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Sleep Deprivation: Its Neural 
Circuits and In!uence on 
Memory
BY JANE LI

Many people start the morning with a cup 
of co!ee to compensate for the lack of sleep, 
keeping them alert during the day. However, 
consumption of ca!eine may mitigate some 
of the adverse e!ects of sleep deprivation as it 
does not replace a healthy, full night’s sleep.1

Experts in sleep medicine recommend 
that adults should obtain at least seven 
hours of sleep per night for optimal health.2 
However, the average sleep duration has 
decreased since 1985, with the percentage 
of adults sleeping ≤ 6 h increasing by 31%.3 
Many people might wonder why sleep 
has evolved if it prevented feeding and 
procreation and could expose animals to 
predators, seemingly contracting principles 
of the successful survival of a species.4 While 
the answer remains elusive, some theories 
propose the necessity of su'cient sleep for 
optimal functioning. A recent compelling 
theory called the “brain elasticity theory” 
suggests that sleep is correlated with changes 
in the structure and organization of the 
brain, indicating the essential role of sleep in 
cognition and memory.5 

!e Two-Process Model of Sleep 
Sleep is an active state of unconsciousness 

when the brain and body decrease 
responsiveness to external stimuli.6 Brain 
plasticity, or neuroplasticity, is the ability 
of the nervous system to respond to stimuli 
by reorganizing its structure, functions, or 
neural connections.7 +e synapse refers to 
the structure that allows one neuron to pass 
information to another neuron, mediating 
communication between neurons. Synaptic 
strength indicates the level of activity of 
the receiving neuron, or the postsynaptic 
neuron, in response to the presynaptic neuron. 
Long-term synaptic plasticity is an activity-
dependent change in the transmission of 
information, modifying synaptic strength by 
enhancing through long-term potentiation 
(LTP) or depressing through long-term 
depression (LTD) (Figure 1).7 Much research 
has been done on this topic in order to 
investigate its involvement in various 
neurological phenomena, such as learning, 
working memory, brain development, and 
other neural functions. 

Sleep is regulated by a two-process model 
consisting of the homeostatic process (S) and 
the circadian process (C).8 +is two-process 
model of sleep-wake regulation determines 
the timing of sleep onset and o!set in which 
sleep is triggered when Process S reaches a 
threshold9 (Figure 2). Process S monitors 
time awake as sleep pressure builds up during 
wakefulness and decreases during sleep. 
Process C is mediated by circadian rhythms, 
which are internal processes that respond to 
the environment and regulate sleep-wake 
cycles. Circadian rhythms repeat roughly 
every 24 hours in humans,9 representing the 
daily oscillatory modulation of the threshold 
levels. +e circadian drive for wakefulness 
increases during the day and declines in the 
night.

Sleep deprivation (SD) perturbs this 
natural two-stage process. Neuroimaging 
studies reveal changes in brain activity, 
reporting significant reductions in 
metabolism throughout the thalamic, parietal, 
and prefrontal regions of the brain, which 
are involved in cognition and memory.8  SD 
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disrupts normal sleep and negatively a!ects 
various aspects of body functioning, and one 
of the prominent changes of SD is its e!ect on 
brain functioning, especially cognition and 
memory.

!e In"uence of Sleep Deprivation on 
Memory

Before understanding the influence 
of sleep deprivation on memory, it is vital 
to introduce the concept of memory. +ere 
are four stages of memory: encoding, 
consolidation, storage, and retrieval (Figure 
3). Studies have shown how SD a!ects each 
stage of memory. 

The most well-established neural 
correlation with insufficient sleep is the 
hippocampus, a brain structure that plays an 
essential role in learning and memory.10,11 +e 
hippocampal-dependent memory system is 
responsible for episodic, or more personal, 
memories, such as one’s birthday, as opposed 
to semantic, or fact-based, memories, such as 
the speed of light. Research has shown that 
CA1 neurons and the dentate gyrus (DG) in 
the hippocampus play a critical role in this 
memory system (Figure 4).12

DG is the input region of the 
hippocampus, which .lters information and 
has been reported to play a key role in learning, 

memory, and spatial coding. SD changes the 
structure of DG neurons by reducing the spine 
density of DG neurons, which could lead to 
de.cits in memory functions.13

CA1 is the major output region of the 
hippocampus, and its neurons are involved 
in the encoding and consolidation of these 
episodic memories. In 2016, a group of 
scientists found that SD in mice suppressed 
the activation of mTORC1, a regulator of cell 
growth and metabolism, and protein synthesis 
in hippocampal neurons. Restoring protein 
synthesis by reactivation of this gene protected 
mice from memory impairment caused by 
SD. Moreover, another group of scientists 
found that depriving mice of sleep for .ve 
hours dramatically reduced the connectivity 
between neurons in the hippocampus, 
a!ecting CA1 neurons. Limited sleep caused 
reduced connectivity between neurons to 
change the structure and activity of the brain, 
in/uencing neuroplasticity. Recovery sleep led 
to the rewiring of neurons in the hippocampus 
and restored memory impairments.14 Other 
studies have also shown that sleep modulates 
NMDA receptor-dependent signaling 
in the hippocampus, which is essential 
for memory and learning. When sleep is 
limited, this pathway is disrupted, a!ecting 
the presentation of NMDA receptors in the 
synapse that are critical for triggering long-
term synaptic plasticity such as LTP or LTD, 
leading to memory impairment. 

Additional research investigating the 
e!ect of SD on the frontal and parietal cortices 
of the brain, both of which are important for 
cognitive and memory functions, concluded 
that SD affects working memory—the 
temporary memory system used to hold a 
small amount of information for cognitive 
tasks.15,16 Examples of working memory 

Figure 1:  Synaptic plasticity controlled by NMDA receptors, a type of receptor found in neurons. 
LTD (le0) is presented by less glutamate release, which leads to weak depolarization (and 
subsequent activation) of the postsynaptic cell. LTP (right) is presented by more Glutamate 
release, which leads to a strong depolarization of the postsynaptic cell, indicating more activation 
and learning. 

Figure 2:  Two-process model of sleep regulation. Process S is the homeostatic process while Process C represents the circadian rhythm. +e 
di!erence between the two processes quanti.es the sleep pressure.
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include remembering a phone number or 
recalling directions. 

How Does SD In"uence the Retrieval of 
Memory?

While it is well established that SD a0er 
learning impairs hippocampal memory 
processes, it is unknown whether SD leads 
to memory loss or suboptimal storage 
of information that cannot be accessed 
and retrieved. As a consequence, there is 
debate on the stage of memory—encoding, 
consolidation, storage, and retrieval—that 
SD disrupts.  A recent study published in 
2023 reported that amnesia is not caused 
by information loss but is rather a problem 
of retrievability and can be restored by drug 
treatment or external stimulation of engram 
cells, which are the cells activated when a 
memory is recalled.17

Memory engrams are the physical and 
chemical changes elicited by learning that 
underlie newly formed memories. Previous 
research has shown that neurons activated 
by an experience become engram cells that 
later become necessary for successful memory 
retrieval and expression.18 In fact, memory 
can be artificially induced by stimulating 
the engram cells in the brain that encode 
the experience. For example, studies have 
reported that memory can be successfully 
recalled upon stimulation of the memory 
engram in amnesia patients. 17, 18

In the 2023 study, researchers showed that 
the hippocampal object-location memories 
were impaired in sleep-deprived mice using a 
behavioral paradigm called the object-location 
memory (OLM) task. +is task is based on 
the innate preference of rodents to spend 
more time exploring novel objects compared 
to familiar objects and recognize when an 
object has been relocated. 19 A0er training, 

animals that remember the original training 
will explore the displaced object relative to the 
non-displaced object during the testing phase, 
and spatial memory impairment is measured 
by the di!erence in exploration times. 

Figure 5 shows the paradigm of the OLM 
task in the 2023 study. Results show that, while 
non-SD mice preferred the relocated object, 
mice subjected to 6 hours of SD explored 
both objects—the one placed in the original 
position and the one relocated—to a similar 
extent, suggesting that they failed to detect 
the relocation of an object and indicating 
memory retrieval impairment but not de.cits 
in memory loss. When the researchers 
activated the DG, the input region of the 
hippocampus, memory engram responsible 
for spatial novelty, it became accessible and 
could be successfully retrieved.17 

As most previous studies stated that SD 

mainly a!ects the encoding and consolidation 
stages of memory, sleep loss can potentially 
perturb memory at the retrieval phase as sleep 
is known to a!ect the parietal lobe, which 
has been shown to contribute to episodic 
memory retrieval.20 +is study, along with 
other recent studies, has demonstrated that 
the retrieval stage of memory is impaired a0er 
SD, potentially causing memory and cognitive 
impairments when sleep is hindered. 

Conclusion
Sleep deprivation is common in modern 

society, a!ecting people of all ages. Although 
many people have experienced impaired 
body functioning, including deficits in 
memory and cognitive functions, few people 
understand the science behind the lack of 
sleep. Sleep itself is a complicated topic and 
involves multiple proposed mechanisms and 

Figure 3:  Four stages of memory: encoding, consolidation, storage, and retrieval. 

Figure 4:  Brain anatomy.  (A) Principal anatomy of the human hippocampal memory systems 
and the brain regions involved in learning and memory. (B) Schematic rat brain with the 
hippocampal formation highlighted. (C) Schematic hippocampal slice.
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theories. It is well known in the scienti.c 
community that hippocampal-dependent 
memory is mainly a!ected by SD, but there 
is debate on which stage of memory is 
in/uenced by SD. While research shows that 
memory encoding and consolidation were 
affected, recent studies have revealed the 
impact of SD on memory retrieval through 
the representation of memory engrams in the 
brain. +is area of research is ongoing, but 
it is clear that SD imposes multiple adverse 
e!ects on our bodies, signi.cantly in/uencing 
brain functioning. It is vital for people to 
acknowledge the importance of sleep and try 
to obtain seven hours of sleep every night for 
optimal health. 

 

Figure 5:  Mice were trained in the object-location memory (OLM) task and subjected to 6 h of 
sleep deprivation (SD) directly following training or le# undisturbed (NSD). All mice underwent 
laser treatment in the training context/empty arena, 5 min preceding the retention test. +e 
experiment was replicated 2 days later with new objects and new object locations in a cross-
design fashion. SD, sleep deprivation group; NSD, non-sleep-deprived controls.
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