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Study Objectives: Insufficient sleep in individuals appears increasingly common due to the demands of modern work schedules and technology use. 
Consequently, there is a growing need to understand the interactions between sleep deprivation and memory. The current study determined the effects of 
acute sleep deprivation on short and long-term associative memory using the marine mollusk Aplysia californica, a relatively simple model system well known 
for studies of learning and memory. 
Methods: Aplysia were sleep deprived for 9 hours using context changes and tactile stimulation either prior to or after training for the operant learning 
paradigm, learning that food is inedible (LFI). The effects of sleep deprivation on short-term (STM) and long-term memory (LTM) were assessed. 
Results: Acute sleep deprivation prior to LFI training impaired the induction of STM and LTM with persistent effects lasting at least 24 h. Sleep deprivation 
immediately after training blocked the consolidation of LTM. However, sleep deprivation following the period of molecular consolidation did not affect memory 
recall. Memory impairments were independent of handling-induced stress, as daytime handled control animals demonstrated no memory deficits. Additional 
training immediately after sleep deprivation failed to rescue the induction of memory, but additional training alleviated the persistent impairment in memory 
induction when training occurred 24 h following sleep deprivation. 
Conclusions: Acute sleep deprivation inhibited the induction and consolidation, but not the recall of memory. These behavioral studies establish Aplysia as 
an effective model system for studying the interactions between sleep and memory formation.
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INTRODUCTION
Increasingly, longer working hours for individuals are be-
coming more prevalent due to the demands of modern society 
and the availability of technology.1 Research as early as 18962 
demonstrated the link between sleep deprivation and cognitive 
performance. Acute sleep deprivation and chronic sleep restric-
tion cause significant decrements in short-term and long-term 
memories in humans and in animal models.3-9 In mammals, 
the consolidation of hippocampal dependent spatial memory is 
particularly susceptible to the effects of sleep deprivation.10-12 
In Drosophila and mouse models, genetic mutants exhibiting 
reduced sleep also show impairments in memory.13-15 However, 
increasing sleep, either pharmacologically or genetically, can 
enhance learning and memory in suboptimal situations.16,17 
Neither the effects of sleep deprivation nor the role of sleep 
in the induction and consolidation of memories are well un-
derstood at the neuronal or molecular level. The complexity 
of the interactions between sleep and memory create a need 
for a simple model system to unravel the connections and un-
derlying molecular intersections between sleep and memory 
formation.

In the past 30 years, sleep has been demonstrated in nu-
merous invertebrate species including insects,6,18-21 nema-
todes,22 and mollusks.18,23 Sleep in invertebrates can be defined 
using behavioral characteristics including defined periods of 
inactivity, characteristic body posture during rest, preferred 
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Significance
Our studies established that the interactions of sleep with memory formation are phylogenetically conserved in an invertebrate model system, Aplysia 
californica, ideally suited for studies of learning and memory. Acute sleep deprivation inhibited the induction of short- and long-term operant memory 
with persistent effects lasting more than 24 h. Acute sleep deprivation also inhibited the molecular consolidation of long-term memory. Sleep deprivation 
is a growing problem in children and adult populations with potentially severe effects on learning and memory. By identifying a relatively simple model 
system in which the effects of sleep deprivation could be investigated, our findings provide a foundation for future studies delineating the molecular 
mechanisms through which sleep deprivation affects memory formation.

resting location, elevated sensory arousal thresholds during 
rest, and rebound sleep following sleep deprivation.24-26 Re-
cently, sleep has been characterized in the marine mollusk 
Aplysia californica, a model system frequently used for studies 
of learning and memory. Sleep in Aplysia occurs during the 
night in long bouts, with virtually no daytime sleep evident, 
and is characterized by preferred body position, preferred 
rest location, and decreased responsiveness to appetitive and 
aversive sensory stimuli.27 Following a single night of sleep 
deprivation, Aplysia exhibit rebound sleep, demonstrating ho-
meostatic as well as circadian regulation of sleep.27 Aplysia has 
been an excellent model for dissecting the molecular mecha-
nisms involved in long-term and short-term associative and 
nonassociative memory formation.28-33 The underlying mecha-
nisms of memory formation identified in Aplysia extrapolate to 
more complex systems as they are highly conserved between 
vertebrates and invertebrates species.34-36 Thus, the marine 
mollusk A. californica, with its relatively simple neural cir-
cuitry, provides an ideal model for studying the interactions 
between sleep and memory formation.

In the current study, we investigated the effects of acute 
sleep deprivation on the formation of short-term and long-
term associative memory using the operant learning para-
digm, learning that food is inedible (LFI) paradigm. During 
LFI training, the animal associates specific seaweed with the 
inability to swallow the seaweed,37 forming memory that the 
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food is inedible. A single LFI training session induces tem-
porally different forms of memory (short-term, intermediate-
term, long-term) that are mechanistically distinct.38 We found 
that acute sleep deprivation for 9 h inhibited the induction of 
short-term and long-term LFI memory. Moreover, sleep depri-
vation impaired the consolidation but not the recall of long-
term memory (LTM). Handling alone had no adverse effects 
as daytime-handled animals demonstrated robust short-term 
memory (STM) and LTM. Interestingly, for both STM and 
LTM the memory impairments following 9 h acute sleep de-
privation persisted for at least 24 h, preventing the effective-
ness of training for the induction of memory. The prohibitions 
to the formation of memory induced by sleep deprivation were 
ameliorated approximately 48 h after acute sleep deprivation. 
These studies demonstrate that sleep deprivation inhibits short- 
and long-term LFI memory induction and consolidation in 
Aplysia and that the effects of acute sleep deprivation persist 
for at least 24 h.

METHODS

Animal Maintenance
A. californica (100-200 g; South Coast Bio-Marine, San Pedro, 
CA) were housed on a 12-h light/12-h dark (LD) cycle in in-
dividual boxes within chilled 110-gallon tanks maintained at 
15°C with circulating artificial seawater (Instant Ocean, United 
Pet Group, Blacksburg, VA). Animals were fed romaine lettuce 
(~5 g) every 1-2 days with varied feeding times. Zeitgeber time 
(ZT) 0 is defined as lights on and ZT 12 reflects the time of 
lights off. Sleep deprivation experiments in the dark were per-
formed using dim red light.

Sleep Deprivation
Sleep deprivation was performed using context changes every 
30 min and tactile stimulation similar to previous studies27 with 
slight modifications. Briefly, animals were transferred to indi-
vidual, chilled, and aerated plastic containers (40 cm × 40 cm) 
filled with artificial seawater. Each container was equipped 
with a different context (big stones, small pebbles mixed with 
coral sand, filter, terrarium liner). Animals were observed 
once per minute to assess movement and handled dependent 
upon whether the animals were immobile for three consecutive 
observations. In general, animals were irregularly handled two 
to five times per half hour. As a control for the effects of phys-
ical handling of the animals on subsequent training responses 
and memory formation, similar procedures (context changes 
and irregular handling) were performed for daytime-handled 
controls animals during the light period beginning at ZT 1 and 
continuing for 9 h. The number of times that handling of day-
time animals occurred was determined for each half-hour bin 
based upon the mean number of times handling occurred in 
analogous half-hour segments for sleep deprived animals in 
corresponding experiments.

Behavioral Training and Testing
Aplysia were fed to satiation with laver seaweed and removed 
from appetitive stimuli for 6 days prior to training. LFI training 
was performed as previously described using a 25-min training 

protocol.38,39 Briefly, animals were presented with laver seaweed 
in a tulle-mesh bag that could not be swallowed. Animals re-
sponded with head-waving, orientation to the seaweed, the in-
take of the seaweed bag into the mouth, and repeated swallowing 
attempts during training as in previous studies.37,38 Testing 
occurred using duplicate procedures 30 min after the end of 
training for STM or 24 h later for LTM. Testing proceeded until 
the animal failed to take the netted seaweed into the mouth for 
3 consecutive min. Memory was represented by significant de-
creases in total response time and the time the seaweed was re-
tained in the mouth compared to naïve animals. For all behavior 
experiments including sleep deprivation, LFI training and LFI 
testing, a single experiment involved multiple individuals.

Statistical Analysis
Statistical analysis of the data was by analysis of variance 
using Bonferroni post hoc analyses. P values less than 0.05 
were considered significant.

RESULTS

Sleep Deprivation Blocks the Induction of LTM
LTM formation requires multiple stages including the percep-
tion of stimuli and the acquisition of the new behavior, the 
early induction of cell signaling pathways following training, 
and the molecular consolidation of the memory that necessi-
tates protein synthesis and gene expression.40,41 As a first step 
in establishing a simple model system suitable for investigating 
interactions between sleep deprivation and memory formation, 
we investigated whether sleep deprivation adversely affected 
the induction of LTM in Aplysia. Animals were sleep deprived 
using periodic context changes and tactile stimulation for the 
last 9 h of the night (ZT 15–ZT 24), trained using the LFI para-
digm for 25 min at ZT 1 (1 h after lights on) and tested for 
LTM 24 h after training. Sleep deprivation did not affect the 
baseline responses of the animals, as there was no significant 
difference in the time the animals retained the seaweed in the 
mouth during training between sleep deprived and control ani-
mals (Figure S1A in the supplemental material). Sleep depri-
vation prior to training blocked the induction of LTM as sleep 
deprived animals had total response times similar to naïve 
animals during testing (Figure 1A). Control animals that were 
not sleep deprived displayed robust LTM with significantly 
decreased total response time and the time the seaweed was 
retained in the mouth compared to naïve animals (Figure S1A).

Sleep deprivation protocols using gentle handling in rats 
may induce memory deficits and retrograde amnesia indepen-
dent of the impact of sleep deprivation.42 Handling can also 
produce unwanted side effects, including increased levels of 
glucocorticoids or changes in neurotransmitter receptors, that 
could conceivably mask the expression of memory.43,44 To rule 
out potential stress-induced memory deficits caused by the 
physical handling of the animals during the sleep depriva-
tion procedure, animals were handled with context changes 
for 9 h during the day similar to the degree of handling in 
corresponding sleep deprivation experiments, received LFI 
training at the end of the day at ZT 11 and then tested for LTM 
24 h later. Daytime-handled animals demonstrated robust LTM 
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with significantly shorter total response times (Figure 1B) and 
mouth times (Figure S1B) than naïve animals. These results 
suggest that sleep deprivation was responsible for impairing 
the induction of LTM independent of the handling protocol it-
self or the context changes.

Sleep Deprivation Blocks the Consolidation of LTM
During the molecular consolidation of memory involving mac-
romolecular synthesis and synaptic strengthening following 
training, memory is labile and can be disrupted by sleep de-
privation.45-48 In Aplysia, gene expression and protein synthesis 
after training are necessary for long-term LFI memory.32,49,50 To 
determine whether the effect of sleep deprivation on the con-
solidation of memory is phylogenetically conserved, animals 
were trained at ZT 11 during the late day, sleep deprived for the 
first 9 h of the night (ZT 12-ZT 21), and then tested for LTM 24 
h after training. Sleep deprivation after training impaired LTM 
as sleep deprived animals had response times significantly 
greater than non-sleep deprived control animals (Figure 2A; 
Figure S1C). It should be noted that one sleep deprived animal 
exhibited LTM. Although this animal was a statistical outlier, 
this animal was included in the data and analysis for Figure 2A 
and Figure S1C as in other species, including humans, indi-
vidual variation may be observed in response to sleep depri-
vation.51,52 Non-sleep deprived control animals demonstrated 
robust LTM with significantly decreased response times com-
pared to naïve animals.

Potentially, the handling and context changes used during 
sleep deprivation could interfere with the molecular consolida-
tion of the LFI memory independent of the effects of sleep loss. 
To test for the possibility that handling after training resulted 
in the disruption of LTM, animals were trained at ZT 1 early 
in the day and then handled for 9 h following training with 
context changes every 30 min. The degree of handling of day-
time animals was based on the amount of handling needed to 
achieve sleep deprivation in previous experiments. Animals 
that were trained and handled during the day showed robust 
LTM similar to nonhandled trained control animals (Figure 2B, 
Figure S1D). Thus, the adverse effects of sleep deprivation on 
memory consolidation appear due to the loss of sleep and not 
the handling procedures used for sleep deprivation.

Sleep Deprivation Does Not Affect Memory Recall
LTM is generally more stable following the period of macro-
molecular synthesis and molecular consolidation.40,53 However, 
recall of memory can be affected by external factors. To deter-
mine whether sleep deprivation affected the recall of memory 
independently of interference with molecular consolidation of 
LFI memory, animals were trained early in the day at ZT 1, 
sleep deprived for the last 9 h of the night (ZT 15–ZT 24), and 
then tested 1 h following sleep deprivation at ZT 1 the next day. 
Sleep deprived animals showed a significant decrease in total 
response time when compared to naïve animals, reflecting the 
expression of LTM (Figure 3A; Figure S1E). Thus, sleep depri-
vation did not affect recall of memory when sleep deprivation 
occurred after the period of molecular consolidation. Non-
sleep deprived trained control animals also showed robust LTM, 
with response times significantly decreased compared to naïve 

animals. In rats, gentle handling 12 h posttraining interfered 
with contextual fear memory when rats were handled during 
either wake or sleep phases.42 Although handling immediately 

Figure 1—Sleep deprivation blocks induction of long-term memory 
(LTM). (A) To investigate the effect of sleep deprivation on the induction 
of LTM, animals were sleep deprived for the last 9 h of the night, trained 
at ZT 1 and tested for LTM 24 h after training. All animals were trained 
using a 25 min abbreviated training protocol. The mean duration of 
training is shown for each group. Minor variance occurs in training 
times, as the seaweed bag has to be gently extracted from the animal’s 
mouth. No significant differences were observed between the training 
times for non-sleep deprived animals (Control Train) and sleep deprived 
animals (Sl Dep Train). Trained sleep deprived animals (Sl Dep Test) did 
not exhibit LTM with significantly longer total response time compared to 
trained non-sleep deprived animals (Control Test) (one-way analysis of 
variance F(4,33) = 18.55, P < 0.0001). Numbers of animals in each group 
are shown above the columns. Asterisks represent Bonferroni post hoc 
analyses ****P < 0.0001. (B) Daytime handling did not inhibit the induction 
of LTM. Handling did not affect the duration of training as no significant 
differences were observed in training between nonhandled (Control 
Train) and handled animals (Hand Train). Trained daytime-handled 
control animals exhibited robust LTM with significantly decreased total 
response time during testing (Hand Test) compared to naïve animals 
with times similar to trained nonhandled animals (Control Test) (one-way 
analysis of variance F(4,35) = 39.95, P < 0.0001) Asterisks represent 
Bonferroni post hoc analyses ****P < 0.0001.
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before or after training did not obstruct LTM formation in our 
previous experiments, we tested whether handling specifically 

interfered with memory recall or the expression of memory. 
Similar to the protocol design used by Cai and colleagues to 
independently assess the effects of handling on associative 
memory,42 animals were trained at ZT 11 and then remained 
undisturbed throughout the sleep phase. Animals were then 

Figure 2—Sleep deprivation blocks the consolidation of long-term 
memory (LTM). (A) To investigate the effects of sleep deprivation on 
consolidation of memory, animals were trained at ZT 11 and then 
sleep deprived for first 9 h of the night, during the period of molecular 
consolidation. No differences existed in training duration between groups. 
Although all groups were trained prior to sleep deprivation or handling, 
the training columns on the figure are labeled to correspond with 
subsequent procedures. Animals were tested for LTM 24 h after training. 
Sleep deprived trained animals (Sl Dep Test) did not exhibit LTM with long 
response times significantly different from the non-sleep deprived trained 
animals (Control Test; one-way analysis of variance F(4,34) = 31.74, 
P < 0.0001). Numbers of animals in each group are shown above the 
columns. Asterisks represent Bonferroni post hoc analyses ****P < 0.0001 
for testing between naïve and non-sleep deprived animals and between 
non-sleep deprived and sleep deprived animals and *P < 0.05 for testing 
between naive and sleep deprived animals. (B) Daytime handling did not 
affect memory consolidation. Daytime, handled-trained animals exhibited 
robust LTM with short response times (Hand Test) similar to nonhandled 
trained animals (Control Test) that were significantly different than naïve 
animals (one-way analysis of variance F(4,25) = 32.63, P < 0.0001). 
Asterisks represent Bonferroni post hoc analyses ****P < 0.0001.

Figure 3—Sleep deprivation does not affect recall of long-term memory 
(LTM). (A) To investigate the effects of sleep deprivation on memory 
recall, animals were trained early in the day at ZT 1 and then sleep 
deprived for the last 9 h of the night (ZT 15–ZT 24) after the window 
of molecular consolidation. No significant differences were observed 
between the training times for non-sleep deprived animals (Control Train) 
and sleep deprived animals (Sl Dep Train). Animals were tested for LTM 
24 h after training. Trained sleep deprived animals showed a significant 
decrease in total response time compared to naive animals (one-way 
analysis of variance A F(4,35) = 25.55, P < 0.0001). Numbers of animals 
in each group are shown above the columns. Asterisks represent 
Bonferroni post hoc analyses ****P < 0.0001 for testing between naïve 
and sleep deprived animals and **P < 0.01 for testing between naive 
and non-sleep deprived animals. (B) Daytime handling did not affect 
recall of memory. Trained daytime-handled control animals (Hand Test) 
showed robust LTM with significantly shorter response compared to 
naïve animals (one-way analysis of variance F(2,37) = 69.79, P < 0.0001) 
Asterisks represent Bonferroni post hoc analyses ****P < 0.0001.
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handled for 9 h beginning 14 h after training. Trained daytime-
handled animals demonstrated robust LTM with significantly 
decreased response time compared to naïve animals (Figure 
3B; Figure S1F). These results demonstrate that sleep depriva-
tion using handling and context changes did not affect LTM 
formation or recall when it occurred after the period of mo-
lecular consolidation of the memory.

Sleep Deprivation Persistently Inhibits the Induction of LTM
To determine the extent to which a single night of acute sleep 
deprivation affected the induction of long-term LFI memory, 
animals were sleep deprived from ZT 15–ZT 24 and then al-
lowed to recover undisturbed for 24 h. Animals were trained 
at ZT 1, 25 h after the end of the sleep deprivation protocol, 
and tested for LTM 24 h after training (~ 48 h after sleep de-
privation). Sleep deprived animals failed to show LTM with 
response times similar to naïve animals whereas control ani-
mals had significantly decreased response times (Figure 4A; 
Figure S1G). The deleterious effects of sleep deprivation on 
attention, performance, and memory can be ameliorated with 
recovery sleep, although the amount of recovery sleep needed 
varies dependent on the type of learning and the extent of 
sleep deprivation. As 24 h was insufficient for recovery from 
acute sleep deprivation, animals were sleep deprived and then 
allowed to recover for 48 h prior to LFI training. We found 
that sleep deprived animals allowed to recover for 48 h prior 
to training exhibited significant LTM when tested 24 h later 
with total response times significantly different than naïve ani-
mals (Figure 4C; Figure S1I). Thus, acute sleep deprivation for 
9 h persistently inhibited the induction of LTM for 24 h with 

the impairments in induction ameliorated after 48 h. Analo-
gous daytime handling experiments were performed to verify 
that handling alone had no lasting effects on the induction of 
memory. Daytime-handled animals displayed robust LTM sig-
nificantly different than naïve animals (Figure 4B; Figure S1H).

Sleep Deprivation Blocks STM
The effect of sleep deprivation on the induction of short- and 
LTM may vary due to differences in the molecular mechanisms 
necessary for the induction of these two forms of memory. In 
LFI memory, the induction of LTM requires the activation of 
multiple kinase signaling pathways, including protein kinase A, 
protein kinase C and mitogen-activated protein kinase (MAPK) 
signaling, and macromolecular synthesis.32,38,39 In contrast, 
STM does not require protein synthesis and appears to rely 
primarily on MAPK activation,32,38 even though the training 
protocol for STM and LTM is identical. To determine whether 
9 h of sleep deprivation was sufficient to disrupt the induction 
of STM, animals were sleep deprived from ZT 15–ZT 24 with 
LFI training performed at ZT 1 and animals tested 30 min after 
the end of training for STM. Sleep deprivation inhibited the 
induction of STM with animals actually demonstrating greater 
response times than naïve animals (Figure 5A; Figure S2A in 
the supplemental material). Control animals exhibited signifi-
cantly reduced response times, indicating robust STM (Figure 
5A). Although gentle handling of the animals did not affect the 
formation of LTM in our experiments, handling could inter-
fere with the expression of STM because testing for STM oc-
curs approximately 2 h after the end of the handling period. In 
control experiments, daytime-handled animals showed robust 

Figure 4—Sleep deprivation impairs long-term memory (LTM) for at least 24 h. To determine the persistence of sleep deprivation on LTM, animals were 
sleep deprived for 9 h and allowed to recover for 24 or 48 h prior to learning that food is inedible (LFI) training. 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 were sleep deprived from 
ZT 15–ZT 24, allowed to recover for 24 h, and trained at ZT 1 the following day. Acute sleep deprivation inhibited LTM when animals were trained 24 hours 
after sleep deprivation. Trained sleep deprived animals (Sl Dep Test) had significantly longer total response times compared to trained non-sleep deprived 
animals (Control Test; one-way analysis of variance F(4,33) = 28.48, P < 0.0001). Numbers of animals in each group are shown above the columns. 
Asterisks represent Bonferroni post hoc analyses ****P < 0.0001. (B) Trained daytime-handled control animals (Hand Test) had shorter total response times 
during testing significantly different than naïve animals (one-way analysis of variance F(2,21) = 70.99, P < 0.0001). Asterisks represents Bonferroni post 
hoc analyses ****P < 0.0001 for testing between naïve and handled animals. (C) Forty-eight hours recovery time attenuated the effects of sleep deprivation 
as trained sleep deprived animals (Sl Dep Test) demonstrated LTM similar to trained non-sleep deprived animals (Control Test). Sleep deprived animals 
showed a significant decrease in response time when compared to naïve animals (one-way analysis of variance F(4,44) = 48.20, P < 0.0001). Asterisks 
represent Bonferroni post hoc analyses ****P < 0.0001.
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STM upon testing with significantly decreased response times 
compared to naïve animals for both total response time and the 
time the food was retained in the mouth. These response times 
were similar to those observed during testing of nonhandled 
animals (Figure 5B; Figure S2B), suggesting that the handling 
procedure itself did not affect STM. These results indicate that 
9 h of acute sleep deprivation inhibited the induction of STM.

Sleep Deprivation Persistently Inhibits STM
As the training and testing procedures for LFI memory are 
identical, LFI testing acts as an additional training session. In 
the experiments performed to test the effects of sleep depriva-
tion on the induction of LTM shown in Figure 1A, the testing 
session for LTM acted as a second training session (mean ses-
sion length = 60.45 min ± 2.40) occurring 24 h after sleep de-
privation. To determine how long the adverse consequences of 
sleep deprivation on STM persisted, as an extension of these 
experiments, animals that showed no LTM were re-tested 30 
min later for STM (Figure S3 in the supplemental material). 
Retrained animals did not show STM when compared to the 
handled STM retest controls with significantly greater re-
sponse times. Although these experiments suggested that sleep 
deprivation interfered with the induction of STM for 24 h, it is 
possible that the initial training immediately after the period of 
sleep deprivation either aggravated the stress of sleep depriva-
tion or disrupted the recovery from sleep deprivation, thereby 
inhibiting the efficacy of training 24 h later.

Consequently, independent experiments were performed to 
determine the persistence effects of sleep deprivation on STM. 
Animals were sleep deprived from ZT 15–ZT 24 and allowed 
to recover for 24 h prior to training at ZT 1 (24 h after sleep 
deprivation). Sleep deprived animals did not show STM when 
tested 30 min after training, with response times similar to 
naïve animals (Figure 6A; Figure S2C). Non-sleep deprived 
control animals exhibited robust STM with response times sig-
nificantly decreased compared to naïve and sleep deprived ani-
mals. Daytime-handled controls were also trained and tested 
for STM to rule out any detrimental effects of handling stress 
on memory formation with animals demonstrating significant 
STM (Figure 6B; Figure S2D). To determine the period of re-
covery necessary following sleep deprivation on STM, animals 
were sleep deprived from ZT 15–ZT 24 and allowed to recover 
for 48 h before training. Forty-eight hours of recovery following 
sleep deprivation was sufficient to permit the induction of STM 
with experimental animals exhibiting decreased response times 
compared to naïve animals. However, sleep deprivation still ap-
peared to take a toll on STM as sleep deprived animals exhib-
ited response times significantly greater than trained non-sleep 
deprived control animals, suggesting that the memory was less 
robust in the sleep deprived animals (Figure 6C; Figure S2E).

Additional Training Does Not Rescue the Induction of LTM 
Immediately after Sleep Deprivation but Attenuates the 
Persistent Effects of Sleep Deprivation
For many forms of learning, spaced training sessions result 
in stronger and longer lasting memory.54 However, with LFI 
memory a single training session is sufficient to induce LTM 
lasting 48 hours.55 In other learning paradigms for which 

Figure 5—Sleep deprivation blocks short-term memory (STM). (A) To 
investigate the effects of sleep deprivation on the induction of STM, 
animals were sleep deprived for last 9 h of the night, trained at ZT 1 
and tested for STM 30 min 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). 
Trained sleep deprived animals did not exhibit STM with significantly 
longer response (Sl Dep Test) compared to trained non-sleep deprived 
animals (Control Test; one-way analysis of variance F(4,31) = 49.26, 
P < 0.0001). Numbers of animals in each group are shown above 
the columns. Asterisks represent Bonferroni post hoc analyses 
****P < 0.0001 for testing between naïve and non-sleep deprived 
animals and between non-sleep deprived and sleep deprived animals. 
***P < 0.001 for testing between naïve and sleep deprived animals. (B) 
Daytime handling had no effect on the training of animals after handling 
with training times similar between groups (Control Train compared 
to Hand Train). Daytime handling did not block STM. Trained daytime 
handled control animals exhibited STM with total response times (Hand 
Test) similar to trained nonhandled animals (Control Test) that were 
significantly different than naïve animals (one-way analysis of variance 
F(4,61) = 35.50, P < 0.0001) Asterisks represent Bonferroni post hoc 
analyses ****P < 0.0001.
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one-trial memory is formed, additional training sessions can 
compensate for deficits that would normally prevent LTM.56 To 
determine whether additional training ameliorates the effects 
of sleep deprivation, the animals trained and tested for STM 
in the experiments shown in Figure 5A were retested after 24 
h for LTM. As the testing session is procedurally identical to 
training, the STM test acted as a second training session with 
a mean length of 68.08 min ± 2.45. Two training sessions im-
mediately after sleep deprivation were insufficient to induce 
LTM with sleep deprived animals showing significantly greater 
response times during testing than control animals (Figure 7A). 
To determine if additional training was sufficient to overcome 
the persistent effects of sleep deprivation, animals that were 
trained and tested for STM 24 h after sleep deprivation in the 
experiments shown in Figure 6A were tested again 24 h later for 
LTM. The second training session had a mean length of 49.46 
min ± 4.33. Upon testing 24 h later, these animals demonstrated 
significantly decreased response times indicative of robust LTM 
when compared to naïve animals (Figure 7B). Thus, additional 
training appears sufficient to mitigate the persistent effects of 
sleep deprivation, although it is not adequate to overcome the 
acute effects of sleep deprivation on memory formation.

DISCUSSION
Almost all animals, vertebrates and invertebrates, exhibit 
sleep and rest behavior.57 Although the functions of sleep 
are not clearly defined, sleep has important contributions in 
a wide array of physiological functions including cell repair, 
energy restoration, metabolic regulation, and immune func-
tions.58-62 Sleep also appears necessary for memory, with sleep 

deprivation leading to decrements in cognitive performance 
and memory impairments.4,63-65 Additionally, sleep following 
learning can enhance memory strength, particularly for hippo-
campal-dependent learning in humans and animal models.66-69 
Invertebrates, with their comparatively simple nervous system, 
have proven invaluable for elucidating the molecular mecha-
nisms underlying complex behavior. The processes underlying 
memory formation are evolutionarily conserved; however, in-
vestigations of sleep and memory in invertebrates have been 
primarily limited to studies in insects, namely Drosophila 
and bees. The biphasic sleep patterns of these models can po-
tentially complicate their use for studying sleep and memory. 
In Drosophila, although the majority of sleep occurs during 
the night, flies sleep a substantial amount during the day with 
males exhibiting more daytime sleep than females.19,21,70-72 Sim-
ilarly, forager bees sleep primarily during the night73-75 but also 
nap during the day.76 In all other castes, sleep is distributed 
with approximately equal sleep occurring during the day and 
the night.76 Recently, the nematode Caenorhabditis elegans has 
been identified as a simple model for investigating the func-
tions of sleep.77 Sleep in C. elegans shares many conserved 
features with Drosophila sleep or vertebrate sleep; however, 
the sleep-like states present in C. elegans are distinctive in 
occurrence. Sleep, through discrete mechanisms, occurs ei-
ther developmentally during the quiescent periods between 
larval stages or following the induction of cellular stress with 
the amount of sleep correlated to the degree of the stressful 
stimulus.22,77-80 Thus, the timing of developmental sleep and 
the stress-induced sleep during adulthood in C. elegans make 
it more difficult to study the interactions of sleep with memory.

Figure 6—Sleep deprivation impairs the induction of short-term memory (STM) for at least 24 h. To determine the persistence of sleep deprivation on short-
term memory, animals were sleep deprived for 9 h and allowed to recover for 24 or 48 h prior to learning that food is inedible (LFI) training. (A) Animals were 
sleep deprived from ZT 15–ZT 24, allowed to recover for 24 h, and trained at ZT 1 the following day. Acute sleep deprivation inhibited STM when animals 
were trained 24 h after sleep deprivation. Trained sleep deprived animals (Sl Dep Test) did not exhibit STM with significantly longer total response times 
compared to trained non-sleep deprived animals (Control Test; one-way analysis of variance [ANOVA] F(4,37) = 31.87, P < 0.0001). Numbers of animals 
in each group are shown above the columns. Asterisks represent Bonferroni post hoc analyses ****P < 0.0001. (B) Trained daytime handled animals 
(Hand Test) had significantly shorter total response times compared to naïve animals (one-way ANOVA F(2,13) = 32.06, P < 0.0001). Asterisks represent 
Bonferroni post hoc analyses ****P < 0.0001. (C) Forty-eight hours recovery time ameliorated the effects of sleep deprivation on STM as trained sleep 
deprived animals (Sl Dep Test) demonstrated STM compared to naïve animals, although the memory was not as robust as in trained non-sleep deprived 
animals (Control Test; one-way ANOVA F(4,66) = 36, P < 0.0001). Asterisks represent Bonferroni post hoc analyses. ****P < 0.0001 for testing between 
naive and non-sleep deprived animals and between naïve and sleep deprived animals. ***P < 0.001 for testing between non-sleep deprived and sleep 
deprived animals
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A. californica represents a novel invertebrate model system 
to study sleep and the interactions of sleep with learning and 
memory. Aplysia sleep in consolidated bouts with longer bouts 
occurring in the first half of the night, demonstrate rebound 
sleep after sleep deprivation, and exhibit longer latencies to 
appetitive and aversive stimuli during sleep.27 The almost 
complete absence of daytime rest and the lack of fragmenta-
tion in the sleep pattern at night,27 reminiscent of the human 
sleep pattern, facilitates the study of acute sleep deprivation 
on the induction of STM and LTM. Aplysia as a model system 
provides the future potential to study the interactions between 
sleep and memory at the level of the neuronal circuit as asso-
ciative and nonassociative learning paradigms have been well 
characterized. The associative LFI paradigm permits direct 
comparisons between the effects of sleep deprivation on STM 
and LTM as the same training protocol induces temporally and 
mechanistically distinct forms of memory.

Identifying an animal model that demonstrates strong be-
havioral effects on learning and memory after a single night of 
sleep deprivation is important for our eventual understanding 
of the effects of extended wakefulness in humans at the molec-
ular and neuronal levels. We found that 9 h of acute sleep de-
privation in Aplysia blocked the effectiveness of LFI training 
inhibiting the induction of STM and LTM. Moreover, sleep 
deprivation inhibited the induction of both STM and LTM for 
at least 24 h. In comparison, studies of sleep deprivation in 
Drosophila for associative olfactory memory indicate that the 
induction of STM, but not LTM, is inhibited by 9 h or even 
24 h of prior sleep deprivation.6 Short-term learning was also 
shown to be affected by prior sleep deprivation in Drosophila 
using an aversive photoaxis assay.81,82 In contrast, sleep depri-
vation in bees does not affect the acquisition of memory but 
rather its consolidation.18,74 Based on our behavioral studies, 
Aplysia presents advantages as a simple model system for un-
derstanding the interactions between sleep deprivation and the 
induction of STM and LTM.

Acute total sleep deprivation in humans results in decre-
ments in short-term performance and memory as well as mul-
tiple types of long-term memory.63,83 Researchers analyzing 
occupational performance found that 1 night of sleep depri-
vation and prolonged wakefulness significantly decreased per-
formance.84 However, the effects of sleep deprivation can vary 
greatly on performance and memory between individuals and 
cognitive tasks,51,52 making it difficult to identify the mecha-
nisms through which sleep deprivation affects cognitive per-
formance. Although differences have been reported across 
studies, some studies suggest that the amount of recovery sleep 
needed may be underestimated and that 2 nights of recovery 
sleep following 1 night of sleep loss is necessary for full re-
covery85,86 In contrast, in Drosophila, performance can be re-
stored by recovery sleep as short as 2 h82 or 4 h for associative 
olfactory conditioning.6 Thus, Aplysia may be a useful model 
for insights into the mechanisms through which the effects of 
sleep deprivation affect performance and memory in higher 
species as both immediate and persistent effects of sleep depri-
vation on STM and LTM can be observed.

Potentially, sleep deprivation affected memory formation 
in our studies via changes in the salience of the appetitive 

Figure 7—Overtraining does not rescue long-term memory (LTM) 
immediately after sleep deprivation, but attenuates the persistent effects 
of sleep deprivation on LTM 24 h after sleep deprivation. (A) To determine 
whether additional training mitigated the effects of sleep deprivation, 
animals were retested 24 h for LTM after the initial short-term memory 
(STM) test. As the testing session is procedurally identical to training, 
the STM test acted as a second training session. Control animals 
demonstrated robust LTM following the two training sessions (Control LTM 
retest). Sleep deprived animals that failed to exhibit STM (Figure 4) were 
retested for LTM 24 h later (Sl Dep LTM retest). Two training sessions did 
not induce LTM in sleep deprived animals (one-way analysis of variance 
F(2,21) = 17.54, P < 0.0001). Numbers of animals in each group are shown 
above the columns. Asterisks represent Bonferroni post hoc analyses. 
***P < 0.001 for testing between naïve and control trained animals and 
****P < 0.0001 for testing between control trained and sleep deprived 
animals. (B) To determine if additional training was sufficient to overcome 
the persistent effects of sleep deprivation, sleep deprived animals that did 
not show STM when trained 24 h after sleep deprivation (Figure 5) were 
retested for LTM 24 h later (Sl Dep LTM retest). STM testing acted as a 
second training session. Upon testing 24 h later, sleep deprived animals 
demonstrated significantly decreased response times when compared to 
naïve animals, indicating that these animals formed LTM after two training 
sessions (one-way analysis of variance F(2,23) = 37.39, P < 0.0001). 
Non-sleep deprived animals also demonstrated robust LTM following the 
two training sessions (Control LTM retest). Asterisks represent Bonferroni 
post hoc analyses ****P < 0.0001.
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stimulus used in training. We find this explanation unlikely as 
sleep deprivation does not appear to decrease the perception 
of strong stimuli. In Drosophila, sleep deprivation does not 
have an effect on baseline olfactory responses or response to 
electric shock6 and in rats, rapid eye movement (REM) sleep 
deprivation was found to have little effect on perception of 
electric shocks.87 As all animals in our studies were removed 
from appetitive stimuli 6 days prior to training, the presen-
tation of the netted seaweed represented a strong appetitive 
stimulus. Analysis of the latency for the animals to respond to 
the seaweed during training (summated for all experiments in 
which acute sleep deprivation occurred prior to training) deter-
mined that the latency to respond for sleep deprived animals 
was similar to the latencies seen in previous studies using the 
LFI paradigm (data not shown).

The detrimental effect of sleep disruption during the mo-
lecular consolidation of memory appears to be a conserved fea-
ture across species. We found that sleep deprivation following 
training during the late day impaired the consolidation of LTM. 
This is consistent with previous research in rodents demon-
strating that posttraining sleep deprivation interferes with 
LTM7,45,88-92 and studies in Drosophila.6,93 In contrast, when 
sleep deprivation occurred after the period of macromolecular 
synthesis necessary for 24 h memory, we found that long-term 
LFI memory was unaffected by sleep deprivation. Similarly in 
other animal models, LTM is not affected when sleep depriva-
tion occurs post consolidation.45

The question arises as to whether sleep is necessary for 
memory formation or whether the role of sleep deprivation in 
memory depends on the timing of sleep deprivation in relation-
ship to the molecular processes involved in memory formation. 
Unlike rodent models, Aplysia do not exhibit any sleep during 
their active period, maintaining a strong diurnal pattern of ac-
tivity.27 Although long-term memory formation in Aplysia is 
strongly regulated by the circadian clock with training-induced 
kinase activation and gene expression dependent on the time 
of training,94,95 there appear to be no differences in the mo-
lecular pathways required for 24 h memory when animals are 
trained early in the day compared to later in the day, as long as 
the training still occurs during the animal’s active period. Pre-
sumably, sleep deprivation interferes with molecular signaling 
processes affecting the induction of gene expression and pro-
tein synthesis necessary for LTM. Thus, when sleep depriva-
tion follows late-day training, the molecular consolidation of 
memory is disrupted. We hypothesize that it is the disruption 
of normally timed sleep in relation to molecular consolidation 
that affects memory formation. Potentially, if longer forms of 
LFI memory, e.g., 48 h or 72 h memory, were examined that re-
quire additional later phases of molecular consolidation,55 then 
sleep deprivation overlapping with these subsequent periods of 
protein synthesis would interfere with memory.

In some cases, long-term memory can be state dependent 
such that memory is enhanced when conditions or brain states 
are similar during training and testing of the behavior. State 
dependence of memory has been demonstrated for aversive 
fear memory, emotional memory, and drug-related behav-
iors.96,97 In the desert locust, decision making in an odor-as-
sociated food choice test occurs based on a state-dependent 

valuation of the choices98 It is possible that the effects of sleep 
deprivation that we observed on long-term memory in Aplysia 
were state dependent, with the neuronal effects of sleep depri-
vation incorporated as part of the learning context. In mice, 
memory impairments due to sleep deprivation of REM sleep 
can be state dependent. For avoidance tasks, decrements in 
LTM are observed with either pretraining or pretesting REM 
sleep deprivation; however, the effects on memory are miti-
gated when animals receive sleep deprivation prior to training 
and testing.99 Although we could not test whether the impair-
ments in LTM were state dependent as 2 consecutive nights 
of 9 h of sleep deprivation rendered the animals unresponsive 
to the stimulus during testing (data not shown), we think it is 
unlikely that state dependence played a role in the long-term 
memory impairments as the induction of STM was similarly 
affected by sleep deprivation. In mice, previous research has 
shown that the effects of total sleep deprivation on memory 
were not state dependent for avoidance tasks.99

Understanding the temporal and molecular aspects of the re-
covery of cognitive function and performance following sleep 
deprivation is critical in light of the increasing occupational 
demands on individuals in modern society. Recent research in 
mice highlighted the role of cyclic adenosine monophosphate 
signaling pathway48,100 and the suppression of protein synthesis 
as a probable mechanism through which sleep deprivation af-
fects the consolidation of long-term memory.47 However, the 
mechanisms through which sleep deprivation affects STM or 
the induction of LTM remain unclear. The current study dem-
onstrated the phylogenetically conserved nature of the neces-
sity of sleep for memory formation outlining the behavioral 
parameters of the interactions between acute sleep deprivation 
and STM and LTM in Aplysia. These behavioral studies have 
established Aplysia, with its relatively simple neural circuitry, 
as a valid model system for studying the interactions between 
sleep and memory formation and provide a foundation for fu-
ture studies delineating the underlying mechanisms through 
which sleep affects memory. Understanding these mechanisms 
is necessary for the potential identification of methods to al-
leviate cognitive deficits incurred due to restricted sleep and 
to mitigate the toll that the technological and occupational de-
mands of a modern society exacts upon individuals.
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