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Abstract

Maternal touch profoundly regulates infant neural and behavioral development, and supports learned
odor associations necessary for infant attachment. Endogenous opioids are well characterized to
mediate the calming and analgesic properties of maternal touch; yet their role in learned odor-touch
associations is unknown. We administered naltrexone, an opioid receptor antagonist, before or
immediately following classical conditioning with peppermint odor and tactile stimulation (stroking)
in rat neonates. Results indicate odor-stroke conditioning produces odor preferences facilitated by
endogenous opioids during acquisition and memory consolidation. These results provide additional
evidence for the modulatory role of opioids in neonate learning and memory. Disturbances to this
system may alter the impact of touch on infant development, particularly in the realm of learning
necessary for attachment.

Keywords

opioids; learning; memory; neonate; odor; stroke

Sensory stimuli associated with the mother (touch, odor, milk, warmth) are substantial
regulators of infant physiology and behavior (Hofer, 1994; Myers et al., 2004; Stanton,
Wallstrom, & Levine, 1987). Indeed, studies of maternal separation in rats and primates
highlight the importance of mother-infant interactions, as isolation of an infant from the mother
compromises both brain and behavioral development (Brake, Zhang, Diorio, Meaney, &
Gratton, 2004; Carden, Tempel, Hernandez, & Hofer, 1996; Gunnar, 2003; Ladd et al., 2000;
Meaney et al., 1996; Schanberg, Ingledue, Lee, Hannun, & Bartolome, 2003; van Oers, de
Kloet, Whelan, & Levine, 1998, Zimmerberg, Kim, Davidson, & Rosenthal, 2003). Studies
using various forms of supplemental tactile stimulation of both rat and human neonates further
demonstrate the importance of maternal touch during development. Such treatment in
nondeprived rats significantly alters hormones (particularly those involved in stress responses)
and gene expression, and in deprived pups is sufficient to reverse many of the neural and
behavioral severities generated by maternal separation (Jutapakdeegul, Casalotti, Govitrapong,
& Kotchabhakdi, 2003; Lucion, Pereira, Winkelman, Sanvitto & Anselmo-Franci, 2003;
Schanberg & Field, 1987; van Oers et al., 1998). In humans, stroking and skin-to skin contact
causes positive changes in the neonate’s physiology and behavior, especially in preterm or
low-birth weight infants (Anisfeld, Casper, Nozyce, & Cunningham, 1990; Bystrova et al.,
2003; Ferber & Makhoul, 2004; Pelaez-Nogueras, Field, Hossain, & Pickens, 1996; Schanberg
& Field, 1987; Vickers, Ohlsson, Lacy, & Horsley, 2000). Overall, these studies demonstrate
the importance of maternal tactile stimulation in normal infant development.

Tactile stimulation also serves as a reward and supports learning in newborns. Specifically,
human infants can associate tactile stimulation with an odor during the first few hours of life
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(Sullivan et al., 1991), indicative that the neural mechanisms necessary for affective learning
and memory are already present and functional. Similar associative conditioning has been well
documented in rat neonates (Dominguez, Lopez, & Molina, 1999; McLean, Darby-King,
Sullivan, & King, 1993; Sullivan & Hall, 1988; Weldon, Travis, & Kennedy, 1991).
Neurochemical systems involved in mediating the neonate’s response to touch include
cholecystokinin (Weller & Feldman, 2003), opioids (Panksepp, Herman, Vilberg, Bishop &
DeEskinazi, 1980), oxytocin (Insel, 1997; Nelson & Panksepp, 1996), and serotonin (McLean
et al., 1993), although norepinephrine (NE, Sullivan & Wilson, 1994) has a particularly
prominent role in mediating learned odor-stroke associations in rat neonates. It is well known
that the calming (attenuation of stress) and analgesic effects of mother-infant interaction is
mediated through endogenous opioids (Blass, Fillion, Weller, & Brunson, 1990; Gray, Watt,
& Blass, 2000; Weller & Feldman, 2003); however, their role in learned odor-touch
associations has not been examined. The goal of this research was to examine the role of opioids
in the associative learning and memory of an odor preference following odor-stroke
conditioning in neonatal rats.

All procedures were approved by the University of Oklahoma Institutional Animal Care and
Use Committee and follow NIH guidelines. Subjects were both male and female pups, born of
Long-Evans rats (Harlan Sprague-Dawley, IN) in the animal vivarium at the University of
Oklahoma. Mothers were housed in polypropylene cages lined with aspen wood shavings, and
kept in an environment with controlled temperature (20°C) and light (12 hr: 12 day), with food
and water available ad libitum. The day of parturition was termed Day 0 of age, and litters were
culled to five males and five females Day 1-2 later.

Behavioral Training Procedures

On the day of training, 7-8-day-old pups were randomly assigned to a training condition: (1)
Paired odor-stroke, (2) Unpaired odor-stroke, and (3) Odor only. After being marked for
identification (indelible ink), weighed, and placed in individual 600 ml glass beakers, pups
were given a 10 min habituation period to recover from handling. During a 1 hr training session,
pups received 14 presentations of a 30 s peppermint odor and stroke, with an intertrial interval
of 4 min. Paired odor-stroke subjects received 14 pairings of the 30 s odor with stroke during
the last 20 s of the odor presentation, while Unpaired odor-stroke subjects received stroking
approximately 2 min after an odor presentation. Odor-only subjects received only the
peppermint odor presentations. Peppermint odor was presented with a flow-dilution
olfactometer at 2 L/min and at a concentration of 1:10 peppermint vapor. Using a small
painter’s brush, strokes were delivered in a rostral-caudal direction on the dorsal surface of the

pup.

To assess pups’ learning during odor-shock training, limb movements (0, no movement->5,
movement of all limbs) 10 s prior to an odor presentation and during the odor presentation
were recorded (Hall, 1979). This rating scale allows us to measure generalized behavioral
activity and to provide a general assessment of learning during training. Following training,
pups were returned to the mother.

Drug Treatment

For Experiment 1, pups received Naltrexone (NTX; Naltrexone Hydrochloride, Sigma, St.
Louis, MO) or equal volume saline subcutaneously at the nape of the neck. Pups received 0.5
mg/kg of NTX (Kehoe & Blass, 1986a; Roth & Sullivan, 2001, 2003) and were given 15 min
to recover undisturbed in a 30°C incubator before beginning odor-stroke conditioning. For
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Experiment 2, pups received 0.5 mg/kg of NTX or equal volume saline (SAL; subcutaneous
at the nape of the neck) immediately following the end of odor-stroke conditioning. After
injections, pups were placed in a 30°C incubator for 15 min before they were returned to their
home cage.

Behavioral Testing Procedures

One day after training, pups were removed from the mother and tested using a Y-maze. The
Y-maze consisted of a start box (7 cm long and 9 cm wide) and 2 alleys at 45° angles (22 cm
long and 9 cm wide). The start box was separated from the alleys via removable doors. One
arm of the maze contained the familiar aspen wood nest odor (20 ml of clean, aspen shavings
in a petri dish), while the other arm contained the peppermint odor (25 pl of peppermint extract
placed on a Kim wipe that had been placed in a ventilation hood for 5 min). Each pup was
placed in the starting box and given 5 s for habituation before the doors to the alleys were
removed. Each subject had 60 s to make a choice, which required the pup to enter the alley.
Each subject was given five trials, and the floor was wiped clean (using a cloth with distilled
water) between each trial. A 30 s intertrial interval was used between testing trials, and the
orientation of the pup was counterbalanced between trials when placed in the habituation
chamber. Observations of each pup were made blind to the training condition.

Data Analysis

RESULTS

We used the analysis of variance (ANOVA) and post-hoc Fisher tests to analyze differences
between training conditions and drug treatment groups for both experiments. To analyze
learning curves, we used repeated measures ANOVAS and post-hoc Fisher tests. For all
statistical tests, significance was set at p < .05.

Odor-Stroke Learning

In Experiment 1, pups received NTX prior to conditioning to assess whether disruption of the
endogenous opioid system impairs pups’ ability to form odor-stroke associations. ANOVA
analysis of behavior during conditioning in Experiment 1 indicates that all pups had similar
behavior before an odor presentation, F (12, 246) =1.37, p = .18 (data not shown). Analysis of
behavior during odor presentations indicates there was a training condition x drug interaction
effect, F (12, 246) = 2.59, p <.01 (Fig. 1A). Only SAL treated pups in the Paired condition
demonstrated significant acquisition (learning) during the course of the training session, p <.
05. Pups given NTX within the Paired condition were not different from control pups, p > .05.
As illustrated in Figure 1B, ANOVA analysis of Y-maze results revealed a main effect of
training condition, F (2,41) = 5.45, p < .01, and a training condition x drug interaction, F (2,
41) = 3.86, p < .03. Post-hoc analysis indicates that pups that received Paired presentations of
odor and stroke learned an odor preference (p < .05), while pups that received NTX prior to
Paired presentations of odor and shock failed to learn the preference. NTX had no observable
effect in either the Unpaired or Odor Only conditions.

Odor-Stroke Memory Consolidation

In Experiment 2, pups received NTX immediately following conditioning to assess whether
disruption of the endogenous opioid system impairs pups’ ability to form memories of learned
odor-stroke associations. For Experiment 2, ANOVA analysis of behavior during conditioning
indicates that all pups had similar behavior before an odor presentation, F (12, 252) = .75, p
= .70 (data not shown). Analysis of behavior during odor presentations indicates there was a
significant effect of the training condition, F (12, 252) = 4.07, p < .01 (Fig. 2A). All pups in
the Paired condition demonstrated significant acquisition (learning) during the course of the
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training session, and were significantly different from control pups, p <.05. ANOVA analysis
of Y-maze results (Fig. 2B) revealed a main effect of drug treatment, F (2, 42) = 4.69, p < .04,
and a training condition x drug interaction, F (2, 42) = 5.44, p < .01. Post hoc analysis revealed
that pups that received Paired presentations of odor and stroke had an odor preference, p <.

05. NTX post-training blocked the formation of an odor preference, as these pups did not differ
from controls. NTX had no observable effect in either the Unpaired or Odor Only conditions.

DISCUSSION

The present study examined the role of opioids in odor-stroke associative learning and memory
in rat neonates. Blockade of opioid receptors during acquisition prevented pups from learning,
as indicated by their failure to display learning curves and an odor preference during the Y-
maze test. Likewise, administration of an opioid receptor antagonist immediately following
training prevented memory consolidation of the odor association. Overall, these results
demonstrate that opioids facilitate the acquisition and memory consolidation of neonate learned
odor-touch associations.

Early odor learning is important in securing mother-infant bonding in the postnatal
environment (Hofer & Sullivan, 2001). Endogenous opioids have been shown to play a
prominent role in the postnatal attachment process. Specifically in the rat neonate, opioids
facilitate odor preference learning (Barr & Rossi, 1992; Kehoe & Blass, 1986a; Panksepp,
Nelson, & Siviy, 1994; Randall, Kraemer, Dose, Carbary, & Bardo, 1992; Roth & Sullivan,
2001,2003; Shide & Blass, 1991), and nipple-milk conditioning (Petrov, Varlinskaya, Becker,
& Smotherman, 1998, Petrov, Varlinskaya, & Smotherman, 2000; Robinson, Arnold, Spear,
& Smotherman, 1993; Robinson & Smotherman, 1997). Suggestive of their rewarding value
in neonates, opioids are sufficient to alleviate separation distress (Carden, Barr, & Hofer,
1991; Goodwin, Molina, & Spear, 1994; Kehoe & Blass, 1986b; Panksepp, Herman, Conner,
Bishop, & Scott, 1978). Additionally, Moles, Kieffer, and D’Amota (2004) have recently
demonstrated that mice neonates lacking p-opioid receptors fail to show preferences toward
maternal odor and do not show distress when separated from the mother, indicative that opioids
play a prominent role in modulating the rewarding experience of mother-infant interactions.

We have previously demonstrated that opioids also play a critical role when neonates learn
odor preferences despite pain. Specifically, in rat neonates up to PN9, presentations of odor
and shock (0.5 mA) result in learned odor preferences (Camp & Rudy, 1988; Roth & Sullivan,
2001; Sullivan, Landers, Yeaman, & Wilson, 2000). Indicative of the aversive nature of this
conditioning paradigm, a shock intensity of 0.5 mA is similar to that commonly used in adult
fear conditioning experiments to effectively elicit avoidance (e.g., LaLumiere, Buen, &
McGaugh, 2003; Paschall & Davis, 2002; Wilensky, Schafe, & LeDoux, 1999). Additionally,
threshold to shock does not appear to change developmentally, and 0.5 mA shock elicits both
pain vocalizations (White, Adox, Reddy, & Barfield, 1992) and escape responses (Emerich,
Scalzo, Enters, Spear & Spear, 1985; Stehouwer & Campbell, 1978; Sullivan et al., 2000).
Thus, neonates display unique learning characteristics about pain. Using this paradigm, we
have shown that opioid receptor antagonism during neonatal odor-shock conditioning prevents
acquisition of a conditioned odor preference (Roth & Sullivan, 2001). In sharp contrast, opioid
receptor antagonism immediately following the odor-shock conditioning produces an odor
aversion instead of the typical odor preference (Roth & Sullivan, 2001, 2003). Given these
results from our previous studies, one might also expect opioid receptor antagonism post odor-
stroke conditioning to elicit an odor aversion. However, results from the present study indicate
this is not the case, and rather disruption of the endogenous opioid system following odor-
stroke conditioning only blocks consolidation of an odor preference. We suggest that the
discrepancy between these studies appears to reflect an important role of endogenous opioids
in the neonate’s hedonic response to stimuli. Though our understanding of the neural circuitry
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mediating infant perception of rewarding and aversive stimuli remains premature, our present
behavioral results and those from odor-shock conditioning suggest that neonates can perceive
and assign hedonic value to the stimuli, as we are only able to induce a neonate odor aversion
when using an aversive conditioning paradigm with opioid receptor manipulation.

Together, results from our previous behavioral studies and the present indicate that opioids
play a pivotal role in ensuring learned odor preferences, especially in response to aversive
stimuli. Indeed, neonates do not readily learn avoidances or aversions typically produced from
passive avoidance, active avoidance, or inhibitory conditioning (reviewed in Roth, Wilson, &
Sullivan, 2004). The limitations on aversive learning corresponds to a developmental period
when the pups are confined to the nest (Bolles & Woods, 1965) and learned odor aversions
would hinder proximity seeking of the mother, and thus the nutrition, warmth, and protection
necessary for survival (Hofer & Sullivan, 2001). And the infant learning circuitry appears
optimized to support readily learned odor preferences (Sullivan, 2003). Specifically, brain
areas activated by odor-stroke, odor-milk, or odor-shock conditioning in rat neonate are the
locus coeruleus, olfactory bulb, and piriform cortex (reviewed in Roth et al., 2004; Roth &
Sullivan, 2005). Additionally, learning during odor-stroke or odor-shock conditioning in
neonates does not appear to involve significant participation of the amygdala (Sullivan &
Wilson, 1993; Sullivan et al., 2000; Roth & Sullivan, 2005). An understanding of the role of
the endogenous opioid system in this neural circuitry and behavior should provide a better
understanding of how the infant brain is optimized for attachment behavior and the mechanisms
of mother-infant interactions on infant neural and emotional development.

Overall, our results indicate that infant learning of both rewarding and aversive stimuli engages
the endogenous opioid system, and its participation ultimately secures the learning and memory
necessary for attachment-learned odor preferences and not aversions. Furthermore, our results
suggest that disturbances to the normal development of the endogenous opioid system, such
as maternal drug use or postnatal stress and abuse, will impact neonatal attachment
mechanisms.
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FIGURE 1.

Opioid receptor antagonism blocks the learning of a stroke-induced odor preference in rat
neonates. (A) Behavioral acquisition in response to the odor during conditioning for rat
neonates receiving NTX or SAL prior to paired (NTX n =9; SAL n = 8) or unpaired (NTX
n = 8; SAL n = 6) presentations of odor-stroke, or odor only presentations (NTX n = 7; SAL
n =9) on postnatal Day 7 or 8. Each point represents the mean of two summated trials; vertical
lines indicate SEM. (B) Number of approaches toward the conditioned odor in the Y-maze
test. Bars represent mean values; vertical lines indicate SEM. SAL, saline; NTX, naltrexone.
*indicates p < .05.
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FIGURE 2.

Opioid receptor antagonism blocks the consolidation of an odor preference following odor-
stroke conditioning in rat neonates. (A) Behavioral acquisition in response to the odor during
conditioning for rat neonates receiving NTX or SAL immediately following paired (NTX n =
9; SAL n =9) or unpaired (NTX n = 7; SAL n = 6) presentations of odor-stroke, or odor only
presentations (NTX n = 8; SAL n =9) on postnatal Day 7 or 8. Each point represents the mean
of 2 summated trials; vertical lines indicate SEM. (B) Number of approaches toward the
conditioned odor in the Y-maze test. Bars represent mean values; vertical lines indicate SEM.
SAL, saline; NTX, naltrexone. *indicates p < .05.
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