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he feeling of heavy
Teyelids and slowed

breathing is, depend-
ing on the day, either something
we eagerly welcome or desper-
ately chase away with bright lights
and caffeine. On the surface,
we recognize sleep as a state of
reduced activity, lacking alertness
and movement. When we see a
friend snoozing on the couch or
a stranger taking a catnap on the
bus, we typically associate their
stillness with them being asleep.
Certain parts of the brain, howev-
er, act quite differently when you
shut your eyes at night. True, some
sections of the cortex adopt slow-
er, more rhythmic firing patterns
during sleep. But as you may have
guessed from your dreams, where
running from monsters or flying
through the sky are somewhat reg-
ular ventures, other brain regions
are hard at work while the rest of
your body lays still.

Most of us have heard at
some point that getting good
sleep is important for learning and
drives mental performance, but
why is this? Is an early bed time
really the best course of action be-
fore a big exam or job interview?
Why not just cram-study for anoth-
er hour? C'mon, 2 a.m. isn't that
late... but is it? A 2009 study from
the Journal of Adolescent Health
reports that up to a staggering
70% of college students meet the
clinical criterion for sleep depriva-
tion [1]. Additionally, a quarter of
the 1,125 student survey partici-
pants reported at least one sleep-
less night in the month leading up
to the study, with 35% of these stu-
dents report staying up past 3 a.m.
at least once a week [1]. College
students are, rather notoriously,
plagued with irregular and inade-
quate sleep, as it is not uncommon
to hear a classmate lament the
inevitable, procrastination-induced
all-nighter. This data highlights the
ubiquity of sleep deprivation in
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student populations, but how does
this translate to academic perfor-
mance? It makes intuitive sense
that a week of poor sleep could
explain the occasional failed exam
or slip-up during a class presen-
tation, but recent works suggest
that chronic sleep deprivation is
the root cause of something more
sinister. In fact, the ramifications
of poor sleep extend far beyond
short-term mishaps, as scientists
have linked sleep deprivation with
plummets in grade point average
and even decreases in the likeli-
hood of completing school and
obtaining a college degree [2].
In other words, sleep is a strong
predictor of academic success.
Taking this a step further,
a recent investigation aimed to
determine the effects of sleep loss
on reaction time and cognitive
processing speed in adolescents.
The study induced 24 hours of
sleep deprivation in healthy par-
ticipants, ages 14-16. To test the
effect of one sleepless night on
mental performance, the research-
ers subjected sleepy participants
to a memory and reaction time
game, in which they were assessed
on their ability to press a button
upon the presentation of specific
visual stimuli. After only one day
of sleep deprivation, participants
exhibited harsh deficits in psycho-
motor processing, manifesting
as an increase in the number of
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incorrect button presses and a
decrease in reaction time [3]. This
sudden drop in performance is
rather troublesome—especially
considering that these individuals
were in good health, well slept
prior to the study, and deprived of
only a single night's rest. Imagine
how these findings would scale in
chronically sleep-deprived individ-
uals that work under high-stress or
in cognitively demanding environ-
ments.

As spooky as this is, it
wasn't until recently that scientists
and physicians began to piece
together the neurobiological story
of sleep. Advances in neuroimag-
ing tools and polysomnography
have since allowed for researchers
to take a closer look at the biolog-
ical mechanisms that govern sleep
[4], suggesting novel answers to
the long-puzzling enigma: the
connection between sleep and
memory [3],[5],[6]. According to
the current literature, proper sleep
is necessary for long-term memory
consolidation and modification
[11,[6].[71.[8],[9]. Those mornings
that whir past like some fuzzy mi-
rage, calling a long-time colleague
or loved one by the wrong name,
or that hazy, mid-afternoon brain
fog are all too familiar circumstanc-
es for most of us. So, pour out
your Starbucks and shut off the
lights; your brain will thank you in
the morning.
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Figure 1: The firing pattern of hippocampal layers. Created in
Biorender; designed using images from Flaticon.com: Hippocam-
pal Firework by Maximos P. McCune under CC BY 4.0.



It's Getting
Late, and
Pavlov’s Dog
has Work in the
Morning

We now understand that
missing sleep can have disastrous
effects on our ability to process
new information and form mem-
ories, but how do we test this?
Well—ethically—of course, but is
there a way to accurately assess
what causes sleep loss to be so
detrimental without causing undue
harm? Using human test subjects
for studying chronic sleep depri-
vation is obviously off the table,
which leaves us searching for
alternatives. If we can't study sleep
deprivation in humans, what about
an animal model? Well, the use of
animals for the study of learning,
memory and sensory processing
presents more questions than
answers. How do the brains of
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lab rats even match up with their
human analogues? Is there even a
way to reliably determine whether
a non-human animal has learned
a process or established a new
memory? As you might imagine,
studying the conceptual marvel
that is human memory has proved
to be a rather Herculean task. It's
not as if you can give a mouse an
algebra problem or ask a dog to
recite Shakespeare. To answer this,
we must wind the clock back to
the 1890s.

lvan Petrovich Pavlov was a
Soviet experimental neuroscientist
hailing from Saint Petersburg State
University; born from his work was
the concept of classical condition-
ing [10]. Pavlov is colloquially fa-
mous for his observation of reflex-
ive salvation (which he hilariously
referred to as “psychic secretions”)
in dogs when presented with food.
In this case, the food is the uncon-
ditioned stimulus (US) and the sal-
ivation reflex is the unconditioned
response (UR). If a neutral stimulus
(NS), such as a bell, were to be
repeatedly presented with the US,
the dog would gradually begin to
associate the bell with the arrival
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of food. The bell has now transi-
tioned into a conditioned stimulus
(CS) and will elicit a consummato-
ry, conditioned response (CR). The
learned association between US
and CS is a reflexive one, and can
thus be leveraged as an experi-
mental tool. Within the classical
conditioning paradigm, research-
ers wouldn’t have to ask questions
to determine whether an animal
effectively learned, just sound a
bell.

As of recent, classical
conditioning has quickly become
the new norm for studies of sleep
deprivation. The process is quite
simple and tremendously reliable:
(1) form an association between a
US and CS of choice, (2) keep the
animal awake, and (3) test for the
pairing of US and CS by looking
for the CR (4) profit.” One such
study put this exact paradigm
to the test in a rodent model,
attempting to observe whether
acute sleep deprivation impairs
the formation of a classical as-
sociation between some sweet,
delicious juice (US) and a flash of
intense light (CS). This particular
study found that sleep-deprived
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Figure 2: Sleep deprivation inhibits memory consolidation within the classical conditioning paradigm.
Created in Biorender; designed using images from Flaticon.com: Pavlov’s Dog Needs Sleep Too by
Maximos P. McCune under CC BY 4.0.
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rats took longer to form the asso-
ciation between the juice and the
light, validating the use of the Pav-
lovian conditioning paradigm for
this application [11]. Given this, we
now have a method for inducing
sleep deprivation and quantifying
its effects—but the physiological
effects of a poor night's rest re-
main a mystery. How exactly does
a lack of sufficient sleep elicit such
effects in the brain?

Practice Makes
Perfect, and
the Brain is no
Different

The basic, time-tested
principles of synaptic plasticity, the
ability of neurons to change struc-
turally and functionally in response
to experience, was first established
in the early 1940s. They told us
that the repeated action of neu-
rons is crucial for memory consol-
idation; but the underlying mech-
anism eluded scientists for quite
some time [12] [13],[14]. We've all
heard the age-old axiom: “practice
makes perfect,” and can imagine
how this applies to the world of
team sports or playing in a band.
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But how does the brain practice?
When does the brain practice?
Who are the members of “team
brain?”

Hypothetically, let's assume
that you learned to swing a tennis
racket, and this action required
only three neurons: neuron 1, neu-
ron 2, neuron 3 (a gross oversim-
plification to be sure, but it serves
to illustrate a point). To perform
this action, the neurons must fire
1, then 2, then 3; this exact order
results in a swing that would make
Roger Federer jealous. To depos-
it the new swing into long-term
memory, the firing pattern must be
repeated over and over again—
strengthening the ordered connec-
tion between the three neurons.

In other words, the more a group
of neurons fire together—the
stronger the connection becomes.
During sleep, this wave of neuro-
nal firing is continuously replicat-
ed, further reinforcing the memory
through synaptic plasticity. As a re-
sult, the memory is stronger when
you wake up after a long tennis
practice than it was before you
went to sleep [15]. But is it possi-
ble that this stereotyped firing of
neuronal ensembles is disrupted in
conditions of poor sleep? Are your
hours of tennis practice all in vain
if you stay up late scrolling through
YouTube or browsing Netflix?

Sharp-wave
Ripples: What
are they and
why do they

matter?

During periods of wake-
fulness, we experience the world
through a ceaseless stream of
sensory input. We're constant-
ly bombarded with information
throughout the day, and it's likely
not until we sleep that our brains
get a chance to engage in some
of the processes that construct
memories from this new informa-
tion. When we sleep, the process-
es that drive memory formation
are activated, initiating patterned
spikes in electrical activity [5]. With
advances in polysomnography,
which take advantage of electro-
encephalograms (EEG) or intracra-
nial electrodes, researchers have
attempted to track and character-
ize the various cranial waveforms
displayed during sleep epochs.
Specifically, much of this work has
honed in on the hippocampus (a
region of the brain typically asso-
ciated with learning and memory),
and whether transient hippocam-
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Figure 3: Sharp wave ripples in the hippocampus facilitate cross-talk between brain regions and the formation
of context-dependent memory. Created in Biorender; designed using images from Flaticon.com: Brain Cross-
Talk by Maximos P. McCune under CC BY 4.0.

pal oscillations can provide insight
into the operations that underlie
sleep-facilitated memory formation
[6]. By combining our knowledge
of brain region-specific function
and targeted recordings of neu-
ral activity, scientists have made
advances in understanding how
memories are created and rein-
forced in the sleeping brain
Sharp-wave ripples are
almost always observed in hippo-
campal neurons during non-rapid
eye movement sleep (a stage of
sleep marked by slowed, synchro-
nous breathing, heart rate, and
cortical firing rate) [6]. These ebb-
ing tides of neural activity begin in
the deepest of the hippocampus'’
three layers: CA3. Here, a clus-
ter of neurons are spontaneously
activated—manifesting as sharp,
100 to 250 Hz spikes on an EEG
reading [5]. The dominant theory
in the field, the two-stage theory
[15], postulates that the firing of
CA3 cells generates subsequent
activation of the more superficial
hippocampal regions (CA2 and
CAT1). You can picture this almost
as if the CA3 neurons are sparks,
which light a fuse of CA2 interneu-
rons before igniting a firework of
CAT1 cells that burst into the men-
tal images that we know as memo-
ries (Figure 1) [5]. Interestingly, the
brain preferentially reactivates CA3
assemblies that were firing during
the most recent wake period. This
suggests that the brain “practices”

while you sleep by refiring specific
neural circuits. Subsequent stud-
ies took this a step further, and
showed that the hippocampus
repeats the exact firing sequences
from a prior day’s learning task
when asleep [16]. The reactiva-
tion of sharp-wave ripple events
in the hippocampus have even
been observed in humans [4]; this
further articulates the possibility
of a replay mechanism at work. In
essence, sharp-wave ripples serve
as a cognitive biomarker for learn-
ing and memory [17]. But imagine
if these brain waves occurred at
the same speed as they do during
the day? It would take an eter-
nity to commit anything to long-
term memory, as we are awake
for plenty more hours than we
sleep. There simply isn't enough
time! Luckily, sharp-wave ripples
are temporally compressed [17].
Temporal compression is a term
used in the scientific literature to
describe the speed of neural firing;
it implies that a group of neurons
are firing in the same pattern but
much faster. This is both conve-
nient and fits the narrative that
sharp-wave ripples are a form of
practice for the brain. The acceler-
ated firing rate of sharp-wave rip-
ples explains how your brain can
replay 16 hours of footage from
the prior day in just half as many
hours.

As mentioned previously,
repeated firing of the same neu-

rons strengthens the connection

of that circuitry. It's like a mailman
traveling down a well-paved high-
way versus an off road trail—in-
formation travels faster down the
more established routes of neural
processing. The question now is
whether a poor night of sleep ruins
the initiation of sharp-wave ripples.
Well, grab your sleep masks and
earplugs because yes... it turns
out that it does.

Sharp-wave
Ripples are
Blocked by

Sleepless
Nights

Remember Pavlov’s dog
from earlier? Well, a 2022 research
paper titled: “Sleep Deprivation
Impairs Learning-Induced Increase
in Hippocampal Sharp Wave
Ripples and Associated Spike
Dynamics during Recovery Sleep,’
used the classical conditioning +
sleep deprivation experimental
paradigm to test whether a lack
of sleep blocks the formation of
new long term-memories [6]. To
quickly reiterate the experimental
procedure (as depicted in Figure
2): a paired association is formed
between a NS and US in both
treatment groups. In one group,

1
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the test subjects were allowed a
full night’s rest between training
and testing periods. In the oth-

er, subjects were kept awake to
induce sleep deprivation. Specifi-
cally, this study implemented one
day of sleep deprivation in healthy
specimens as a way to proxy acute
sleep loss. Following the training
and sleep periods, the NS (now
CS) should remain after a full
night's sleep. In conditions of sleep
deprivation, however, the pairing
of NS and US should be more frag-
ile, in that the pairing takes longer
to form and is rapidly extinguished
after an association is eventually
made. This study expanded the
classical conditioning method,
choosing to integrate modern

EEG technology in an effort to pair
sleep-mediated learning with the
underlying neural circuitry.

What this study discovered
was quite astonishing! By track-
ing the occurrence of sharp-wave
ripples before and after establish-
ing the CS in well-slept and sleep
deprived specimens, the research-
ers found that sharp-wave ripples
were severely hindered in condi-
tions of poor sleep. To counter, as
illustrated in Figure 2, sharp-wave
ripple waveforms that were gen-
erated during training persisted
after a night of regular sleep. This
further belabors the idea that the
brain works to consolidate new
memories during non-rapid eye
movement sleep. That's cool and
all, but what about the waveforms?
We expect poor sleep to decrease
learning abilities, but what of the
sharp-wave ripples? Provided
that each sharp-wave ripple firing
pattern is indicative of very ste-
reotyped neuronal activation, how
do sharp-wave ripple waveforms
reflect the macroscopically observ-
able changes in learning?

Interestingly enough,
sharp-wave ripples indicative of
NS and US association were abol-
ished after sleep deprivation [6].
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The sleep deprived group not only
failed to show the reflexive associ-
ation after one sleepless night, but
also exhibited sharp-wave ripple
firing patterns that mirrored that of
an untrained individual. So even at
the level of synaptic plasticity and
neural wiring, sleep deprivation
blocks the replay of hippocampal
CA3 — CA2 — CA1 cells. And
just to reiterate, the sleep de-
prived individuals failed to display
a reflex to the CS after just one
night without sleep—even if the
association was observed one day
prior. The reflex didn’t consolidate
into stable long-term memories
without proper sleep, implying
that sleep is necessary for initia-
tion of sharp-wave ripples. These
findings suggest that a single day
of sleep loss can have profound
effects on the ability to form new
memories. Further, older and
otherwise established memories
also showed diminished sharp-
wave ripple reinforcement under
conditions of insufficient sleep. By
testing the sharp-wave ripple firing
patterns of pre-learned NS/US
pairings, scientists worked to show
that the upkeep of past memories
might also be affected by a lack

of sufficient sleep. The evidence
provided by these studies suggest
that sleep is necessary for both the
consolidation of new memories
and the strengthening of old neu-
ral connections. Long story short:
get your 8 hours of sleep, every-
one.

Message in a
Bottle: Sharp-
wave Ripples
are Used to
Send Messages
across the Brain

So we now know that
sharp-wave ripples are important
for memory consolidation in the
hippocampus, but what of other
brain regions? It turns out that
sharp-wave ripples also have an
impact on alternative cortical and
subcortical targets [15]. The waves
that originate in CA3 neurons flow
up through the hippocampus and
continue on to other regions of
the brain [17]. Recent research
efforts suggest that hippocampal
sharp-wave ripples excite neurons
throughout the brain and work to
form context-dependent memo-
ry. On the surface, it might make
sense that the amygdala and
locus coeruleus (two brain regions
commonly associated with fear
and fear response) would activate
in scary or threatening situations.
Let's imagine that a person who is
deathly afraid of clowns watches
Andrés Muschietti's 2017 hit film
“It" or finds themself at a heavily
staffed carnival. That person might
find that their breathing gets
heavy, heart rate skyrockets, and
pupils dilate to the size of nickels.
This is the autonomic nervous
system hard at work in response
to signals from the amygdala and
locus coeruleus. But for this to
happen, the person must remem-
ber that they are afraid of clowns.
Therefore, there must exist a con-
nection between the hippocam-
pus and the fear-associated brain
regions [18].

Get Your 8
hours...Doctor’s
Orders

Harkening back to our
previous debate as to whether the
benefits of a good night’s rest do
indeed outweigh the potential for
extra studying or that one extra
episode of your favorite TV show;



it seems that science has a defini-
tive answer. Sleep is not only ben-
eficial, but necessary for memory
consolidation. Without sleep, it's
quite possible that the all-nighter
you pulled to cram extra practice
questions for tomorrow’s exam was
all in all vain—as you might not
remember them anyways. In our
discussion of sharp-wave ripples,
we saw that these brain waves
echo pre-established patterns from
daytime events. Like with the ten-
nis example from earlier, our brains
are hard at work when we sleep,
reinforcing information and skills
we acquire throughout the day.
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