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Abstract 

 

Naps are important for memory during infancy. Eighteen-month-old infants were 

familiarized with an artificial language and tested 4 hours later on novel vocabulary (Gómez, 

Nadel, & Bootzin, in prep). Infants who napped after learning abstracted rules from the first trial 

at test and applied them to proceeding trials 4 hours later. Infants who did not nap after learning 

showed no discrimination at test. We tested two hypotheses to explain this effect. According to 

Synaptic Homeostasis theory during sleep synaptic downscaling occurs leaving behind only the 

strongest connections (Tononi & Cirelli, 2014). According to Active systems consolidation the 

hippocampus replays memories during sleep via sharp wave ripples in CA3 (Diekelmann & 

Born, 2010). CA3 does not form mature connections to other parts of the hippocampus until 

about 2 years of age (Lavenex & Banta Lavenex, 2013). We ask here if 18-month-old infants 

have sufficient connectivity to promote learning through neural replay by testing them on the 

same vocabulary at training and test.  A generalization effect is consistent with Synaptic 

Homeostasis theory. A veridical memory effect is evidence for neural replay and Active systems 

consolidation. Interim results support Active systems consolidation, but our conclusions remain 

tentative until we complete data collection.  

 

 

 

 

 

 

 



Introduction 

Recent research has demonstrated the importance of sleep for developing infants (Gómez, 

Bootzin, & Nadel, 2006; Hupbach, Gómez, Bootzin, & Nadel, 2009). Gomez et al. (2006) 

showed that at fifteen months of age abstraction is possible when learning occurs prior to a nap. 

Infants were able to apply the rules of the grammar they had been familiarized with at home to 

re-learn the rules on the first trial at test and discriminate rules in subsequent trials. The group 

who did not nap remembered the exact sentences from familiarization supporting veridical 

memory. Two groups of 15-month-old infants were also tested 24 hours after learning. The nap 

condition showed the same abstraction effect as when tested 4 hours after learning. Infants who 

did not nap were not able to discriminate after a 24-hour delay (Hupbach et al., 2009). In a 

follow-up study by Gómez et al. (in prep), 18-month-old infants who napped after learning also 

abstracted rules from the first trial heard at test and applied them to novel vocabulary in 

subsequent trials. Those in the wake condition showed no discrimination (Gómez et al., in prep).  

There are two explanations in the literature for the sleep-dependent abstraction effect 

observed by Gomez and colleagues. The Synaptic Homeostasis hypothesis (SHY) proposes that 

synaptic downscaling during slow wave sleep leaves behind only the most potentiated synapses 

from prior periods of wake (Tononi & Cirelli, 2014). Active Systems Consolidation hypothesizes 

that memories are replayed during sleep, strengthening only the most redundant connections 

involved in a new memory (Diekelmann & Born, 2010). However, neural replay requires sharp 

wave ripples in CA3 of the hippocampus (Chrobak & Buszaki, 1996), a brain structure that is not 

fully mature in infants (Lavenex & Banta Lavenex, 2013).  

Previous literature supports that at about 2 years of age the trisynaptic circuit begins 

wiring up to other parts of the hippocampus (Lavenex & Banta Lavenex, 2013). The dentate 



gyrus, Cornu Ammonis 3 (CA3), and Cornu Ammonis 1 (CA1) compose the trisynaptic circuit. 

Sharp wave ripples occur in CA3 and are a key characteristic of slow wave sleep. These ripples 

are required for neural replay, a key component of active system consolidation. Since CA3 

hippocampal connectivity is immature until about 2 years of age, 18-month-old infants may not 

be capable of mature neural replay (Lavenex & Banta Lavenex, 2013). 

Veridical memory is defined here as the ability to remember exact grammar strings from 

familiarization. If hippocampal development is mature enough at 18 months, then infants will 

show a veridical memory effect reflected by longer listening times to grammatical vs. 

ungrammatical strings. Additionally, a veridical memory effect will suggest that memories are 

strengthened via CA3-dependent neural replay, which was not possible only three months prior 

(Gómez et al., 2006) due to insufficient hippocampal connectivity.  

If hippocampal development is still immature, I predict that looking times will be 

dependent on the first trial at test as in Gómez et al., (2006).  This will suggest that infants retain 

only the most frequent information from training after sleep, and have to re-learn the nonadjacent 

dependency in the first trial type at test. This will be reflected in longer listening times to the first 

trial type at test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Methods 

 

Participants 

 

Infants were recruited from the Tucson area in person and by phone. As a lab we 

participate in recruiting events at Tucson Festival of Books, Tucson Convention Center Baby 

Fair, and Tucson Meet Yourself. Other subjects were recruited from birth announcements and 

signups on the Tigger Lab website. 

Data were obtained with sixteen 18-month-old infants (M=18.3, Range= 17.53-19.07 

months). Of the sixteen, 11 were female and 5 were male. These infants were monolingual and 

had minimal foreign language exposure (10 hours or less per week). Exclusions also included 

hearing loss and speech disorders. Nap times ranged among subjects but all infants napped 

regularly. The minimum period of sleep time to be considered a ‘nap’ was 30 minutes. Data for 6 

infants was discarded due to reasons including: fussiness, low birth weight, foreign language 

exposure, and technical difficulties.  

 

Materials  

 

Familiarization Stimuli 

 

See Tables 1a and 1b. Infants were exposed to one of two artificial grammars. The rules 

of Grammar 1 (G1) were frames vot-X-jic and pel-X-rud. Grammar 2 (G2) frames were vot-X-

rud and pel-X-jic. The middle X elements consisted of 24 different disyllabic words of an 

artificial language. X elements were wadim, gople, benez, plizet, kicey, taspu, gensim, balip, 

puser, hiftam, feenam, malsig, fengle, deecha, laeljeen, suleb, coomo, vamey, chila, nilbo, loga, 

skiger, roosa, and wiffle. 



Infants heard a recording of a female voice speaking strings of either G1 or G2 depending 

on which group they were assigned to. The same voice was used at training and test speaking 

strings of grammar in a randomized order. There were a total of 48 strings heard over 5 blocks, 

meaning that infants heard each set of rules (vot-X-jic and pel-X-rud, or vot-X-rud and pel-X-jic) 

and middle element 5 times throughout the 14-minute audio recording. The stimuli were 

administered from a computer using speakers at a set volume. Strings and blocks were equally 

separated by 1,000-ms so that infants could not make a distinction between blocks. 

 

Table 1a. Frames for Grammars 1 and 2. 

 

Grammar 1 

aXb & cXd 

Grammar 2 

aXd & cXb 

vot-X-jic vot-X-rud 

pel-X-rud pel-X-jic 

 

 

Table 1b. Examples strings for Grammars 1 and 2. 

 

 

 

 

 

 

 

 

 

Test Stimuli 

 

Infants were tested on the same vocabulary used in familiarization. Refer to Tables 1a 

and 1b. Infants were placed in one of four randomized test sets based on which trial they would 

hear first at test. Two of the sets started with sentences from Grammar 1 and the other started 

with Grammar 2. Each of the test sets were played 4 times for a total of 16 trials. Stimuli at test 

controlled for a first trial effect driven purely by a match to the training grammar. Half of the 

Example Strings from G1 Example Strings from G2 

vot-wadim-jic vot-wadim-rud 

vot-kicey-jic vot-kicey-rud 

vot-roosa-jic vot-roosa-rud 



infants heard what they had been familiarized to in their homes as the first trial and the other half 

heard the unfamiliar grammar first. For example, infants could have been familiarized to 

Grammar 1 at their home and the first trial at test could have been from either Grammar 1 or 

Grammar 2, with subsequent trials following a random order. Some of the strings infants heard 

can be seen in Table 1b. An infant could have heard strings from Column 1 (G1) at home and 

strings from Column 1 on the first test trial. Or they could have heard strings from Column 2 

(G2) for the first test trial.  

 

Procedure 

 

A researcher came to the home up to an hour before infants were expected to nap. The 

maximum amount of time between training and sleep was an hour to ensure that infants would 

sleep soon after learning. Thirty minutes was the minimum time to prevent training from 

interfering with usual nap times. Caregivers filled out sleep surveys including a response about 

the nap duration for the day of the study. Following that, infants listened to an artificial language 

for 14 minutes with aXb, cXd frames (Grammar 1) or aXd, cXb frames (Grammar 2). During 

this time infants sat or played quietly with the caregiver and researcher. Infants wore body-

movement monitors on their ankle between training and test to verify sleep survey responses.   

Four hours after the home visit, infants came into the lab to be tested for discrimination. 

This was measured using the head-turn-preference procedure (Kemler et al., 1995). In the booth, 

the infants sat on the caregiver’s lap. Caregivers were asked not to point or speak to influence the 

infants’ attention unless they wished to stop the study. Additionally, they wore headphones 

playing music to prevent interference with the infants’ responses. In the booth there were three 

lights positioned to the left, right, and in front of the infant. On either side of the infant there was 

also a speaker playing the auditory test stimuli paired with a flashing light.  



The experimenter was positioned outside of the test booth, adjacent to the center light 

where the infant was facing. An experimenter used a computer to control the test by manually 

recording looking behaviors. The subject and caregiver were seen on a television screen that was 

also recording the test. The center light blinked to initiate a trial and focus attention between 

trials. Once the infant was looking at the center, the next trial would begin with a blinking light 

to their left or right side. If they turned at least 30° toward the blinking light, the auditory 

stimulus would begin playing. If infants looked away from a stimulus for more than 2 seconds 

the trial would terminate. This process was repeated for 16 trials that lasted up to 17 s each. 

Experimenters were blind to auditory stimuli and recorded head-turn behavior based solely on 

visual observation. The dependent variable was the time the infant attended to a particular 

stimulus type.  

 

Results 

 

Forgetting effect 

 

Data were analyzed using a two-tailed t-test to compare the amount of time infants 

listened to strings consistent with the pattern of the first trial heard at test with the time they 

spent listening to strings that did not follow the first-test trial pattern. The difference between 

looking times was marginally significant, t(16)=1.51, p=.15. At this point in data collection, 

infants show a numerical advantage for the strings from the 1
st
 trial grammar (M= 10.59 s) over 

the strings of the other grammar (M=9.61 s). See Figure 1. 

 



 
 

Figure 1. Results show a numerical advantage for a 1
st
 trial effect however, data collection is 

incomplete.  

 

 

 

Veridical memory  

 

Data were analyzed using a two-tailed t-test to compare the looking times of familiar and 

unfamiliar strings of grammar. The average looking times to familiar stimuli are significantly 

longer (M=9.5 s) compared to the unfamiliar stimuli (M=8.42 s). Data collection is not yet 

complete but at this time the difference reflects a significant veridical memory effect, t(16)=2.28, 

p=.04. See Figure 2. 
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Figure 2. Results for veridical memory are significant however, data collection is incomplete.  

 

Discussion 

Given that only 16 infants out of the planned 24 infants have been tested, there are 

insufficient data for fully testing the hypotheses. The possible outcomes are a first trial effect or a 

veridical memory effect. If infants are abstracting the nonadjacency rule such that they can apply 

it to a novel configuration of stimuli at test mapped from the first trial, it will be evidence for 

insufficient hippocampal connectivity required for neural replay at 18 months. These findings 

will be consistent with SHY where homeostasis during sleep promotes forgetting of the less 

significant details accompanying a new memory (Tononi &Cirelli, 2014). If data are consistent 

with a first trial effect older infants will need to be tested to examine when in development 

hippocampal maturity is sufficiently mature to support a veridical memory effect.  
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On the other hand, when completed the study may reflect veridical memory at this age. 

Fifteen month olds are unable to remember exact nonadjacent dependencies after a 4-hour delay 

containing sleep (Gómez et al., 2006). Therefore, a veridical memory effect will mark a 

significant developmental transition between 15 and 18 months in support of active systems 

consolidation where memories are stabilized and/or strengthened from neural replay in CA3 of 

the hippocampus during sleep. Sharp wave ripples in CA3 during SWS are associated with re-

activation of synapses that were active in prior wake. Pairing of sharp wave ripples with 

thalamo-cortical spindles predisposes these networks to synaptic plasticity allowing memories to 

be persistently activated and strengthened in the neocortex. Active systems consolidation 

sufficiently describes temporary memory improvement for reactivated memories but it does not 

explain a mechanism for long-term memory (Diekelmann & Born, 2011). Thus, it is unclear if 

this theory supports strengthening of memories and is better evidence for stabilization and 

maintenance after learning. Future research will look at the role of subsequent REM sleep for 

synaptic consolidation and the formation of a long-term memory.  

Adult and infant sleep differs significantly. Newborn infants spend most of their sleep time 

in REM sleep and do not have the brain maturity to support sharp depolarization found in SWS. 

By 2 years old, slow waves have emerged and REM sleep has decreased from about 50% to 20-

25% of total sleep time (Carskadon & Rechtschaffen, 2005). Infants spend much more time in 

SWS than do adults, an important factor for memory consolidation in early development. Slow 

wave sleep (associated with systems consolidation) is a precursor to REM sleep and synaptic 

consolidation. Increased SWS is essential for processing mass learning accompanying the early 

years when the young brain is acutely plastic (Tononi & Cirelli 2014; Wilhelm, Prehn-

Kristensen, & Born, 2012).  



It is important to consider the implications a novelty effect would have for evidence of 

veridical memory as well. Novelty reflects stronger retention than familiarity assuming infants 

prefer a novel stimulus when they have exhausted all of the interesting information in a familiar 

stimulus. Earlier work by Gómez (2002), found a novelty effect when 18-month-old infants were 

tested on untrained strings approximately 3 minutes after learning. Infants only 3 months 

younger show a familiarity effect at immediate testing, reflected less mature immediate memory.  

The novelty effect at 18 months old supports the ability to distinguish the difference between 

grammars, and learning of the nonadjacent dependency to the extent that unfamiliar stimuli are 

more interesting. Such results would support even stronger evidence of veridical memory than a 

familiarity effect through active systems consolidation in infants.  
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