
of the test solution of lemon. Multiple pups were tested from each pregnancy in each
experiment. In experiments 2, 3, and 4, subjects from the same pregnancy were assigned to
different treatment groups to avoid confounding treatment effects with litter effects (Holson
& Pearce, 1992). Experiment 1 comprised multiple subjects tested in the two experimental
conditions to allow for a more complete description of variability of responses among all
subjects. However, in the present report, the mean response was calculated for each posture
condition within each litter before statistical analysis. The order of assignment in all the
different experimental conditions in each experiment was counterbalanced across
pregnancies. During testing, some subjects were replaced (n = 6) due to experimental error
or malfunction during infusion.

Behavioral observations of the different behavioral categories were scored using
EventCoder software (version 1.0b6; written by M. Goldstein, Cornell University, 2006) that
allowed for real-time coding of behavior using digital video files created from the DVD
recordings. Files containing time-stamped behavioral data from these coding sessions were
imported into Microsoft Excel files to create summaries for statistical analysis.

Experiment 1: Posture effects on facial wiping
Robinson & Smotherman (1992a) documented the importance of posture in the expression
of facial wiping in perinatal rats. They reported that pups tested 24-hr after birth (P1)
immersed in water in either a prone or a supine posture show facial wiping responses in both
postures. In comparison, by 3 days after birth (P3) pups showed more facial wiping when
suspended in a prone posture. The posture effect was even more pronounced when pups
were observed 5 days after birth (P5). Previous studies of fetal rats that have reported milk
or AF effects on sensory responsiveness have tested fetuses in a supine posture (Korthank &
Robinson, 1998; Smotherman & Robinson, 1992a). Because posture is a potentially
important influence on facial wiping in neonatal rats, Experiment 1 was performed to
identify if a specific posture was optimal for pups to show more pronounced facial wiping in
the present experimental context.
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Methods
To establish an optimal protocol for the following experiments, the facial wiping response of
P1 rat pups to lemon infusion was observed while pups were placed in one of two different
body positions. A total of 52 rat pups from 8 litters was assigned to one of two postural
conditions: (a) supine (n = 26) or, (b) prone (n = 26). In both postures, pups were secured in
place with a strap across the back or abdomen, which helped to maintain the correct posture
and maintain the pup in view of the video camera. In the prone posture, pups were
suspended from a horizontal bar. Thus, in both postures, pups did not experience constraint
of the limbs that might inhibit expression of facial wiping responses (Smotherman &
Robinson, 1989). Test sessions were 2 min in length, which comprised a 1-min baseline, and
1 min after the 20 µl infusion of lemon for observation of behavioral responses. Because
more than one pup from each litter was assigned to the same postural condition, data
initially were reduced by calculating the mean response of all pups in the same condition
within each litter. These litter means then were used in subsequent statistical analyses.

Results and discussion
To analyze facial wiping responses, litter means were calculated in each condition and
compared in an unpaired t-test. Subjects in the supine condition expressed more facial
wiping strokes, both unilateral, t (14) = 3.15, p < .01, and bilateral, t (14) = 2.81, p < .01
(Figure 1, left). The total number of wiping strokes (calculated as Unilateral Left +
Unilateral Right + (Bilateral × 2)) also was greater in the supine posture, t (14) = 2.81, p < .
01. Analysis of the percentage of wiping strokes that were bilateral suggested that a higher
proportion of strokes were bilateral in the supine posture, but this difference was not
statistically significant (Figure 1, right).

General activity measures were compared in a series of 2-factor ANOVAs (2 Postures × 8
15-s intervals), with the time factor treated as a repeated measure. The data are summarized
in Figure 2. For forelimb activity, there was a main effect of Time, F (7, 98) = 33.69, p < .
001, but no significant main or interaction effect involving Posture. Post hoc comparisons
(Fischer PLSD) indicated that forelimb activity increased significantly during the 30 s
immediately after lemon infusion (Figure 2, top left). Analysis of hindlimb activity indicated
a main effect of Time, F (7, 98) = 10.94, p < .001, and Posture, F (1, 14) = 4.72, p < .05, but
the interaction of Posture and Time was not significant. Hindlimb movements were higher in
the supine posture than prone, and increased significantly after lemon infusion (Figure 2, top
right). Head activity showed a similar pattern of results, with the significant main effect of
Posture, F (1, 14) = 5.16, p < .05, and Time, F (7, 98) = 8.26, p < .001, but no interaction.
Head movements were more frequent in the Supine posture, and increased after lemon
infusion (Figure 2, bottom left). Finally, mouthing activity varied significantly with Time, F
(7, 98) = 9.81, p < .001, but there was no significant main effect of Posture or an interaction
of the two factors. Mouthing showed an increased after lemon infusion, predominantly
during the last 30 s of the session (Figure 2, bottom right).

The findings of Experiment 1 confirmed the hypothesis that posture plays an important role
in the expression of the facial wiping response to novel chemosensory stimulation in
neonatal rats. Overall, subjects expressed more facial wiping as well as more general activity
in the supine posture after the infusion, with the exception of mouth and forelimb activity
that did not reveal differences between conditions. These results suggest that although
chemosensory exposure is what triggers the wiping response, whether pups are placed in one
posture or the other will affect the expression of this behavior. Our results are consistent
with previous findings about the postnatal expression of facial wiping. For example,
Smotherman and Robinson (1989) reported that pups tested in a prone posture on a hard
surface show little or no facial wiping in response to lemon infusion. However, this
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reduction of the postnatal expression of facial wiping can be reversed if pups are suspended
in water. In another study, Robinson and Smotherman (1992a) reported that pups show more
facial wiping in a supine posture on P1, but this expression changes to more wiping in
prone, if pups are suspended in air, when tested on P3 or P5. This change to prone seems to
be related to the postnatal emergence of righting responses elicited by chemosensory
stimulation (Robinson & Smotherman, 1992b).

Results in the general movement categories were consistent with behavioral reactions to
aversive stimuli, which include mouthing activity such as open or closed mouth and gaping
in both neonatal rats (Ganchrow, Steiner & Canetto, 1986) and human neonates (Ganchrow,
Steiner, & Daher, 1983; Rosenstein & Oster, 1988), and forelimb flailing in infant rats
(Ganchrow, Steiner & Canetto, 1986; Johanson & Shapiro, 1986) and infant primates
(Steiner, Glaser, Hawilo, & Berridge, 2001). Mouth activity is a component of responses
that could be considered as having either a negative (aversive) or positive (appetitive)
hedonic value (Berridge, 2000; Berridge & Grill, 1983), whereas forelimb flailing has been
described as an aversive response in rats similar to facial wiping (also called face washing)
(Grill & Norgren, 1978).

In summary, the findings of Experiment 1 revealed that facial wiping was more frequent
when pups were tested in the supine posture. Following these results, all pups in subsequent
experiments were tested in a supine posture.

Experiment 2: Milk effects on the facial wiping response to lemon in the P1
rat

Previous studies have described that milk can exert effects on sensory responsiveness in the
prenatal rat. For instance, rat fetuses not only can discriminate milk from other stimuli, such
as an infusion of lemon, but they also express a stretch response to an infusion of milk
(Robinson & Smotherman, 1992c, Smotherman & Robinson, 1987). In addition, an infusion
of a small amount of milk in the fetal rat reduces responsiveness to a tactile stimulus or
chemosensory stimulus (Korthank & Robinson, 1998; Smotherman & Robinson, 1992a).
The behavioral effects of milk in the fetus are reversed by blockade of kappa opioid
receptors with the selective antagonist nor-binaltorphimine. However, the effects of milk on
facial wiping to an infusion of lemon have not been described in the neonatal rat. In
Experiment 2, P1 rat pups were infused with a small volume of milk before evoking facial
wiping through an infusion of the testing solution of lemon. The purpose of Experiment 2
was to describe if milk would exert a similar effect on the facial wiping response of the P1
rat pup by reducing the number of wiping strokes evoked by lemon infusion.

Methods
Forty-eight P1 rat pups, including one male and one female pup from each litter, from a total
of 8 litters, were assigned as subjects to one of six conditions that resulted from the
combination of Pretreatment and Exposure infusion. In pretreatment, subjects were assigned
to one of three conditions: (a) an intraperitoneal (IP) injection of 50 µl of naltrexone (1.0
mg/kg), a nonselective opioid antagonist, (b) an IP injection of the vehicle control of
isotonic saline (50 µl), or (c) no injection (NI). Naltrexone was selected as the opioid
receptor antagonist in this experiment for its high affinity for both mu and kappa receptors
(Powell & Holtzman, 1999) and its successful application to block opioid effects in previous
studies with neonatal rats (Blass & Fitzgerald, 1988; Shide & Blass, 1989). All injections
were administered 5-min before testing and were performed using a 30-ga hypodermic
needle. In addition, pups received an infusion of milk or DW. Thus, 6 treatment groups (n =
8 pups per group) resulted from the combination of the pretreatment condition (Naltrexone,
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Saline, or NI) and the exposure infusion (Milk or DW). Pups were tested in a 3-min testing
session that started 5-min after pretreatment with naltrexone, saline or NI. Testing included a
1-min baseline before the 20 µl exposure infusion of either milk or DW, 1-min after the
exposure infusion, and 1-min after the 20 µl test infusion of lemon. Behavioral observations
involved scoring of facial wiping throughout the 3-min experimental session.

Results and discussion
Analysis of facial wiping was performed in 2-factor analysis of variance (3 Pretreatments ×
2 Exposures), with the Time factor treated as a repeated measure. Results showed that there
was no significant expression of facial wiping across the groups during the 1-min baseline or
after the exposure infusion of milk or DW. Facial wiping after the lemon infusion varied
significantly among the Pretreatment groups, F (2, 41) = 3.24, p < .05. In addition, there was
a significant interaction between Pretreatment and Exposure infusion, F (2, 41) = 4.58, p < .
01 (Figure 3). To confirm the behavioral effects of milk, an initial planned comparison of
pups in the NI condition was conducted with a t test. This comparison revealed that pups
infused with DW showed significantly higher levels of facial wiping compared to those
infused with milk, t (14) = 2.25, p < .05. Following this comparison, a series of one-way
ANOVAs were conducted to assess the simple main effect of Pretreatment in each of the
Exposure conditions. In the DW groups, there were no significant differences in the wiping
response evoked by lemon (p > .50). In contrast, there was significant effect of pretreatment
injection among the groups that were infused milk, F (2, 20) = 11.46, p < .001. Post hoc
comparisons of means by the method of Fisher PLSD indicated significantly more wiping
strokes among subjects pretreated with naltrexone than the Saline-injected or NI subjects (ps
< .05). These analyses revealed that subjects that received no pretreatment injection before
testing and were infused with water showed greater wiping responses to lemon than subjects
infused with milk. In other words, oral exposure to milk was effective in reducing lemon-
evoked facial wiping in the P1 rat pup. Additionally, the results from the Naltrexone and
Saline pretreatment conditions revealed that the behavioral effect of milk is mediated by the
endogenous opioid system. Subjects that were pretreated with naltrexone and infused with
milk showed higher levels of facial wiping than control pups injected with Saline, indicating
that naltrexone was effective in blocking opioid receptors and reinstating the facial wiping
response.

Analyses of general activity were performed in a series of three-factor ANOVAs (3
Pretreatment groups × 2 Exposure groups × 3 1-min intervals), with the Time factor treated
as a repeated measure. Results showed a significant main effect of Time across the groups
on forelimb movements, F (2, 82) = 18.60, p < .0001. Post hoc tests indicated a significant
increase of forelimb activity across each min of the test session: baseline (mean ± SEM =
15.0 ± 1.6), min after milk exposure (21.8 ± 1.9), min after lemon infusion (31.1 ± 2.1). A
significant effect of Time also was evident for hindlimbs, F (2, 82) = 5.35, p < .01, with no
change from min 1 (12.1 ± 2.1) to min 2 (13.7 ± 1.4) and elevated activity at min 3 (19.6 ±
1.9) after the infusion of lemon (p < .05). In addition, there was significant main effect of
Exposure infusion on hindlimb activity, F (2, 41) = 4.98, p < .05, with more hindlimb
movements expressed by DW-infused pups. Head movements also showed a significant
main effect of time, F (2, 82) = 5.28, p < .01, with head activity increasing from min 1 (4.5 ±
0.9) to min 2 (7.6 ± 1.0) and remaining at similar levels in min 3 (8.7 ± 0.9) after the lemon
infusion (p < .05). Finally, mouth movements showed a significant effect of time, F (2, 82)
= 17.70, p < .0001, with significant higher levels of activity at min 3 (4.9 ± 0.8) after the
lemon infusion compared to either min 1 (1.0 ± 0.4) or min 2 (1.1 ± 0.3). Overall, the
analyses of general activity suggested a general increase in activity after the infusion of
lemon.
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The findings of Experiment 2 are comparable to those described by Korthank and Robinson
(1998), who reported that E20 rat fetuses that were infused with milk showed lower levels of
facial wiping to lemon. In addition, the results of the present study confirm that milk effects
on facial wiping are mediated by the endogenous opioid system in the newborn rat. Taken
together, these findings and those reported by Korthank and Robinson (1998) suggest a
continuum in the effects of milk before and after birth. Although this experiment did not
evaluate which opioid receptors mediate the effects of milk on facial wiping, it has been
reported before that milk evokes a kappa opioid response in the E20 rat fetus (Korthank &
Robinson, 1998; Smotherman & Robinson, 1992a). Similarly, Korthank & Robinson also
reported that AF reduced facial wiping in a manner similar to milk in fetuses and that this
response also was mediated by the kappa opioid system. Since the effects of AF on facial
wiping in the P1 rat have not previously been evaluated, Experiments 3 and 4 were
conducted to determine whether AF can reduce facial wiping to a lemon infusion in the
neonatal rat. Because measures of general activity indicated that pups were responsive to
infusions, but did not differentiate among the pretreatment or exposure conditions,
subsequent experiments report behavioral data only for facial wiping responses.

Experiment 3: AF effects on facial wiping
Previous experiments performed with rat fetuses reported that AF has the capacity to reduce
the behavioral expression of facial wiping after a lemon infusion (Korthank & Robinson,
1998). Several other reports have provided evidence of the postnatal effects of AF expressed
in newborn rats (Hepper, 1987), lambs (Schaal, Orgeur et al., 1995), and humans (Marlier et
al., 1998a, 1998b; Schaal, Marlier et al., 1995) with emphasis on the preference response
and the capacity of neonates to recognize AF after birth. Currently, there is no evidence of
the effects of AF on the expression of a behavioral response to chemosensory stimulation
after birth. The aim of Experiment 2 was to evaluate if AF can exert an effect on the facial
wiping response of the neonatal rat that is similar to effects reported previously for rat
fetuses.

Methods
Forty-eight P1 rat pups, including one male and one female pup from each litter, from a total
of 9 litters, were assigned as subjects to one of three experimental groups in Experiment 2.
Subjects were tested in 3-min sessions. At the end of a 1-min baseline period, pups received
a 20 µl exposure infusion of AF (n = 9 litters) or DW (n = 8), or no infusion (group
designated as NI; n = 9). After a delay of 1-min after the exposure infusion, all pups
received a 20 µl test infusion of lemon to evoke facial wiping and were observed for one
final minute.

Results and discussion
Preliminary analysis examined the effect of gender on facial wiping responses of pups after
exposure to AF, and no differences were found between male and female subjects (ps > .05).
As a consequence, litter means were calculated for male and female pups assigned to the
same experimental condition; these litter means were used in subsequent data analyses in
this experiment. There was no significant expression of facial wiping across the three groups
during the 1-min baseline or during the 1-min after the exposure infusion of AF or DW. A
one-factor ANOVA indicated that facial wiping to the lemon infusion varied significantly
among the three exposure conditions, F (2, 22) = 11.87, p < .0005 (Figure 4). Post-hoc
analysis (Fisher PLSD) showed that facial wiping did not differ between NI and DW pups (p
> .05). In contrast, a significant reduction in facial wiping was found in the AF group
relative to both other conditions (p < .05).
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To summarize, these results provide evidence that AF is effective in reducing the facial
wiping response to lemon in neonatal rats. These findings are concordant with similar
findings from work with rat fetuses (Korthank & Robinson, 1998) and suggest a behavioral
continuity of the effects of AF between the prenatal and postnatal periods.

Experiment 4: Opioid Mediation of AF effects
Previous studies have documented that some of the behavioral responses to chemosensory
stimulation in fetal rats are influenced by the endogenous opioid system. Korthank and
Robinson (1998) reported that the effect of AF on chemosensory responses of fetal rats is
opioid mediated. In contrast, studies that have reported the impact of AF on postnatal
behavior in rats, lambs and humans have not evaluated if AF effects are mediated by the
endogenous opioid system. The aim of Experiment 4 was to determine if the behavioral
effect of AF on facial wiping in the neonatal rat is mediated by the endogenous opioid
system.

Methods
Subjects were 40 P1 rat pups from 10 litters that were assigned to one of two pretreatment
conditions: (a) an intraperitoneal (IP) injection of 50 µl of naltrexone (1.0 mg/kg), a
nonselective opioid antagonist, or (b) an IP injection of the vehicle control of isotonic saline
(50 µl). All injections were administered 5-min before testing and were performed using a
30-ga hypodermic needle. As in the previous experiment, pups in Experiment 4 received an
infusion of AF or DW after the 1-min baseline. Thus, four treatment groups (n = 10 pups per
group) resulted from the combination of the pretreatment condition (Saline or Naltrexone)
and the exposure infusion (AF or DW). During the 3-min test session, 1-min after the
exposure infusion, all subjects received a 20 µl test infusion of the lemon solution.
Behavioral scoring included only the 3-min session comprising baseline, exposure and test
periods.

Results and discussion
Facial wiping was not expressed by any of the subjects during the Baseline period or after
the Exposure infusion of AF or DW. Wiping responses to the Test infusion of lemon were
compared in a 2-factor ANOVA (2 Pretreatments × 2 Exposure conditions). This analysis
indicated a main effect of Pretreatment, F (1, 36) = 4.23, p < .05, but no effect of Exposure
(p >.05). The interaction of Pretreatment and Exposure also was significant, F (1, 36) =
4.92, p < .05, which indicated that subjects pretreated with Saline and exposed to AF
showed reduced wiping responses compared to subjects exposed to DW, and that
pretreatment with naltrexone reinstated higher levels of wiping response after AF exposure
(Figure 5).

The finding that blockade of opioid receptors with naltrexone is effective in reinstating
higher levels of facial wiping confirms that the effect of AF on this behavioral response to
novel chemosensory stimulation is mediated by the endogenous opioid system. These results
are consistent with previous evidence of similar experimental manipulation with fetuses
(Korthank & Robinson, 1998), suggesting that both behavioral manifestations before and
after birth have the same neural substrates.

Experiment 5: Kappa opioid system mediation of AF effects
The previous report by Korthank and Robinson (1998) found that behavioral effects of AF
in the rat fetus are mediated by the kappa subclass of opioid receptors. In Experiment 3,
naltrexone was shown to be effective in reinstating higher levels of facial wiping after pups
were exposed to AF, suggesting that the behavioral effects of AF are mediated by the
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endogenous opioid system in infant rats as well. The aim of Experiment 5 was to identify if
the effects of AF on behavior of the neonatal rat are mediated by the kappa or mu subclass
of opioid receptors. (Previous reports have documented that delta opioid receptors undergo
rapid developmental change during the postnatal period in both brain and spinal cord in the
rat (Attali, Saya, & Vogel, 1990; Petrillo, Tavani, Verotta, Robson, & Kosterlitz, 1987), but
delta opioid activity is not involved in sensory-evoked opioid responses in the fetal rat
(Smotherman et al., 1994). For these reasons, this experiment did not include selective
antagonism of delta opioid receptors.) Pretreatment with a selective opioid antagonist such
as BNI for kappa opioid receptors or CTOP for mu receptors should be effective to reinstate
a higher facial wiping response to lemon after exposure to AF.

Methods
Subjects were 24 P1 rat pups collected from 8 litters that were assigned to one of three
pretreatment conditions: (a) an intraperitoneal (IP) injection of 50 µl of the selective kappa
antagonist nor-binaltorphimine di-HCl (BNI, 9.0 mg/kg), (b) the mu antagonist [Cys2, Tyr3,
Orn5, Pen7]-Amide (CTOP, 6.0 mg/kg), (c) or the isotonic saline vehicle (SAL). Opioid
receptor antagonists and the vehicle control were administered using a 30-ga hypodermic
needle. Dosages of both CTOP and BNI were determined from previous dose-response
curves of the effectiveness of mu and kappa antagonists to block the behavioral effects of
selective mu or kappa agonist drugs (Smotherman & Robinson, 1992a, Smotherman,
Simonik, Andersen, & Robinson, 1993). As in Experiment 3, pups were pretreated 5 min
before testing. After the 1-min baseline, all subjects received an infusion of AF followed 1
min later by an infusion of the lemon solution. The 3-min session comprised the baseline,
the exposure infusion, and the test infusion of lemon. Behavioral scoring was conducted
through the entire 3-min test session.

Results and discussion
As in the previous experiments, facial wiping was not expressed by any of the subjects
during the Baseline period or after the Exposure infusion of AF. After delivery of the lemon
infusion, facial wiping responses varied significantly among the three pretreatment
conditions, F (2, 21) = 4.32, p < .05 (Figure 6). Post-hoc analysis (Fisher PLSD) showed
that facial wiping was expressed significantly more by subjects in the BNI condition than by
pups injected with CTOP (p < .05) or Saline (p < .05). Facial wiping did not differ between
Saline and CTOP conditions (p > .05).

To summarize, results of Experiment 5 demonstrated that subjects pretreated with the
selective kappa receptor antagonist BNI showed higher levels of facial wiping in response to
the test infusion of lemon after exposure to AF. These findings confirm and extend the
findings of Experiment 4 that indicated the involvement of the endogenous opioid system in
the behavioral effects of AF on neonatal facial wiping. More specifically, since BNI was
effective in reinstating the facial wiping response, it suggests that exposure to AF results in
activity at the kappa subclass of opioid receptors. These results are consistent with those
reported by Korthank and Robinson (1998) in rat fetuses and provide more evidence for
developmental continuity in the behavioral effects of AF during the perinatal period.

General Discussion
The present study provides important information about the effects of posture and oral
exposure to two biologically important fluids—amniotic fluid (AF) and milk—on
chemosensory responsiveness in the newborn rat. Specifically, facial wiping behavior in
response to infusion of lemon extract was used as a behavioral index of sensory
responsiveness in the infant rat. Because an initial experiment found that wiping responses
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were more pronounced when pups were tested in a supine posture, all subsequent
experiments tested pups in this position. Moreover, previous studies have suggested that
chemosensory stimulation can evoke righting responses that interfere with facial wiping
when older pups (P3-P5) were tested in a supine posture (Smotherman & Robinson, 1989;
Robinson & Smotherman, 1992a). Measures of head and limb activity were low during the
baseline period in Experiment 1, and general activity was not indicative of competing
responses, such as righting (Robinson & Smotherman, 1992b), when P1 pups were tested in
a supine posture. For these reasons, the supine posture was judged optimal for testing facial
wiping responses in P1 rat pups.

The next four experiments assessed the behavioral effects of oral exposure to milk or AF.
Experiment 2 confirmed that exposure to milk resulted in a reduced facial wiping response,
measured as fewer wiping strokes, after an infusion of the test solution of lemon, and
blockade of opioid receptors with the non-selective opioid antagonist naltrexone was
effective in reinstating higher levels of facial wiping after exposure to milk, suggesting
mediation by the endogenous opioid system. In Experiments 3 and 4, oral exposure to a
small amount of AF collected on E20 also resulted in a diminished facial wiping response to
lemon, and blockade of opioid receptors with naltrexone was effective in reinstating higher
levels of facial wiping after exposure to AF. Finally, Experiment 5 demonstrated that
pretreatment with the kappa-selective opioid antagonist BNI, but not the mu antagonist
CTOP, also reversed the effects of exposure to AF and resulted in higher levels of facial
wiping to lemon.

From a psychobiological perspective, this study reports a number of findings that are
important for understanding the developmental transition from prenatal to the postnatal life.
First, the finding that the facial wiping response of infant rats is influenced by the posture of
the pup at the time of testing provides further evidence for the importance of controlling
environmental context when evaluating behavior in developing animals. Although the
rationale for Experiment 1 was to determine the most appropriate posture for testing pups in
subsequent experiments, it also affirmed the importance of controlling behavioral context,
such as posture, in assessing other behavioral capacities in neonatal subjects. There are other
well-known examples of the influence of posture on motor performance in both human and
animal infants. In humans, the development of reaching is intrinsically related to the
development of postural control (Rochat, 1992; Rochat & Goubet, 1995). For instance,
previous work in this area suggests that postural control is important for infants to control
the trajectory of arm movements toward a target (Thelen & Spencer, 1998). In newborn rats,
the initial posture of the pup exerts a strong influence on the motor systems activated, and
thus the patterns of movement expressed, during righting responses on a surface (Pellis,
Pellis & Teitelbaum, 1991). Facial wiping specifically can be disrupted when older rat pups
are tested in postures that evoke conflicting motor responses such as righting, or which
require limb support for postural maintenance (Robinson & Smotherman, 1992b). These
examples illustrate how one behavior may serve as scaffolding for another. Pups do not
simply express a response to sensory stimulation in a vacuum. Their behavior is shaped by
the physical and behavioral context in which the exposure takes place.

The principal finding of this study is the apparent effectiveness of milk and AF to modulate
a response to sensory stimulation in the neonatal rat. Previous work has documented similar
effects on sensory responsiveness when perinatal rats are exposed to milk. For example, 2–
10 day old rats exhibit an increased latency to withdraw a forepaw from a thermal stimulus
after oral exposure to milk (Blass & Fitzgerald, 1988). The ability of milk to reduce
responsiveness to nociceptive stimuli also is evident at the time of birth in Caesarean-
derived pups that lack suckling experience (Blass, Jackson and Smotherman, 1991).
Smotherman and Robinson (1992a) reported that rat fetuses tested the day before birth
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(E21), after oral exposure to milk, showed significantly less facial wiping to an oral infusion
of lemon than controls exposed to saline. The same study reported that wiping responses of
E20 or E21 fetal rats elicited by a perioral tactile probe were virtually eliminated after oral
exposure to milk.

Moreover, parallels between AF and milk also are reflected in the neural mechanisms that
mediate these behavioral effects. Previous reports have demonstrated that a variety of
behavioral effects evoked by milk in the fetal or neonatal rat can be blocked by antagonism
of the endogenous opioid system. For example, the greater latency to respond to a thermal
stimulus after oral exposure to milk was reversed when pups were pretreated with the
nonspecific opioid antagonist naloxone (Blass et al., 1991). Direct injection of naloxone or a
selective kappa opioid antagonist into the cerebral ventricles also caused newborn pups to
show a greater latency to attach to a surrogate nipple that provided milk, and markedly
reduced time on the nipple and milk intake (Petrov, Varlinskaya, & Smotherman, 1998;
2000). Diminished responses of fetal rats to a perioral stimulus after milk exposure also
were prevented by blockade of the opioid system: both naloxone and the selective kappa
antagonist nor-binaltorphimine (BNI) blocked the effect of milk and reinstated high levels of
wiping in response to perioral stimulation in E20 rat fetuses (Smotherman & Robinson,
1992a, 1992c). However, antagonism of mu or delta opioid receptors was not effective in
blocking the milk effect (Smotherman et al., 1994). Other behavioral responses elicited by
milk also appear to be affected by activity in the endogenous opioid system. Rat fetuses
pretreated with naloxone and infused with milk did not show the stretch response typically
evoked by this stimulus (Smotherman & Robinson, 1992b), and classical conditioning
supported by milk as an unconditioned stimulus was blocked by antagonism of opioid
receptors (Robinson, Arnold, Spear & Smotherman, 1993). Taken together, these results
suggest that milk exposure not only produces similar behavioral effects in the fetal and
neonatal rat, but that these effects are supported by similar neural substrates.

The findings of Experiments 4 and 5 of the present study confirm the functionality of the
opioid system only a few hours after birth, and corroborate the involvement of the
endogenous opioid system in the behavioral effect of AF on facial wiping. Specifically,
Experiment 5 provided evidence that the kappa subclass of opioid receptors, but not mu,
mediate the behavioral effects of AF in the newborn pup. The same pattern of results was
reported for fetal rats by Korthank and Robinson (1998): E20 rat fetuses showed diminished
facial wiping to lemon after oral exposure to AF, and the effects of AF on fetal
responsiveness was effectively blocked by a nonspecific or selective kappa opioid
antagonist. Knowing that AF can exert a behavioral response in neonates similar to that
previously described in fetuses not only provides evidence for developmental continuity in
the behavioral effects of AF, but also suggests that the same neural mechanisms govern
responses to AF and milk before and after birth.

Other authors have suggested that AF and milk represent points along a continuum of
predictable environmental features that may serve to bridge the perinate in the transition
from prenatal to perinatal life. Marlier, Schaal and Soussignan (1997) reported that 3 days
after birth, human neonates showed an olfactory preference for maternal lacteal secretion
when paired with AF. Before that age, newborns did not distinguish between AF and
colostrum; they showed a positive approach to both stimuli when they were presented
simultaneously (Marlier et al., 1998b). At later ages, the postnatal olfactory response was
specific to mature (post-colostrum) human milk (Marlier & Schaal, 2005). A parallel series
of studies has suggested a similar pattern of developmental continuity in the responses of
fetal and newborn lambs, rabbits and piglets to the odors of AF and milk (Coureaud, Schaal,
Hudson, Orgeur, & Coudert, 2002; Parfet & Gonyou, 1991; Schaal & Orgeur, 1992). These
studies suggest that preferences for the odors of biologically relevant natural fluids shifts
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continuously from AF to colostrum to milk during the perinatal period in a number of
mammalian neonates (Schaal, 2005). Of course, none of the studies of newborn human or
lamb olfactory preferences specifically implicate neural systems that may mediate infant
responses. Therefore, the present study may aid in filling this gap by implicating a common
mechanism underlying the behavioral effects of milk and AF in fetal and newborn rats: both
fluids appear to activate the kappa subclass of opioid receptors in fetuses (milk: Smotherman
& Robinson, 1992c; AF: Korthank & Robinson, 1998) and newborns (milk: Petrov et al.,
2000, this study; AF: this study).

In the same manner that current research has concentrated efforts on understanding clinical,
biological, and nutritive aspects of AF regulation in the human fetus (Ross & Brace, 2001;
Underwood, Gilbert, & Sherman, 2005), the findings of this study emphasize the importance
of understanding the role of AF in behavioral development. Because this study was
conducted with rat neonates, it will be important in future research to determine if
behavioral effects of AF reported in other mammals, including human newborns, are also
opioid mediated. Previous studies have documented that AF can provide a potent cue for
guiding the behavior of the newborn rat, lamb and human (Marlier et al., 1998a, 1998b;
Porter, Winberg, & Varendi, 2005; Schaal, 2005; Schaal, Marlier et al., 1995; Schaal,
Orgeur et al., 1995). But further research will be needed to determine whether the postnatal
effects of AF on other aspects of neonatal behavior are related to endogenous opioid activity
during perinatal development (Korthank & Robinson, 1998; Smotherman & Robinson,
1992c).
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Figure 1.
Mean number of unilateral and bilateral facial wiping strokes and total number of wipes
after lemon infusion in two testing conditions (supine or prone) in Experiment 1. The right
side of the figure depicts the percentage of wiping strokes that were bilateral in supine or
prone. Vertical lines show S.E.M.
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Figure 2.
Changes in forelimb, hindlimb, head and mouth activity during the 2-min test session of
Experiment 1. Pups were tested in two posture conditions: Supine and Prone. Points depict
mean frequencies; vertical lines show S.E.M.
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Figure 3.
Number of facial wiping strokes evoked by lemon after oral exposure to distilled water
(DW) or milk in Experiment 2. Pups were pretreated by IP injection of isotonic saline or the
non-selective opioid antagonist naltrexone (1.0 mg/kg), or no injection, 5 min before oral
exposure. Bars show mean number of wiping strokes; vertical lines depict S.E.M.
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Figure 4.
Number of facial wiping strokes evoked by lemon after oral exposure to one of three fluids:
amniotic fluid (AF), a control stimulus of DW, or no infusion (NI). Bars depict mean
number of wiping strokes; vertical lines show S.E.M.

Méndez-Gallardo and Robinson Page 21

Dev Psychobiol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Number of facial wiping strokes evoked by lemon in Experiment 4 after exposure to DW or
AF. Subjects were pretreated by IP injection of the saline vehicle or the non-selective opioid
antagonist naltrexone (1.0 mg/kg) 5 min before receiving the oral infusion of DW or AF.
Bars depict mean number of wiping strokes; vertical lines show S.E.M.
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Figure 6.
Number of facial wiping strokes evoked by lemon in Experiment 5. Subjects were pretreated
by IP injection of the saline vehicle, the selective m opioid antagonist CTOP (6.0 mg/kg), or
the selective k opioid antagonist BNI (9.0 mg/kg) 5 min before receiving an oral infusion
AF. Bars depict mean number of wiping strokes; vertical lines show S.E.M.
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