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Abstract

The induction, formation and maintenance of memory represent dynamic processes modulated by 

multiple factors including the circadian clock and sleep. Chronic sleep restriction has become 

common in modern society due to occupational and social demands. Given the impact of cognitive 

impairments associated with sleep deprivation, there is a vital need for a simple animal model in 

which to study the interactions between chronic sleep deprivation and memory. We used the 

marine mollusk Aplysia californica, with its simple nervous system, nocturnal sleep pattern and 

well-characterized learning paradigms, to assess the effects of two chronic sleep restriction 

paradigms on short-term (STM) and long-term (LTM) associative memory. The effects of sleep 

deprivation on memory were evaluated using the operant learning paradigm, learning that food is 

inedible, in which the animal associates a specific netted seaweed with failed swallowing attempts. 

We found that two nights of 6 h sleep deprivation occurring during the first or last half of the night 

inhibited both STM and LTM. Moreover, the impairment in STM persisted for more than 24 

hours. A milder, prolonged sleep deprivation paradigm consisting of 3 consecutive nights of 4 h 

sleep deprivation also blocked STM, but had no effect on LTM. These experiments highlight 

differences in the sensitivity of STM and LTM to chronic sleep deprivation. Moreover, these 

results establish Aplysia as a valid model for studying the interactions between chronic sleep 

deprivation and associative memory paving the way for future studies delineating the mechanisms 

through which sleep restriction affects memory formation.
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1. Introduction

Increasingly, individuals are working longer hours with approximately 19% of adults 

working more than 48 hours per week and 7% working more than 60 hours per week 

(Alterman et al., 2013). Consequently, chronic sleep restriction has become prevalent in 

modern society as a result of occupational and social demands (Akerstedt and Wright, 2009; 

Costa, 2015; Liu et al., 2016). Approximately 35% of American adults and an increasing 

number of children and adolescents report insufficient sleep at night (Centers for Disease 

Control and Prevention, 2011, 2012; Liu et al., 2016). In national surveys conducted in 2005 

and 2010, one-third of adult workers reported an average of less than 6 hours sleep per night 

(Centers for Disease Control and Prevention, 2011, 2012; Luckhaupt et al., 2010). 

Insufficient sleep and sleep disorders not only represent a public health problem in the 

United States and western countries, but are also arising as a significant health issue in 

countries across Africa and Asia (Stranges et al., 2012). Chronic sleep restriction results in 

poor performance in tasks measuring sustained attention such as the psychomotor vigilance 

test (Mollicone et al., 2010), working memory (Jiang et al., 2011; Drummond et al., 2012) 

and long-term memory (Lo et al., 2016a; Lo et al., 2016b). Both mild (~3 h/day) and harsh 

(~7 h/day) sleep restriction for 1-2 weeks result in cumulative adverse effects on attention 

and cognition (Dinges et al., 1997; Belenky et al., 2003; Van Dongen et al., 2003).

In light of the accumulating evidence regarding the adverse effects of even short periods of 

sleep restriction on performance and memory, relatively little is known about the 

mechanisms through which restricted sleep affects performance and cognitive function. In 

rodent models, chronic sleep restriction paradigms involve extended sleep deprivation 

protocols frequently continuing for multiple weeks or months (Alzoubi et al., 2012; 

Rothman et al., 2013; Zielinski et al., 2013; Alzoubi et al., 2016) making it difficult to 

isolate the time points at which to resolve the molecular consequences of sleep deprivation. 

As the first step in establishing a simple model system in which the interactions between 

chronic sleep restriction and memory could be investigated at the molecular and cellular 

levels, we investigated the effects of chronic sleep deprivation on the induction of short-term 

(STM) and long-term (LTM) associative memory using a relatively simple invertebrate 

model system, Aplysia californica. Aplysia sleep almost solely during the night exhibiting 

decreased responsiveness to appetitive and aversive stimuli during sleep (Vorster et al., 

2014). Following a single night of sleep deprivation, Aplysia exhibit rebound sleep 

demonstrating homeostatic as well as circadian regulation of sleep (Vorster et al., 2014). 

Recently, Aplysia also has been used as a model to investigate the effects of acute sleep 

deprivation on memory in which it was found that a single night of 9 h sleep deprivation 

inhibited the induction of short and long-term memory (Krishnan et al., in press).

Using the operant learning paradigm, learning that food is inedible (LFI), in which the 

animal associates a specific netted seaweed with the inability to swallow the seaweed 

(Susswein et al., 1986), we compared the effects of two different patterns of repeated sleep 

deprivation (6 h/day for 2 consecutive nights or 4 h/day for 3 consecutive nights) on STM 

and LTM. We found that two consecutive nights of 6 h/day sleep deprivation during either 

the first half (ZT 12-ZT 18) or last half (ZT 18-ZT 24) of the night blocked the induction of 

both STM and LTM. Moreover, the impairment in STM following two nights of restricted 
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sleep persisted for 24 h. In contrast, there were no persistent effects of repeated sleep 

deprivation on LTM. As the effects of chronic sleep restriction on cognitive impairments is 

proportional to the degree of restricted sleep in humans (Belenky et al., 2003; Van Dongen et 

al., 2003), we also investigated the effects of a milder form of chronic sleep restriction, in 

which the animals were sleep deprived for 4 h/night for 3 consecutive nights, on short and 

long-term LFI memory. We found that three nights of mild sleep restriction inhibited STM, 

although no adverse effects were observed on the induction of 24 h LTM. Thus, short-term 

memory appears to be more sensitive to the detrimental effects of chronic sleep restriction. 

These behavioral studies established Aplysia as a suitable model system for investigating the 

interactions between repeated sleep restriction and memory formation.

2. Materials and Methods

2.1. Animal Maintenance

Wild-caught Aplysia californica (100-200g; South Coast Bio-Marine, San Pedro, CA) were 

maintained within individual boxes in chilled 110 gallon tanks containing artificial seawater 

(Instant Ocean) at 15°C on a 12h light/12h dark (LD) cycle. Animals were fed romaine 

lettuce every two – three days with feeding times varied across the day.

2.2. Sleep Deprivation

Sleep deprivation was performed as previously described (Vorster et al, 2014) with slight 

modifications. Animals were transferred in the dark to individual, chilled and aerated plastic 

open containers (25 cm × 30 cm) filled with artificial seawater and varying substrates (large 

smooth stones, small pebbles mixed with coral sand, aquarium filter, terrarium liner). 

Animals were sleep deprived through context changes every 30 min via transfer to a 

different container and tactile stimulation. Each animal was observed once per minute to 

assess mobility and the animal was handled if the animal remained immobile with a resting 

body posture (Vorster et al., 2014) for 3 consecutive observations. Typically, animals were 

handled 2 – 5 times per half hour to achieve sleep deprivation. Sleep deprivation procedures 

were performed in the dark under dim red light.

2.3. Behavioral training and testing

All animals, including experimental, control and naïve animals, were fed to satiation with 

laver seaweed as in previous studies of non-associative and associative memory in Aplysia 
(Fernandez et al., 2003; Lyons et al., 2005; Michel et al., 2012; Michel et al., 2013) and then 

removed from appetitive stimuli for 6 days prior to LFI training or testing. All training was 

performed at Zeitgeber Time 1 (ZT 1) with ZT 0 defined as the time of lights on and ZT 12 

referencing lights off. LFI training was performed as previously described using a single 25 

min training protocol (Michel et al., 2012; Michel et al., 2013). During LFI training, animals 

were presented with laver seaweed that provides strong chemosensory cues in a tulle-mesh 

bag that could not be swallowed. Animals responded with head-waving, orienting toward the 

seaweed and biting responses. Although all animals were trained using a 25 min training 

protocol, small individual variation in the duration of training occurs between animals due to 

the time necessary to gently extract the seaweed bag from the mouth during cycles of 

protraction and retraction of the radula. Testing occurred using similar procedures as 
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training, either 30 min later for short-term memory (STM) or 24 h later for long-term 

memory (LTM) and proceeded until 3 min elapsed without the animal taking the netted 

seaweed into the mouth after egestion. Two parameters were measured during testing: total 

response time and the cumulative time the netted seaweed was retained in the mouth. 

Response times were measured individually for each animal using digital waterproof 

stopwatches (VWR). Memory is represented by a decrease in response times when trained 

animals are compared to naïve animals. Naïve animals were tested for behavioral responses 

either at the time of training (similar Zeitgeber time and time elapsed since feeding to 

satiation) for control and sleep-deprived animals or at the time of LTM testing. As no 

significant differences were observed in the responses between the two groups of naïve 

animals, the data was pooled for each set of experiments. For all behavior experiments 

including sleep deprivation, LFI training and LFI testing, a single experiment involved 

multiple individuals so that an experimenter at any one step was frequently blind to the 

history of the animal or subsequent experimental plans for the animal.

2.4. Statistical Analysis

Statistical analysis of the data was performed using one-way ANOVA with Bonferroni's 

post-hoc analysis for comparisons between groups. P values less than 0.05 were considered 

significant.

3. Results

3.1. Repeated 6 hour sleep deprivation inhibits long-term memory

In humans, chronic sleep restriction leads to cumulative cognitive impairments (Belenky et 

al., 2003; Van Dongen et al., 2003). To determine whether chronic sleep restriction affected 

memory in Aplysia, we investigated the effect of two nights of 6 h sleep deprivation on the 

induction of long-term memory. Aplysia sleep approximately 7.5 hours per night with sleep 

onset occurring 1 – 2 hours after lights off and anticipatory activity beginning approximately 

1.5 h prior to dawn (Vorster et al., 2014). Previously, we found that Aplysia sleep in longer 

bouts during the first half of the night with shorter resting bouts and more frequent 

awakenings observed during the last half of the night (Vorster et al., 2014). Accordingly, we 

characterized the effects of chronic sleep restriction during both the first and last half of the 

night on memory formation. Animals were sleep deprived using periodic contextual changes 

and gentle handling for 6 h for 2 consecutive nights during the first half of the night (ZT 12 - 

ZT 18; Figure 1A and 1B) or during the last half of the night (ZT 18 - ZT 24; Figure 1C and 

1D). As predicted, on night 1 the animals required almost no handling during the first hour 

after lights off from ZT 12 – ZT 13 (mean handling per animal 1.36 ± 0.17) and only 

slightly more handling during the second hour after lights off from ZT 13 – ZT 14 (mean 

handling per animal 2.99 ± 0.26) reflecting the natural activity pattern of the animal. 

However, when sleep deprivation occurred during the last half of the night starting at ZT 18, 

more handling was necessary during the entire time period as the normal pre-dawn 

anticipatory activity was not observed, presumably due to the prior sleep deprivation (mean 

handling per animal from ZT 22- ZT 23 = 6.85 ±0.41; mean handling per animal from ZT 

23 – lights on = 6.35 ± 0.40). The effects of sleep deprivation were cumulative as additional 

handling was required for both phases of sleep deprivation on night 2 (data not shown).
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Animals were trained during the early day (ZT 1) using the LFI paradigm and tested for 

LTM 24 h after training. Although previous research has shown that a single night of 9 h 

sleep deprivation does not affect the baseline responses of animals to the seaweed stimulus 

used in training (Krishnan et al., in press), potentially, the repeated sleep deprivation 

protocol could have affected the responses of the animals during training through either 

decreased sensory awareness of the presented stimuli or a fatigue induced decrease in motor 

responses. However, no significant differences were observed between the training times for 

non-sleep deprived animals and sleep-deprived animals (Figure 1). Sleep deprived animals, 

irrespective of the phase in which sleep deprivation occurred, showed no memory with 

response times similar to naïve animals and significantly greater than non-sleep deprived 

animals (Figure 1). Non-sleep deprived trained animals demonstrated robust LTM with 

significantly decreased total response time and the time the seaweed was retained in the 

mouth compared to naïve animals. In comparison, a single night of acute sleep deprivation 

for 6 h during the first half of the night (ZT 12-ZT 18) blocked the induction of LTM in half 

of the animals while sleep deprivation during the last half of the night (ZT 18-ZT 24) 

blocked LTM in all animals (Supplemental Figure 1). Overall, these experiments 

demonstrate the cumulative adverse effects of repeated sleep deprivation on long-term LFI 

memory.

3.2. Two nights of 6 hour sleep deprivation blocks short-term memory

The mechanisms underlying the formation of LTM and STM are different, with LTM 

requiring gene transcription and subsequent protein synthesis (Sweatt, 2010; Michel et al., 

2012). Consequently, the effect of chronic sleep restriction on STM may differ from the 

adverse impact observed for LTM. In rats, chronic sleep deprivation for 8 h/day for 6 weeks 

impaired both short-term and long-term spatial memory (Alzoubi et al., 2012; Alzoubi et al., 

2016). To investigate whether repeated sleep deprivation inhibited STM, animals were sleep 

deprived for 6 h during either the first half of the night (ZT 12-ZT 18; Figure 2A and 2B) or 

the last half of the night (ZT 18-ZT 24; Figure 2C and 2D) for 2 days, trained at ZT 1 using 

the LFI paradigm and tested for STM 30 minutes after training. As previously, no 

differences were observed in the training responses between non-sleep deprived and sleep 

deprived animals (Figure 2). Similar to the results in the LTM experiments, sleep deprived 

animals demonstrated no memory with both the total response time and the time the 

seaweed was retained in the mouth similar to naïve animals. No differences were observed 

based upon the timing of sleep deprivation. Non-sleep deprived trained animals exhibited 

robust STM (Figure 2). In comparison, a single night of acute sleep deprivation for 6 h 

during the first or last half of the night did not inhibit STM (Supplemental Figure 2). Thus, 

repeated sleep deprivation results in cumulative effects that adversely impact STM.

3.3. Chronic sleep restriction persistently affects short-term but not long-term memory

The time necessary for an individual to recover from multiple days of sleep restriction 

depends upon the extent of sleep deprivation (Dinges et al., 1997; Belenky et al., 2003) 

suggesting that chronic sleep restriction induces long-lasting molecular and cellular changes. 

To assess whether the inhibitory effects of two days of sleep deprivation on the induction of 

LTM were persistent in Aplysia, animals were sleep-deprived for 2 consecutive nights and 

allowed to recover for an uninterrupted day and night prior to LFI training. Animals were 
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trained at ZT 1 the following day (either 31 hours after the end of sleep deprivation that 

occurred during the first half of the night or 25 hours after the end of sleep deprivation that 

occurred at the end of the night) and then tested for LTM 24 h after training. Sleep deprived 

trained animals demonstrated robust LTM regardless of whether sleep deprivation occurred 

during the early or late night (Figure 3). Moreover, when sleep deprivation occurred during 

the last 6 hours of the night, sleep-deprived trained animals actually demonstrated more 

robust memory than non-sleep deprived animals (Figure 3C and 3D). Thus, the impairment 

of 24 h LTM induced by two nights of sleep deprivation does not persist and could be 

alleviated by a 24 h period following sleep deprivation.

Given the mechanistic differences between STM and LTM, we also investigated whether 

STM was persistently affected by two nights of restricted sleep using a similar protocol. 

Surprisingly, we found that two nights of 6 h sleep deprivation blocked STM for at least 24 

hours after the end of sleep deprivation. Sleep deprived animals exhibited total response 

times similar to naïve animals and significantly different than trained non-sleep deprived 

animals that demonstrated robust STM (Figure 4). The phase of the sleep deprivation did not 

affect the responses. As 24 h recovery time was insufficient to relieve the impairment in 

STM, additional experiments were performed with a minimum 48 hour period of recovery 

between the end of sleep deprivation and training. Animals were sleep-deprived for 6 h for 2 

d during the first (ZT 12- ZT 18) or last half (ZT 18-ZT 24) of the night and allowed to 

recover for two full days and nights prior to LFI training. Animals were trained at ZT 1 and 

tested for STM. The extended recovery time was sufficient to ameliorate the effects of sleep 

deprivation as sleep deprived animals demonstrated robust STM 30 min after training 

(Figure 5) with observed response times similar to non-sleep deprived trained control 

animals. Thus, STM appears more susceptible to disruption by repeated nights of sleep 

deprivation requiring increased recovery time for effective training and memory formation.

3.4. Prolonged, but milder sleep restriction impacts STM to a greater extent than LTM

Given the unexpected difference in the persistent effects of 2 nights of 6 h sleep deprivation 

on STM and LTM, we hypothesized that a milder sleep restriction protocol extending over a 

longer time period may also differentially impact STM and LTM. Animals were sleep 

deprived for a shorter period of time (4 h) for 3 consecutive nights during the early night (ZT 

12-ZT 16) or during late night (ZT 20-ZT 24). As with the 2 day sleep restriction paradigm, 

additional handling was required to prevent the animals from sleeping on nights 2 and 3 

during both phases compared to night 1 (data not shown). Animals were then trained at ZT 1 

and tested either 30 min later for STM or 24 h later for LTM. Three days of sleep restriction 

had no effect on the animals’ responses during training as no significant differences were 

observed in training times between the groups (Figure 6). We found that sleep deprivation (4 

h) for 3 consecutive nights inhibited STM independent of when the sleep deprivation 

occurred. Animals sleep deprived during the first 4 h of the night displayed no memory with 

response times similar to naïve animals whereas non-sleep deprived animals exhibited robust 

STM (Figure 6A and 6B). Sleep deprivation during the last 4 hours of the night reduced 

STM with sleep-deprived animals exhibiting significantly greater response times than non-

sleep deprived trained animals, (Figure 6C and 6D). In contrast, a 4 h period of chronic sleep 

restriction for 3 consecutive nights either during the first or the last part of the night had no 
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detrimental effects on 24 h LTM. Sleep deprived animals showed robust memory with 

response times comparable to non-sleep deprived trained animals (Figure 7). These results 

suggest that STM is more sensitive to the ongoing effects of chronic sleep restriction than 

LTM.

4. Discussion

Across the globe, sleep or rather the lack thereof, has arisen as a major health and public 

safety issue. Insufficient sleep contributes to an increased incidence of cardiovascular, 

metabolic and neurodegenerative diseases (Banks and Dinges, 2007; Mullington et al., 2009; 

Aho et al., 2016). Chronic restricted sleep also results in decrements in memory and 

performance (Alhola and Polo-Kantola, 2007; Goel et al., 2009). As the underlying 

mechanisms through which insufficient sleep lead to the impairment in cognitive function 

are not well understood, our objective was to identify a simple model system in which the 

interactions between repeated nights of sleep restriction and memory formation could be 

studied. The marine mollusk Aplysia californica, with a central nervous system composed of 

20,000 neurons organized into discrete ganglia, provides an ideal model for studying the 

interactions between sleep and memory formation. Aplysia also has proven an excellent 

model system for differentiating cellular signaling pathways and synaptic mechanisms 

underlying memory formation (Hawkins et al., 2006; Mayford et al., 2012; Kandel et al., 

2014). Due to the high degree of conservation in cellular signaling pathways, the 

identification of molecular mechanisms underlying memory formation in Aplysia has been 

broadly extrapolated across phylogeny (Hunter, 2008; Kandel, 2012; Kandel et al., 2014).

We found that two nights of 6 h sleep deprivation inhibited both short and long-term 

memory whereas a milder 4 h sleep deprivation paradigm for three consecutive nights only 

affected short-term memory. Interestingly, the block on memory formation was independent 

of whether the sleep deprivation occurred during the first or the last part of the night. As 

Aplysia remain mostly awake and intermittently active during the first two hours after lights 

off, the sleep deprivation protocols were milder on the first night for animals that received 

sleep deprivation during the early portion of the night compared to animals that had sleep 

deprivation during the last half of the night. This difference in sleep deprivation between the 

first and last half of the night was apparent in the single night sleep deprivation experiments 

as sleep deprivation during the last half of the night inhibited LTM in a significantly greater 

percentage of the animals compared to sleep deprivation during the first half of the night. 

However, the cumulative effects of sleep deprivation were noticeable during subsequent 

nights as more handling was required in all phases to maintain sleep deprivation. Sleep 

deprivation during the last part of the night for both the 4 and 6 h sleep deprivation protocols 

blocked the pre-dawn anticipatory activity normally observed presumably due to fatigue in 

the animals. Thus, the phylogenetically conserved homeostatic sleep drive overshadows the 

circadian regulation of locomotor activity.

Understanding the temporal window necessary for recovery of cognitive function following 

sleep deprivation is an essential factor prior to identification of the molecular aspects 

through which sleep deprivation adversely affects memory. Children and adults frequently 

sleep longer on the weekends to compensate for the adverse health effects and fatigue 
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induced by shorter sleep durations during the week though this extended recovery sleep may 

induce circadian rhythm anomalies (Wittmann et al., 2006; Roenneberg, 2013). The amount 

of recovery sleep needed following sleep deprivation has traditionally been correlated with 

the degree of sleep loss (Lamond et al., 2007; Banks et al., 2010); however, recent research 

suggests that the recovery time needed to ameliorate the adverse effects of sleep deprivation 

may be underestimated (Banks et al., 2010). We found that 24 h was insufficient recovery 

time from 2 nights of 6 h sleep deprivation to allow the induction of short-term memory, 

even though this recovery period was adequate to permit the formation of LTM observed 24 

h after training. Nevertheless, it remains possible that a period of 24 hours of recovery after 

sleep deprivation may not be sufficient for all forms of LTM as longer forms of LTM, e.g. 48 

h or 72 h memory, were not examined.

Mechanistically, memory may be partitioned into multiple steps including the encoding of 

sensory information, acquisition of the behavior, memory formation and the recall of 

memory (Abel and Lattal, 2001; Sweatt, 2010). Although temporal or mechanistic overlap 

may exist between these steps, molecular processes often are specific to individual stages 

permitting independent analysis of the processes in memory. In STM, the formation of 

memory relies upon kinase activation and phosphorylation of downstream target molecules. 

For LTM, memory formation may be further separated into the early induction steps of 

memory involving receptor activation and kinase signaling pathways, and the molecular 

consolidation of memory necessitating protein synthesis and gene expression (Michel et al., 

2011a; Kandel, 2012). How does chronic sleep restriction affect these processes? 

Behaviorally, many human studies of chronic sleep restriction have focused on sensory 

perception or the encoding of sensory stimuli employing repeated performance assays 

during the sleep restriction period (Dinges et al., 1997). Chronic sleep restriction has been 

found to target attention and stimulus valuation resulting in attention deficits and alterations 

in stimulus perception (Van Dongen et al., 2003; Durmer and Dinges, 2005). For example, 3 

hours of restricted sleep per night for a week increased reaction times in the psychomotor 

vigilance test (Belenky et al., 2003). Similarly, we also observed changes in response to 

sensory stimuli following repeated sleep restriction with a significant increase in latency of 

the response to the seaweed in sleep deprived animals compared to non-sleep deprived 

animals for most of the sleep deprivation protocols we used with the exception for the 3 day 

paradigm when sleep deprivation occurred during the early portion of the night (data not 

shown).

However, changes in the response to the sensory stimulus do not appear to be the mechanism 

through which chronic sleep deprivation inhibits associative memory in Aplysia as the 

animals that failed to demonstrate memory did interact with the seaweed stimulus during 

training. Moreover, in both of our repeated sleep restriction paradigms, STM appeared more 

susceptible to inhibition than LTM in contrast to what we observed following a single night 

of 6 h sleep deprivation in which LTM was most greatly affected. As the same training 

paradigm induces short and long-term LFI memory, this suggests that neither acute nor 

chronic sleep restriction induced memory deficits via changes in sensory perception or the 

encoding of sensory stimuli as this should have affected short and long-term memory 

equally. Since one night of 6 h sleep deprivation affected LTM, but not STM, one can 

speculate that acute sleep deprivation targets molecular consolidation, thus affecting long-

Krishnan et al. Page 8

Neurobiol Learn Mem. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



term but not short-term memory. Likewise, the immediate effects of two nights of six hour 

sleep restriction may also impact the molecular consolidation of long-term memory.

Conversely, the persistent effects of repeated six hour sleep restriction and the milder four 

hour sleep restriction paradigm inhibited short-term but not long-term LFI memory. What 

enables long-term memory to be more resilient against the effects of repeated sleep 

restriction? The induction of long-term LFI memory involves the activation of multiple 

kinase signaling pathways including protein kinase A, protein kinase C, protein kinase G 

and multiple waves of MAPK activation whereas for short-term LFI memory, only 

immediate MAPK signaling has been identified as necessary for memory (Michel et al., 

2011a; Michel et al., 2011b). Although disruption of any of these pathways through 

pharmacological inhibition blocks LTM, potentially these pathways may work 

synergistically during LTM formation providing a compensatory mechanism to buffer the 

effects of sleep deprivation. It has been hypothesized based on neuroimaging studies in 

humans that repeated sleep deprivation may induce compensatory mechanisms including the 

recruitment of additional neuronal groups to counteract the adverse effects on cognitive 

performance (Drummond and Brown, 2001; Drummond et al., 2005). Recently, researchers 

found increased serum BDNF levels in individuals with 24 h total wakefulness raising the 

possibility that molecular mechanisms modulating neural circuit activity may also adapt to 

sleep deprivation to maintain cognitive performance (Giacobbo et al., 2016). Thus, it is 

possible in our studies that LTM was more resistant than STM to the effects of sleep 

deprivation as a result of the greater potential for adaptation during long-term memory 

formation.

The current study highlights the phylogenetically conserved relationship between sleep 

deprivation and adverse impacts on short and long-term memory. These behavioral studies 

establish Aplysia as a valid model for investigating the effects of repeated sleep restriction 

on memory paving the way for future molecular studies delineating the mechanisms through 

which sleep affects memory formation.
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Highlights

In Aplysia, 2 nights of 6 h sleep deprivation blocks short and long-term memory

The effects of sleep deprivation on induction of STM, but not LTM, persist for 24 h

Short, but not long-term memory is blocked by 3 nights of 4 h sleep deprivation

STM appears to be more sensitive to chronic sleep restriction than LTM

Aplysia represents a good model for studying the interactions of sleep and memory
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Figure 1. Two nights of repeated sleep deprivation impairs long-term memory
To investigate the effect of repeated sleep restriction on long-term memory, animals were 

sleep deprived for the first 6 hours of the night (ZT 12-ZT 18) or during last 6 hours of the 

night (ZT 18-24) for two consecutive nights. Animals were trained at ZT 1 on the following 

day and tested for LTM 24 h after training. No significant differences were observed 

between the training times for non-sleep deprived animals (Control Train) and sleep-

deprived animals (Sl Dep Train) irrespective of the timing of sleep deprivation. A) Animals 

sleep deprived (Sl Dep Test) during the first 6 hours of the night did not exhibit LTM with 

significantly longer total response time compared to trained non-sleep deprived animals 

(Control Test) (one-way ANOVA F(4,52) = 10.14, P < 0.0001). Asterisks represent 

Bonferroni's post-hoc analyses ***P < 0.001. (B) Sleep deprived trained animals retained 

the seaweed in the mouth during testing, a second parameter to assess memory, for 

significantly longer than non-sleep deprived trained animals with times similar to naïve 
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animals (one-way ANOVA F(4,52) = 12.19, P < 0.0001). Asterisks denote significant 

differences with ***P < 0.001. C) Animals sleep deprived during the last 6 hours of the 

night had deficits in LTM with significantly longer total response time compared to trained 

non-sleep deprived animals (one-way ANOVA F(4,40) = 11.35, P < 0.0001). D) Animals 

sleep deprived in the last half of the night retained the seaweed in the mouth during testing 

for significantly longer than non-sleep deprived trained animals with times similar to naïve 

animals (one-way ANOVA F(4,40) = 9.069, P < 0.0001). Asterisks denote significant 

differences with ***P < 0.001.
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Figure 2. Two nights of sleep deprivation blocks short-term memory
To assess the effect of two nights of sleep deprivation on STM, animals were sleep deprived 

for the first 6 hours of the night (ZT 12-ZT 18) or during last 6 hours of the night (ZT 

18-24), trained at ZT 1 and tested for STM 30 min after training. No differences existed in 

training duration between groups (Control Train compared to Sl Dep Train). (A) Animals 

sleep deprived (Sl Dep Test) during the first 6 hours of the night did not exhibit STM with 

significantly longer total response time compared to trained non-sleep deprived animals 

(Control Test) (one-way ANOVA F(4,44) = 9.372, P < 0.0001). Asterisks represent 

Bonferroni's post-hoc analyses ***P < 0.001 and **P<0.01. (B) Sleep deprived trained 

animals retained the seaweed in the mouth with times similar to naïve animals and 

significantly greater times than non-sleep deprived trained animals (one-way ANOVA 

F(4,44) = 8.648, P < 0.0001). C) Animals sleep deprived during the last 6 hours of the night 

had impaired STM with significantly longer total response time compared to trained non-
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sleep deprived animals (one-way ANOVA F(4,42) = 14.98, P < 0.0001). Asterisks represent 

Bonferroni's post-hoc analyses ***P < 0.001. D) Sleep deprived trained animals retained the 

seaweed in the mouth significantly longer than non-sleep deprived trained animals (one-way 

ANOVA F(4,42) = 11.25, P < 0.0001). Asterisks denote significant differences with ***P < 

0.001.
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Figure 3. Chronic sleep deprivation had no persistent effects on long-term memory
To assess whether sleep deprivation had persistent effects on LTM, animals were sleep 

deprived for the first 6 hours of the night (ZT 12-ZT 18) or during last 6 hours of the night 

(ZT 18-24) for two consecutive nights, allowed to recover for 24 h (full day and night), 

trained at ZT 1 and then tested for LTM. No significant differences were observed between 

the training times for non-sleep deprived animals (Control Train) and sleep-deprived animals 

(Sl Dep Train). A) Animals sleep deprived (Sl Dep Test) during the first 6 hours of the night 

and trained at ZT 1 (~31 h after SD) exhibited robust LTM as measured by total response 

time (one-way ANOVA F(4,56) = 9.733, P < 0.0001). Asterisks represent Bonferroni's post-

hoc analyses ***P < 0.001 for testing between naïve and non-sleep deprived animals and 

between naives and sleep deprived animals. (B) Sleep deprived trained animals also 

demonstrated robust LTM when the time the seaweed was retained in the mouth was 

measured (one-way ANOVA F(4,56) = 8.437, P < 0.0001). Asterisks denote significant 
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differences with ***P < 0.001. C and D) Animals sleep deprived during the last 6 hours of 

the night and trained at ZT 1 (~24 h after SD) also showed robust LTM in C) Total response 

time (one-way ANOVA F(4,72) = 13.85, P < 0.0001). Asterisks represent Bonferroni's post-

hoc analyses ***P < 0.001. D) Time the seaweed was retained in the mouth (one-way 

ANOVA F(4,72) = 12.64, P < 0.0001). Asterisks denote significant differences with ***P < 

0.001.
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Figure 4. Two consecutive nights of chronic sleep deprivation persistently inhibited short-term 
memory
A) Animals sleep deprived (Sl Dep Test) during the first 6 hours of the night for two nights 

and trained 31 h after the end of sleep deprivation at ZT 1 did not exhibit STM with 

significantly longer total response time compared to trained non-sleep deprived animals 

(Control Test) and similar to naïve animals (one-way ANOVA F(4,43) = 8.751, P < 0.0001). 

Asterisks represent Bonferroni's post-hoc analyses ***P < 0.001 and **P<0.01. (B) Sleep 

deprived trained animals retained the seaweed in the mouth with times significantly longer 

than non-sleep deprived control animals (one-way ANOVA F(4,43) = 7.347, P < 0.0001). 

Asterisks denote significant differences with ***P < 0.001 and *P<0.01. C and D) Animals 

sleep deprived during the last 6 hours of the night for two nights and trained 24 h after the 

end of sleep deprivation at ZT 1 displayed no short term memory as seen for C) Total 

response time (one-way ANOVA F(4,43) = 8.071, P < 0.0001). Asterisks represent 
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Bonferroni's post-hoc analyses ***P < 0.001 and **P<0.01. D) Time the seaweed was 

retained in the mouth (one-way ANOVA F(4,43) = 6.230, P < 0.0001). Asterisks denote 

significant differences with ***P < 0.001 and **P<0.01.
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Figure 5. Impairment in STM induced by 2 consecutive nights of chronic sleep deprivation is 
alleviated after 48 hours
A and B) Animals sleep deprived (Sl Dep Test) during the first 6 hours of the night for two 

nights and allowed to recover for 55 hours prior to training exhibited STM with significantly 

shorter total response time compared to naïves and similar to trained non-sleep deprived 

animals (Control Test): A) Total response time (one-way ANOVA F(4,29) = 32.20, P < 

0.0001). Asterisks represent Bonferroni's post-hoc analyses ***P < 0.001. B) Time the 

seaweed was retained in the mouth (one-way ANOVA F(4,29) = 25.30, P < 0.0001). 

Asterisks denote significant differences with ***P < 0.001. C and D) Animals sleep 

deprived for two nights during the last 6 hours of the night and trained approximately 49 

hours after sleep deprivation at ZT 1 demonstrated robust STM: A) Total response time 

(one-way ANOVA F(4,29) = 36.92, P < 0.0001). Asterisks represent Bonferroni's post-hoc 
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analyses ***P < 0.001. D) Time the seaweed was retained in the mouth (one-way ANOVA 

F(4,29) = 32.32, P < 0.0001). Asterisks denote significant differences with ***P < 0.001.
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Figure 6. Milder, prolonged sleep restriction inhibits short-term memory
To determine whether chronic sleep deprivation for 4 hours per night inhibited STM,animals 

were sleep deprived for either the first 4 hours of the night (ZT 12-ZT 16) or the last 4 hours 

of the night (ZT 20-24) for three consecutive nights, trained at ZT 1 and tested for STM. No 

significant differences were observed between the training times for non-sleep deprived 

animals (Control Train) and sleep-deprived animals (Sl Dep Train) regardless of the phase of 

sleep deprivation. A) Animals sleep deprived (Sl Dep Test) during the first 4 hours of the 

night failed to exhibit STM with significantly longer total response time compared to trained 

non-sleep deprived animals (Control Test; one-way ANOVA F(4,27) = 6.457, P < 0.0001). 

Asterisks represent Bonferroni's post-hoc analyses **P < 0.001. (B) Sleep deprived trained 

animals also retained the seaweed in the mouth with times longer than non-sleep deprived 

control animals and similar to naives (one-way ANOVA F(4,27) = 5.372, P < 0.001). 

Asterisks denote significant differences with **P < 0.001. C) Animals sleep deprived (SD 
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Test) during the last 4 hours of the night and trained at ZT 1 showed deficits in short-term 

memory with significantly longer total response time compared to non-sleep deprived 

control animals (one-way ANOVA F(4,41) = 30.41, P < 0.0001). Asterisks represent 

Bonferroni's post-hoc analyses ***P < 0.001 and **P < 0.001. D) Sleep deprived trained 

animals retained the seaweed in the mouth with significantly longer times than non-sleep 

deprived animals (one-way ANOVA F(4,41) = 24.74, P < 0.0001). Asterisks denote 

significant differences with ***P < 0.001 and **P<0.01.
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Figure 7. Milder, prolonged sleep deprivation does not impair long-term memory
Animals were sleep deprived for the first 4 hours of the night (ZT 12-ZT 16) or during last 4 

hours of the night (ZT 20-24) for three consecutive nights, trained at ZT 1 and tested for 

LTM 24 h after training. As previously, no significant differences were observed between the 

training times for non-sleep deprived animals (Control Train) and sleep-deprived animals (Sl 

Dep Train). A) Animals sleep deprived (Sl Dep Test) during the first 4 hours of the night and 

trained at ZT 1 exhibited robust LTM with significantly shorter total response time 

compared to naïves and similar to trained non-sleep deprived animals (Control Test) (one-

way ANOVA F(4,43) = 5.383, P < 0.001). Asterisks represent Bonferroni's post-hoc 

analyses ***P < 0.001 and *P<0.05. (B) Sleep deprived trained animals retained the 

seaweed in the mouth with times similar to non-sleep deprived control animals and 

significantly different than naives (one-way ANOVA F(4,43) = 8.437, P < 0.001). Asterisks 

denote significant differences with ***P < 0.001 and *P<0.05 for testing between naives and 
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sleep deprived animals. C) Animals sleep deprived during the last 4 hours of the night 

showed robust LTM with significantly shorter total response time compared to naïve 

animals. (one-way ANOVA F(4,76) = 25.57, P < 0.0001). Asterisks represent Bonferroni's 

post-hoc analyses ***P < 0.001. D) Sleep deprived trained animals retained the seaweed in 

the mouth with significantly shorter times than naïve animals (one-way ANOVA F(4,76) = 

24.47, P < 0.0001). Asterisks denote significant differences with ***P < 0.001.
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