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Abstract

Using an eyelid conditioning paradigm modeled after that developed by Little, Lipsitt, and Rovee-
Collier (1984), Fifer et al. (2010) demonstrated that newborn infants learn during sleep. This study
examined the role of sleep state in neonatal learning. We recorded electroencephalogram (EEG),
respiratory, and cardiovascular activity from sleeping full term newborn infants during delay
eyelid conditioning. In the experimental group (7= 21), a tone was paired with an air puff to the
eye. Consistent with Fifer et al. (2010), newborn infants reliably learned during sleep. The
experimental group more than doubled EMR rates to a tone alone, while a control group (7= 17)
presented with unpaired tones and puffs maintained low EMR rates. Infant learners were more
likely to produce a conditioned EMR during quiet sleep compared to active sleep. Understanding
the influence of sleep state on conditioned responses will inform the potential use of eyelid
conditioning for early screening.
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1| INTRODUCTION

Pioneering work by Rovee-Collier and colleagues facilitated a paradigm shift for
investigation into the roots of learning and memory (Rovee-Collier & Fagen, 1981; Rovee-
Collier & Lipsitt, 1982), demonstrating robust capacities for associative learning and
memory retention in young infants. Several studies have confirmed that awake infants are
capable of classical conditioning and operant learning even in the first few days of life
(DeCasper & Fifer, 1980; Lipsitt, 1998; Papousek, 1961; Siqueland & Lipsitt, 1966; Sullivan
et al., 1991). Both positive approach behaviors and avoidance behaviors can be shaped in
waking neonates by reinforcing neonatal reflexes (Lipsitt, 1998). The brain is immature at
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birth, and rapidly developing neural architecture is influenced by experience (Black, 1998).
Young infants’ early emerging learning capacity, established by this seminal work by Rovee-
Collier and others, represents a mechanism through which awake infants are able to
incorporate information about their environment to shape brain development and guide their
own adaptive behavior.

In recent years, there has been growing interest in understanding the role of sleep in neonatal
learning and memory, given that newborns spend over 70% of their time asleep and can only
maintain wakefulness for brief intervals (Anders, Sadeh, & Appareddy, 1995; So, Adamson,
& Horne, 2007). Sleep facilitates neural maturation and memory consolidation processing;
moreover, infants may also be able to learn and adapt to the environment even while asleep
(see for review, Tarullo, Balsam, & Fifer, 2011). Neonates process information while asleep.
For example, they actively respond to auditory and visual stimuli while asleep (Cheour et al.,
2002; Cruz, Crego, Ribeiro, Goncalves, & Sampaio, 2015; deRegnier, Nelson, Thomas,
Wewerka, & Georgieff, 2000; Kotilahti et al., 2010; Sambeth, Ruohio, Alku, Fellman, &
Huotilainen, 2008). Event related potential (ERP) studies show a differential response to
mother’s voice versus a stranger’s voice (deRegnier et al., 2000) and a mis-match response
to fearful versus angry voices (Zhang et al., 2014). Near-infrared spectroscopy (NIRS) has
been used to demonstrate hemodynamic responses to speech and music in sleeping
newborns (Kotilahti et al., 2010). Thus, even during sleep, neonates are processing sensory
inputs and integrating information about their environments.

Previously, we demonstrated learning in neonates when information was presented only
during sleep (Fifer et al., 2010). In that study, sleeping neonates underwent a delay eyeblink
conditioning protocol in which a tone was paired with an air puff to the eye. Delay eyelid
conditioning is widely used in the animal literature (e.g., Clark, Zhang, & Lavond, 1992;
Ivkovich & Stanton, 2001). Moreover, awake human infants reliably acquire a conditioned
response (Herbert, Eckerman, & Stanton, 2003; Ivkovich, Collins, Eckerman, Krasnegor, &
Stanton, 1999), even within the neonatal period (Little et al., 1984). When we administered a
delay eyelid conditioning paradigm to sleeping neonates, 24 out of 26 sleeping neonates in
the first days of life exhibited their ability to learn by increasing their rate of conditioned eye
movements in response to the tone alone within a single session (Fifer et al., 2010).
Furthermore, none of the four control infants, who experienced random pairings of the tone
and puff, evidenced an increase in eye movement responses (EMRs) to the tone alone. This
strongly suggests that the increase in eye movement responses in the experimental group
was due to learning. In that first study, the small number of infants in the control group
precluded comparison of the trajectories of EMRSs over the course of the session in the
experimental versus control groups. It was clear that infants reliably acquired the
conditioned response within the half-hour conditioning session, but it would be informative
to examine how quickly infants began to show signs of learning.

Even while asleep, infants are surrounded by environmental contingencies, often spanning
multiple sensory modalities. However, little is known about what conditions may be optimal
for infant learning during sleep. One unique characteristic of neonatal sleep is rapid cycling
between quiet (non-REM) and active (REM) sleep states (Anders et al., 1995; Mirmiran,
Maas, & Ariagno, 2003). Prechtl (1974) described both quiet and active sleep states in the
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neonatal period, with quiet sleep characterized by regular respiration and heart rate, while
active sleep is characterized by variable respiration and heart rate. In Fifer et al. (2010),
though infants in both groups appeared to be asleep during the experimental protocol, sleep
state was not monitored. Animal studies have suggested that classical conditioning may be
influenced by sleep state. Rodents in a classical conditioning paradigm during REM sleep
were able to learn a conditioned response (Hennevin, Hars, Maho, & Bloch, 1995) though
no learning appeared to occur during non-REM sleep. Using a mismatch negativity
paradigm, differential reactivity to fearful versus angry voices was observed during active
sleep in newborns (Zhang et al., 2014). Recently, Barnes and Wilson (2014) showed that
olfactory memories could be enhanced or disrupted in rodents and that the effect was
confined to slow wave sleep. This led us to consider whether classical conditioning during
sleep could be state dependent for human infants as well. Infants assessed with the delay
eyelid conditioning paradigm will vary in whether they are in active sleep, quiet sleep, or
some combination thereof. If acquisition or production of a conditioned response is state
dependent, this variation in sleep state during the session could contribute to observed
individual differences in neonatal learning during sleep.

In the current study, a single session of delay eyelid conditioning was administered to
sleeping human neonates, and a control group of neonates was presented with the same tone
and puff stimuli but in an unpaired quasi-random sequence. EMRs were monitored via
electroencephalogram (EEG) and cardiovascular and respiratory activity was recorded to
assess sleep state. Our first goal was to replicate the finding of Fifer et al. in another cohort
of infants with equal numbers of control and experimental subjects, enabling us to examine
how quickly behavioral signs of learning would be evidence in the experimental group as
compared to the control group. The second goal was to examine whether conditioned
responses are more likely to occur in active versus quiet sleep.

2 | METHODS

2.1 | Participants

Healthy full term infants (V= 45) were recruited from the newborn nursery of Morgan
Stanley Children’s Hospital of New York at Columbia University Medical Center, and tested
during sleep in either the experimental or control condition. Participants had a gestational
age of 38-41 weeks (M= 39.84, SD=.75) and were tested within 3 days of birth (M=
31.79 hr; SD = 15.56 hr). All infants had passed the hearing test that was routinely
administered by hospital staff and had a mother fluent in English or Spanish, the languages
in which research staff were qualified to administer informed consent. Exclusion criteria
included major medical problems. Two infants in the experimental group were excluded
from analyses due to technical difficulties. In the control group, three infants were excluded
due to technical difficulties; one due to fussiness; and one because the mother chose to
withdraw during the study. Thus, there were 38 infants included in the current analyses
(experimental group, /=21, nine male; control group, /= 17, six male). Independent
samples ttests and chi-squared tests verified that the experimental and control groups did
not differ in birthweight, method of delivery (C-section or vaginal), gestational age at birth,
age at testing, maternal age, sex, or ethnicity.
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2.2 | Procedures

All procedures used in this study were approved by the Institutional Review Boards at the
New York State Psychiatric Institute and the Columbia University Medical Center.
Attending physicians and nurses on the unit assisted in identifying infants who met criteria
for the study. Research staff then approached mothers to describe the study and obtain
informed consent. Infants were tested while asleep, in a quiet room within the newborn unit.
Infants were fed immediately prior to testing to increase the likelihood that they would
remain asleep during the session. After being fitted with three heart rate electrodes, a
respiratory inductance cloth belt (Ambulatory Monitoring Inc., Ardsley, NY), and a 124-
electrode sensor net (Electrical Geodesics Inc., Eugene, OR; EGI), the infant was swaddled
and placed supine in a bassinet cushioned with a Tempur-Pedic pillow to reduce any
pressure points from the electrodes. Electrode impedances were measured and adjustments
were made until impedance was below 50 kWQ. Research staff then waited until the infant
was asleep before beginning the testing session. A flexible tube was configured to deliver a
puff of air (.05 psi) to the outer canthus of the right eye using an air puff unit (San Diego
Instruments, San Diego, CA). An experimenter continuously monitored the position of the
infant’s head during the study and adjusted the position of the flexible tube as needed if the
infant moved, so as to maintain a consistent location and angle for the delivery of the air puff
to the outer canthus of the right eye. Tones were presented using two speakers with padded
headphones, positioned in the bassinet directly next to the ears (headphones were about half
inch from the ears, allowing room for the EEG net), using rolled towels for consistent
positioning relative to the size of the each infant’s head. During the testing session, EEG and
cardiorespiratory data were recorded while presenting the sleeping infant with tones
bilaterally through the speakers and puffs of air to the right eye. EEG was recorded to a
vertex reference and data were sampled from all channels at 1,000 Hz. Heart rate variability
and respiratory patterns, as well as experimental observational notes, were used to confirm
that infants remained asleep through the study. EEG data were later scored for eye
movement responses (EMR), and cardiorespiratory data were later scored for sleep state.

2.3 | Delay eye movement response (EMR) conditioning paradigm

The EMR conditioning procedure, modeled after the standard delay eyeblink conditioning
procedure used with awake infants, was administered in a single 32 min session, following
the methods of Fifer et al. (2010). All infants were first presented with two tone-alone trials
and two puff-alone trials. The experimental group was then presented with 20 blocks of 10
trials. Each block of 10 trials consisted of eight paired tone-puff trials, in which a 1,000 ms,
1,000 Hz tone preceded and co-terminated with a 100 ms air puff to the right eye; one puff-
alone trial; and one tone-alone trial. The puff-alone trials allowed for monitoring of the
unconditioned response over the course of the session, and the tone-alone trials were the test
trials to assess conditioned responding without the interference of the air puff eliciting an
unconditioned response. Tones were ~80 dB at the position of the infant’s ears, from
speakers positioned The sequence of trials in each block was five paired tone-puff trials
followed by the puff-alone trial, three more paired tone-puff trials, and then a tone-alone
trial. The inter-trial intervals varied from 6 to 10 s to prevent temporal entrainment, with an
average of 8 s. The control group was presented with the same number of tone and puff
stimuli over the same duration, but in a quasi-random sequence such that the tone and puff
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were never paired. For the control group, stimulus presentations were separated by a variable
interval ranging from .5 to 8.5 s (mean of 4.5 s). The order of presentation of tones and puffs
was chosen using a Gellermann series (Gellermann, 1933) such that: (i) the sequence of
stimuli did not contain more than three consecutive presentations of a single type of stimulus
(tone or puff) and (ii) no block of stimuli contained more than nine changes in stimulus type
on consecutive trials.

2.4 | Eye movement responses

Offline, eye movement responses were scored from electrical potentials near the eyes using
Matlab software (MathWorks, Natick, MA). EEG data were notch filtered at 60 Hz and a .5
Hz highpass filter was applied. Data were then segmented with respect to the tone alone
trials to visually inspect the 900-2,000 ms following tone onset for evidence of eye
movement responses (EMRs), consistent with Fifer et al. (2010). Puff alone trials were
scored first, to verify that the unconditioned stimulus consistently elicited an eye movement
response (EMR) for all infants in both groups. For the experimental group, the 20 tone-alone
trials (one in each block) were then examined. For the control group, all tone presentations
were tone-alone trials, so the last tone-alone trial in each block was scored so as to compare
an equal number of tone-alone trials in the two groups. The trials were presented in a
random scrambled order, different for each participant, so that as coders were scoring the
trials, they were blind to when in the session the trial had occurred.

For each trial, an automatic artifact rejection algorithm marked as bad any channels with
excessively noisy data or zero variance. For tone alone trials, a montage of 10 bipolar
channels near the eye was scored for EMRs, defined as deviations of at least 20 pV
occurring in the 900-2,000 ms after tone onset, indicating ocular activity. The use of bipolar
channels, in which two adjacent electrodes both located near the eyes were referenced to
each other, facilitated clear visual detection of EMRs. The channel pairs were: E33-E26;
E26-E22; E22-E23; E22-E18; E22-E17; E17-E14; E14-E15; E14-E9; E14-E8; and E8-E1.
Upon identifying potential EMRs in the bipolar montage, a global view of all 124 channels
referenced to the vertex, also for the 900-2,000 ms after tone onset, was used to verify that
the deviations observed in the bipolar montage were most pronounced in frontal channels,
consistent with ocular activity as opposed to gross muscle movements or other distortions of
the EEG. Trials contaminated with artifact were excluded from analysis, and the valid tone
alone trials were scored as 0 or 1 based on the presence or absence of an EMR. As in Fifer et
al., 2010, blocks were collapsed into five epochs of four blocks (40 trials) each, and tone-
alone EMRs were averaged within these epochs for purposes of examining response
trajectories.

2.5 | Sleep state

Sleep state was monitored during the procedure and then visually coded based on variability
in the respiratory tracing (Haddad, Jeng, Lai, & Mellins, 1987; Harper, Schechtman, &
Kluge, 1987). The respiratory tracings were displayed and the peak inspiratory value for
each breath was marked using specially designed software. After visual verification of these
marks, the instantaneous breathing rate (IBR) was computed, displayed, and visually coded
into high and low variability states corresponding to periods of quiet and active sleep.
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Periods of wakefulness were identified based on respiratory tracings and IBR in conjunction
with study notes. Four infants in the experimental group and one in the control group were
missing sleep state data due to technical difficulties.

3| RESULTS
3.1 | Conditioning

EMR rates were examined for Tone Alone trials. As shown in Figure 1, the experimental
group had a .75 rate of conditioned EMRs in the last epoch of the session, as compared to a .
27 EMR rate in the first epoch. The control group, in contrast, had a .17 EMR rate in the last
epoch, down from .25 in the first epoch. Thus, while the two groups began with a similar
EMR rate, the experimental group showed a steep increase in EMRs across the conditioning
session, whereas the control group maintained a low rate of responding throughout the
session. To examine group differences in EMR rates to the Tone Alone trials, a Repeated
Measures Analysis of Variance (RM ANOVA) was conducted with epoch as the within
subjects factor and group as the between subjects factor. There were main effects of group,
A1, 33) = 44.10, P< .001, partial 772 = .572, and epoch, A4, 132) = 3.97, P=.004, partial
77 = .107, as well as an epoch x group interaction, A4, 132) = 6.96, P< .001, partial 77 = .
174. Analyses to follow up the epoch x group interaction showed a significant increase in
EMR across epochs for the experimental group, but not for the control group. The
trajectories of EMR rates quickly began to diverge: As early in the session as epoch 2, the
experimental group had a higher response rate (P =.03), and the groups differed
significantly in their EMR rates for all epochs except for the first one (#'s < .001 for epochs
3-5).

The experimental group more than doubled their EMR rate from epoch 1 to epoch 5, with a
mean increase of .46 (SD.27). The control group rate of responding remained flat across the
session (M change = -.07, SD = .31). Within the experimental group, learners were defined
as having at least 50% EMRs in epoch 5 as well as an increase in rate of EMRs from the 1 to
5 epoch, determined by subtracting EMR rate in epoch 1 from EMR rate in epoch 5. Of the
21 infants in the experimental group, 19 were classified as learners. Of 17 infants in the
control group, two would have met the criteria for learners. The infants in the experimental
group were far more likely to be classified as learners, )(2(1, 38) = 23.54, P<.001, Cramer’s
V= .787, providing clear evidence that this pattern of EMRs reflected the acquisition of a
conditioned response to the tone-puff pairing.

To ascertain if demographic or birth characteristics accounted for individual variations in
EMRs within the experimental group, stepwise regressions were conducted. EMR rate in
epoch 5 and the change score from epoch 1 to epoch 5 were separately regressed on
birthweight, method of delivery (C-section or vaginal), gestational age, age at testing, sex,
ethnicity, and maternal age. No predictors were entered in either model, indicating that these
demographic and birth characteristics did not account for individual variations in
conditioning in the current sample.
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3.2 | Sleep state

Active sleep was the predominant behavioral state during the conditioning paradigm. In the
first half of the session, the distribution of behavioral states in the experimental group was
65.34% active sleep, 31.25% quiet sleep, and 3.41% awake. In the second half of the
session, once a conditioned response had been acquired, the distribution of behavioral states
was similar: 66.35% active sleep, 24.94% quiet sleep, and 8.71% awake. Paired sample ¢
tests comparing the percentage of each behavioral state observed in the experimental group
during the first versus second halves showed that the distribution of behavioral states did not
change significantly over the course of the conditioning session. While a few infants
remained in active sleep for the entire session, most transitioned between behavioral states
during the 30 min conditioning paradigm, consistent with the frequent state transitions
characteristic of the neonatal period (Mirmiran et al., 2003). Paired sample ftests were also
used to compare the experimental and control groups on the percentage of active sleep, quiet
sleep, and awake states, separately for each half. There were no significant differences
between groups.

For the experimental group, to examine whether the likelihood of observing an EMR during
a tone alone trial varied as a function of what sleep state the infant was in during the trial, a
logistic regression model was conducted with trial as the unit of analysis, using bias-
corrected bootstrapping with 5,000 samples (Hayes, 2013). Only data from tone-alone trials
of learners in the experimental group were included, as the focus was on determining how
sleep state related to observation of a conditioned response. Four of the nineteen learners
were missing autonomic data due to technical difficulties, thus 15 learners in the
experimental group contributed to this analysis. Of 300 possible trials (15 learners x 20
tone-alone trials each), trials were excluded if the infant was awake for any part of the trial
or autonomic data were missing for that trial (10%, A= 30), or if EMR data were
unavailable due to artifact (14%, NV = 42), yielding a final N of 228 trials for the analysis.
Sleep state (quiet or active) was the independent variable, EMR (present or absent) was the
dependent variable, and session half (first or second) was entered as a dichotomous
moderator variable in the model.

As shown in Table 1, there was a main effect of half in predicting EMR, such that EMRs
were more likely in the second half of the session, with the 95% confidence interval
excluding zero, CI: 3.09-8.29. There was also a main effect of sleep state, Cl: 1.21-5.25.
Finally, there was a significant interaction between session half and sleep state in predicting
EMR, Cl: -3.85to —1.01.

This moderation effect was followed up with ;(2 tests examining the association between
sleep state and EMR separately for each half of the session. In the first half, there was no
significant association between sleep state and EMR, ;(2(1, 127) = 3.67, P=.06, Cramer’s V
=.17. In the second half, however, EMRs were disproportionately likely to be observed
during quiet sleep, ;(2(1, 101) = 8.67, P=.003, Cramer’s V/=.29. This interaction is
visually depicted in Figure 2.

To determine if these findings were specifically related to learning and conditioned
responses, we repeated the same logistic regression model but this time for the control
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infants. Autonomic data were available for 16 of the 17 control infants. Of the 320 possible
tone alone trials, 57(17.8%) were excluded due to EMR artifact and 59 (18.4%) due to the
infant being awake or missing autonomic data for that trial. This yielded a total of 224 tone-
alone trials for control infants. As above, sleep state was the independent variable, EMR was
the dependent variable, and half was tested as a moderator. This model yielded no main
effects and no interactions, indicating that there was no association between sleep state and
EMR rate in the control group.

4 | DISCUSSION

In the current study, human newborns demonstrated a robust capacity for associative
learning during sleep. Sleeping full term neonates were administered a delay eyelid
conditioning paradigm, in which a tone was paired with an air puff to the eye. Within a
single conditioning session, 19 of 21 neonates learned the association between the tone and
puff, exhibiting conditioned eye movement responses (EMRs). The infants in the
experimental group more than doubled their rate of EMRs to the tone alone during the
testing session, whereas a control group of infants presented with unpaired tone and puff
stimuli showed consistently low rates of EMRs to the tone alone across the session. Thus,
the increase in EMRSs in the experimental group is a clear indication of a learned response
and evidence that learning emerges quite early in the session. This study is, to our
knowledge, the first to examine the role of sleep state in human infants’ likelihood of
exhibiting a conditioned response. Quiet sleep appeared to facilitate the production of
conditioned responses, such that learners in the experimental group were more likely to
exhibit conditioned EMRs during quiet sleep compared to active sleep. This sleep state
association with EMRs to the tone alone only emerged in the second half of the conditioning
session, once the response had been learned. As newborns transition frequently between
behavioral states, it will be important for future studies of associative learning during sleep
to take state and related dynamic transitions into account.

The experimental group in the current study shows a very similar pattern of EMRs across the
session as we previously reported for a different cohort (Fifer et al., 2010). The experimental
groups in both studies showed a steep increase in EMRs across the session, and in both
cohorts, over 90% of infants learned the conditioned response. By including a larger control
group in the current study, we were able not only to confirm that the increase in EMRs in the
experimental group reflected conditioning rather than arousal or other random factors, but
also to compare the trajectories of EMRs across the session. While both the experimental
and control groups began the session with a low baseline rate of EMRs, by the second epoch
(6—12 min into the session), the experimental group already was beginning to show some
evidence of learning, with a significantly higher EMR rate than the control group. Taken
together, the current study and Fifer et al. (2010) suggest that the capacity for rapid
associative learning during sleep is well established in most full term newborns within the
first days of postnatal life. During sleep, infants must make numerous behavioral and
physiological responses to escape respiratory occlusions and adapt to changes in
temperature, heart rate, and blood pressure (Sahni et al., 2005), including postural
adjustments and arousals (Lipsitt, 1982; Paluszynska, Harris, & Thach, 2004). The capacity
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for associative learning during sleep in the immediate postnatal period may promote
newborn infants” successful adaptation to the extra-uterine sleep environment.

The cerebellum is essential both to acquiring a conditioned response during delay eyelid
conditioning (Cheng, Disterhoft, Power, Ellis, & Desmond, 2008; Ivkovich & Stanton, 2001;
Ohyama, Nores, Murphy, & Mauk, 2003) and to producing the learned response (Clark et
al., 1992). Thus, given that most full term newborns appear to learn from the delay eyelid
conditioning paradigm during sleep, this method could provide a very early assessment of
cerebellar function (Reeb-Sutherland & Fox, 2015), though it should be noted that it is not
certain that eyelid conditioning in eyes that are already closed during sleep is mediated by
the same cerebellar circuitry as traditional eyeblink conditioning. Many neurodevelopmental
disorders, including Autism Spectrum Disorder, schizophrenia, dyslexia, and Attention
Deficit Hyperactivity Disorder, are associated with cerebellar dysfunction and impaired
eyeblink conditioning (Arndt, Stodgell, & Rodier, 2005; Coffin, Baroody, Schneider, &
O’Neill, 2005; Nicolson, Daum, Schugens, Fawcett, & Schulz, 2002; Sears, Finn, &
Steinmetz, 1994; Sears, Andreasen, & O’Leary, 2000), and research is needed to determine
if cerebellar dysfunction in the neonatal period is a risk marker for these disorders. In
developing this potential screening tool, however, it is important to consider any
confounding factors that might influence performance. Quiet and active sleep states are
evident in neonates (Czikk, Sweeley, Homan, Milley, & Richardson, 2002; Prechtl, 1974),
and neonates transition frequently between these states (Mirmiran et al., 2003). Thus, the
current study assessed sleep state during the delay eyelid conditioning paradigm and
examined the role of sleep state in the production of learned responses.

The sleep characteristics we observed in our sample were typical of newborn infants,
including a preponderance of active sleep (Anders et al., 1995) and frequent transitioning
between behavioral states. The prevalence of active and quiet sleep remained consistent
across the conditioning session; thus, the delay eyelid conditioning paradigm did not appear
to alter normal neonatal sleep patterns. The likelihood of observing a conditioned EMR
varied as a function of sleep state, such that in the second half of the session, EMRs in the
experimental group were more likely to be observed if the infant was in quiet sleep when the
tone alone trial was presented. This finding could reflect state-related differences in our
ability to detect a conditioned EMR; state-related differences in the likelihood of an infant
producing an EMR generally; or state-related differences in the likelihood of an infant
producing a conditioned EMR specifically. One possible explanation is methodological—
that it simply was more difficult to detect an EMR response against the backdrop of REM
and variable autonomic activity characteristic of active sleep, as compared to quiet sleep.
However, if likelihood of detection were the reason for the state-related difference observed
in the second half of the session, then EMRs should also have been more prevalent during
quiet sleep early in the session. This pattern was not observed in our data: In the first half of
the session, as the conditioned response was being learned, EMRs during quiet sleep were
rare. It was only in the second half, when a conditioned response had clearly been acquired,
that the association between EMRs and quiet sleep emerged. We did not note any overt
differences in amplitude or morphology of EMRs across the course of the session. Further,
while EEG artifact was more common during active sleep, all trials with artifact were
excluded from the current analyses. Thus, it is doubtful that likelihood of detection accounts
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for the greater prevalence of conditioned EMRs during quiet sleep, though future studies are
needed to rule out this possibility definitively. Similarly, it does not appear to be the case that
infants were more likely to produce EMRs generally during quiet sleep. Session half
moderated the association of sleep state and EMRSs, such that quiet sleep was only associated
with EMRs in the second half of the session, once conditioning clearly was established.
Also, it is important to emphasize that in the control group, for whom the tone and puff were
unpaired, there was no association between sleep state and EMRSs at any point in the session.
This indicates that quiet sleep is specifically associated with exhibiting /earned EMRs, not
merely with exhibiting EMRs toward the end of the session.

Thus, overall, the current data suggests that infants were more likely to produce conditioned
EMRs during quiet sleep. This is to our knowledge the first study to demonstrate that
production of a conditioned response is sensitive to sleep state in human neonates. All but
two infants in the experimental group were classified as learners, despite variation in sleep
state, and only learners were included in the sleep state analysis. Thus, sleep state did not
appear to affect the likelihood of acquiring a conditioned response. Rather, once that
response had been learned, infants were more likely to exhibit it on trials during which they
were in quiet sleep as compared to active sleep. Results are divergent from a study in the
animal literature, in which sleeping rats acquired a conditioned response only during REM
sleep, and did not produce that learned response during NREM sleep (Hennevin et al., 1995;
Maho & Bloch, 1992). Given that Hennevin et al.’s study differed from the current sample in
species and developmental stage, there was little basis for an a priori expectation as to which
sleep state might facilitate conditioned EMRs in human neonates.

It will be important for future studies to explore the scope of this relationship between sleep
state and production of a learned response. Human neonates are capable of producing
several types of conditioned responses during sleep, and can learn about stimuli across
several modalities. For example, neonates conditioned while awake to associate a citrus odor
with tactile stimulation will turn their heads toward the citrus odor when tested during sleep
(Sullivan et al., 1991). Further research is needed to determine if the observed role of sleep
state in production of a conditioned response is specific to eye movement conditioning and
EMRs, or generalizes to other associative learning paradigms. Future studies should also
consider whether stimulus processing and motor performance may vary by sleep state,
independent of conditioning. As there are studies showing clear threshold effects as a
function of sleep state, such as in infant arousal thresholds (Read et al., 1998) and in
olfactory processing thresholds (Murray & Campbell, 1970), it may well be that thresholds
for auditory processing of the tone, for somatosensory processing of the air puff, and for
emitting a motor response (eyelid movement) also differ by sleep state. Investigating such
threshold effects of infant sleep state outside of a learning paradigm would then inform the
interpretation of sleep state effects on conditioning.

Newborn behavioral states are fragmented, with frequent transitions between quiet sleep,
active sleep, and wakefulness (Mirmiran et al., 2003). Thus, within the half hour
conditioning session, many infants had several transitions between states. This variability
precluded analysis in the current sample of whether quiet or active sleep facilitated /earning
of a conditioned response, as opposed to production of a conditioned response. This
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limitation could be overcome with a larger sample, allowing for the selection of subgroups
of infants who spent the entirety of the first half of the session in either quiet or active sleep.
Another option would be to monitor state during the session and present tone-puff pairs only
when the infant was in one state, thereby allowing comparison of learning in infants who
had been trained in the tone-puff association exclusively during quiet sleep to infants who
had been trained only during active sleep. An additional limitation is that the current study
did not quantify the precise topography, that is, amplitude, latency, and shape, of EMRs.
While it would be of great interest to quantify and compare the topography of unconditioned
and conditioned responses, there were two reasons this was not feasible in the current study.
First, variations in head shape and face configuration relative to the electrode placement
could affect the observed topography of the response in ways that would be difficult to
control for statistically. Second, responses were coded from a montage of bipolar channels to
facilitate determining the presence/absence of a response, but channels could and did differ
from each other in the latency and amplitude of responses, making it problematic to quantify
topographical characteristics.

The current study replicates and extends our prior work (Fifer et al., 2010), demonstrating
that full term newborn infants reliably learn a conditioned response during sleep. Newborns
learned the tone-puff association with remarkable efficiency, with their EMR patterns
rapidly diverging from those of a control group. Results support the potential of the delay
eyelid conditioning paradigm as a method of testing general learning capacity as well
assessing cerebellar function in human newborns. Longitudinal studies are needed to
determine if neonatal performance on this task could predict risk for neurodevelopmental
disorders characterized by cerebellar dysfunction. As this line of research proceeds, it will
be important to carefully examine and account for the role of sleep state, given current
findings that quiet sleep facilitated the production of learned responses.
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FIGURE 1.
Change in eye movement responses by group. Bars indicate SE
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FIGURE 2.
Eye movement responses in the experimental group as a function of session half and sleep

state. This figure depicts the total number of trials on which EMRs were observed to the
tone alone, across all learners in the experimental group who had available sleep state data.
There is a session half x sleep state interaction, such that during the second half only, infants
produce an EMR for the vast majority of trials during which they are in quiet sleep. Quiet
sleep therefore appears to facilitate the production of conditioned EMRs
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Logistic regression model: session half moderates the effect of sleep state on observed EMRSs

Coeff.  SE z P
Intercept =777 186 -418 <.001
Session half 5.69 1.33 429 <.001
Sleep state 323 1.03 3.13 .002
Session half x sleep state ~ —2.43 72 -3.35 .001

Model fit: —=2 LL = 272.48, Cox & Snell R‘2 =.17
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