STRESS

Psychological pressure
can make you more
attentive, improving

your memory and ability
to learn. But too much
stress can have the
opposite effect

SPLINTERED
BY

By Mathias V. Schmidt and Lars Schwabe

needling twinge in the torso or a tense interaction with a boss is all
/ you need to get your nerves on edge. The bills are piling up and—of
course—your spouse is on your case about them. You feel as if an

A

The all too familiar sensation of stress can
preoccupy your thoughts, narrowing attention
to the sphere of your concerns. But its effects do
not end there—stress also causes physical
changes in the body. In a stressful situation,
alarm systems in the brain trigger the release of
hormones that prepare you to fight back or flee
the scene. Among other results, these chemicals
may boost blood pressure, speed up heart rare
and make you breathe faster [see box on page
26]. They may also affect your ability to learn
and remember things.

Think back on the tests you took in school.

extra weight is pressing down on your mind.

Even when you crammed like crazy, your per-
formance on exams may have left something to
be desired. Maybe key pieces of knowledge
simply escaped you—until they came to mind,
unbidden, several hours too late. One possible
explanation for this phenomenon is stress: your
anxiety may have impaired your recall.

That reasoning sounds simple enough,
but it turns out thar the effect of stress on
memory is surprisingly nuanced. Studies have
shown that under certain circumstances, psy-
chological pressure may actually improve re-
call—bur not necessarily of the facts you were
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Most people find it
very stressful to
compose and
deliver a speech.
Scientists use
public speaking as
a tool to induce
stress in research
subjects.

hoping to summon to pass the class. People who have trouble re-
membering information during a test often have strong recollec-
tions of the frustration and embarrassment they felt at the time.
Emotionally charged experiences—whether positive or nega-
tive—remain extraordinarily well anchored in memory. Recall
your most vivid experiences from last year. Most likely they were
accompanied by particular joy, pain or stress.

FAST FACTS
Stress and Memory

1 Stress hormones such as adrenaline and cor-
tisol can either facilitate or impair memory,
depending on when these hormones are released.

: ! Stress hormones may affect memory by
strengthening or weakening the connections
between nerve cells in the brain.

3 Drugs that mimic cell-adhesion molecules,

which bridge the gaps between nerve cells,
may help restore memory in people with stress-
induced cognitive disorders.

Researchers have long struggled to untangle the role of

emotions and other factors in the encoding of stressful memo-
ries. In the past few years we and other researchers have come
to the conclusion thar the effects of stress depend on its timing
and duration: the details of the moment make a big difference
as to whether the stressor enhances recall or impedes it. And
the memory boost happens for only a relatively short period—
beyond a certain window, all stress becomes deleterious. Un-
derstanding the distinctions between different physiological
responses may lead to new trearments that can reduce or even

reverse the debilitating impacts of stress on memory.

Muddled Memories

In 2005 Sabrina Kuhlmann of the University of Diisseldorf
in Germany and two colleagues conducted an experiment to
test the effects of stress on memory. They wanted to know
whether stress affects recall of either emotionally charged or
neutral material. The three researchers had 19 young men
memorize a list of 30 words that had either positive, negative
or neutral associations. The next day the psychologists subject-
ed some of the men to the Trier social stress rest, a procedure
that puts participants through a series of stressful experiences,
including making a job-application speech to a panel of three
people playing the role of company managers and then per-
forming some mental arithmetic for the panel. A short time af-
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terward, the men were asked to remember the words they had
learned the day before. The result: stress reduced the number
of emotionally charged words that the men were able to recall,
although it did not affect their memory of neutral words.
Earlier experiments had found that administering the stress
hormone cortisol can impair our ability to retrieve memories, but
the Diisseldorf study was the first to show that stress itself can
have this effect on humans, presumably by triggering the release
of cortisol and other hormones. The finding may help explain

the event to be remembered. Immersing your hand in ice water
right after studying a series of images, for example, seems to
make those images more memorable later. But stress hormones
have the opposite effect when they are released before the event
or a considerable time afterward—as in the study where the
young men took a stress test 24 hours after studying a word list.

The other requirement proposed by Joéls’s team—conver-
gence in space—occurs when the hormones released in re-
sponse to stress activate the same neuronal circuits as does the

Mice subjected to chronic stress in early life do not
perform well on memory tests in later life.

PAUL FLEET Alamy

why people who are feeling stressed—during an exam or
a job interview, for example—sometimes have trou-
ble remembering important information. The re-
sults also suggest that emotionally arousing
material may be especially sensitive to the
memory-altering effects of stress hormones,
perhaps because these hormones activate the
amygdala—a brain structure that plays a
critical part in processing emotions.

Initially that experiment seemed at odds
with earlier studies that had reported im-
proved recall of emotionally arousing material
after receiving cortisol or undergoing a stressful
experience. In one study, published in 2003, Larry
Cahill and his colleagues at the University of California, Ir-
vine, asked 48 men and women to look art a series of emotion-
ally charged or neutral images. Immediately afterward, some
of the participants were asked to immerse a hand in ice water—
a test that causes discomfort and elevated cortisol levels in
most people. The control group got a painless lukewarm hand
dunk instead. A week later both groups took a memory test,
and the people who had experienced the cold water treatment
were able to recall more images than the control group. In both
studies, stress had an effect only on the emotionally charged
material—but in opposite ways.

Convergence in Time and Space

How can stress facilitate memory in some experiments but
impair it in others? In 2006 a research team led by Marian
Joéls of the University of Amsterdam in the Netherlands came
up with a “unifying theory” to resolve the conflicting reports.
Joéls and her colleagues proposed that stress facilitates mem-
ory only when it is experienced at about the same time as the
event that needs to be remembered and when stress hormones
activate the same biological systems as those activated by the
event. In brief, they theorized that stress only aids memory
“when convergence in time and space takes place.”

Convergence in time, as the researchers explained, is when
the stress hormones are released during or immediately after

information to be processed and stored. These condi-
tions only enhance memory, however, if the stress
is short-lived. The beneficial effect disappears
if the stress is chronic or repetitive.

Joéls and her colleagues also proposed a
mechanism for how stress exerts these op-
posing effects on memory. The body’s re-
sponse to stress comes in two phases. At
first, stress launches hormones and neu-

rotransmitters that promote attention and
help form new memories by strengthening
the connections between brain cells. But just
as a rocket fires a second stage once it is high in
the sky, the hormone cortisol initiates a second pro-
cess within an hour or so of the stressful event, and instead of
promoting attention, cortisol now works to consolidate mem-
ories. The hormone suppresses the processing of any informa-
tion not associated with the stressful event.

These two distinct stages of the stress response explain why
stress can have such contrary effects on memory. Initially stress
enhances perception and learning, but later, stress obstructs
the processing of new information. According to this model,
recalling an event such as being late to an exam should be easy
because the stress occurs during the experience. But remem-
bering information during the test is more difficult because the
stress of taking the exam occurs hours or days after learning
the informarion.

Stress not only affects how much information we retain in
memory but also what type. Our memory is not like one big
drawer into which we toss everything that we experience and

(The Authors)

MATHIAS V. SCHMIDT is a biologist and researcher at the Max
Planck Institute for Psychiatry in Munich. LARS SCHWABE is
a psychologist who recently graduated from the University of
Trier in Germany and is doing postdoctoral research at the
Ruhr University in Bochum.

www.ScientificAmerican.com/Mind

SCIENTIFIC AMERICAN MIND 25


runefardal
Highlight

runefardal
Highlight

runefardal
Highlight

runefardal
Highlight

runefardal
Highlight

runefardal
Highlight

runefardal
Highlight

runefardal
Highlight


Defense Mechanisms

hen we find ourselves in situations that seem threatening,
the hypothalamus—a structure that lies deep in the brain—
sends out an alarm. This triggers two cascades of activity: a
rapid response that releases one set of hormones and a more delayed
one that releases a different set of hormones. Together these two
lines of defense not only enable us to cope with acutely stressful situ-
ations but also prepare us for similar future situations by strengthen-
ing our memory of what we have just been through. —M.V.S. and L.S.

@ Rapid Response

The hypothalamus sends a signal along fibers of the sympathetic ner-
vous system to the adrenal medulla, located in the core of the adrenal
gland just above the kidney. The adrenal medulla then releases the
stress hormones adrenaline and noradrenaline, which prepare the
body for a rapid fight-or-flight response. Energy reserves are mobilized;
blood pressure and heart rate increase to better supply nutrients to
the muscles; respiration increases so that more oxygen reaches the
brain; natural painkillers are released preventively; and platelets are
activated to minimize blood loss in case of injury.
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O Delayed Reaction

Later the body releases another set of hor-
mones from the hypothalamus, pituitary
gland and adrenal cortex in sequence.
First, corticotropin-releasing hormone
(CRH), which is produced in the hypothala-
mus, travels along a special network of
capillaries to the pituitary gland, an al-
mond-size structure located near the base
of the skull. There CRH triggers the release
of another hormone, adrenocorticotropic
hormone (ACTH), which travels to the adre-
nal cortex via the bloodstream and triggers
the release of cortisol—the most impor-
tant human stress hormone.

Cortisol boosts the action of adrena-
line and noradrenaline while at the same
time preparing the body for a return to nor-
mal. It puts a damper on the body's inflam-
matory and immune responses and pro-
motes the transformation of nutrients into
fats and glycogen, thereby replenishing
spent stores of energy.

THERESA SAKNO
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learn. Rather it resembles a giant filing cabinet with
many drawers and folders, each containing dif-
ferent types of information. Some of these
files—including the episodic memory that
gives us access to life experiences—are ex-
tremely sensitive to stress. Memories of
practical skills such as bicycling and typ-
ing, on the other hand, are barely affected
by stress. These different memory systems
work in parallel and may even compete
with one another, and stress plays a role in
determining which memory system has the up-
per hand at any given moment.

stress simplifies our learning behavior at the expense
of flexibility, making it harder for us to apply our
knowledge to new situations. If a fire alarm
goes off in a building, for example, you
might find that you can remember only that
you usually follow the first hallway on the
left to reach the main entrance. But that
knowledge is of little use if the main en-
trance is blocked and you need to find your
way out through a side entrance.
In 2009 we confirmed the hypothesis
that under stress, the brain favors rigid “habit”
memory over more flexible “cognitive” memory.

Under stress, the brain favors rigid “habit” memory
over more flexible “cognitive” memory.

GETTY IMAGES (clock); SCIENTIFIC AMERICAN MIND; SOURCE: "STRESS MODULATES THE USE OF SPATIAL VERSUS STIMULUS-RESPONSE
LEARNING STRATEGIES IN HUMANS,” BY LARS SCHWABE ET AL., IN LEARNING AND MEMORY, VOL. 14, NO. 1-2; JANUARY 2007 (test room)

Simpleminded Learning

To test the effect of stress on various learning strategies, we
conducted an experiment in 2007 at the University of Trier in
Germany. We showed the participants a three-dimensional
model of a room containing a chair, a potted plant and a table
with four cards lying face down on it [see illustration below].
The object of the game, which every participant played 13 times,
was to win 50 cents by selecting the “winning” card from among
the four cards. Half the players were subjected to the Trier so-
cial stress test before playing the card game.

What none of the players was told was that the winning
card was always located in the same place—in the corner next
to the potted plant. At first, players picked the winning card
only by chance. But as the game went on, the participants used
one of two strategies. Some players oriented themselves spa-
tially, using the relation berween various objects in the room—
such as the door, a window and a clock hanging on the wall—
as clues to where the winning card might be located. Other
players used a “stimulus response” strategy: they looked for a
simple association between the winning card and another ob-
ject in the room. We were easily able to test which strategy a
subject was using simply by moving the plant and placing win-
ning cards in two of the four positions—next to the plant’s new
location and in the corner where the winning card had previ-
ously been located. If a player selected the card that had always
been in the winning corner, we concluded that he was using a
spatial learning strategy. On the other hand, a player who se-
lected the card next to the now repositioned plant was proba-
bly using a stimulus-response learning strategy.

The results revealed that participants who had not taken
the stress test were much more likely to use the more flexible—
but more mentally taxing—spatial learning strategy. Under
stress, almost all the participants fell back on the simpler stim-
ulus-response strategy.

These results and data from other studies suggest that

We subjected half our subjects to the ice-water stress treatment
for several minutes, whereas participants in the control group
immersed their hand in lukewarm water. Afterward everyone
was asked to choose between chocolate milk and orange juice
by clicking on symbols on a computer screen. The participants
quickly learned which symbols would deliver the drink of their
choice, but then we spoiled their appetites by feeding them
chocolate pudding or oranges.

When they resumed choosing drinks, the participants in
the control group who had eaten chocolate pudding avoided
the now devalued chocolate milk, and participants who had
eaten oranges avoided orange juice. But their stressed coun-
terparts responded differently: even though the participants
reported no further interest in the food they had just eaten,
they continued to click on the symbol associated with it. They
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STRATEGY FOR STRESS

In this test, subjects try to pick the “winning” card from among four
cards lying face down on a table. Under stress, participants fall back
on a simple strategy: they look for a single clue, such as a potted
plant placed next to the winning card. Unstressed participants are
more likely to orient themselves in relation to features seen in the
room—a more difficult but more accurate spatial learning strategy.

www.ScientificAmerican.com/Mind

SCIENTIFIC AMERICAN MIND 27


runefardal
Highlight

runefardal
Highlight

runefardal
Highlight

runefardal
Highlight


It may even be possible to develop drugs that enhance
the positive effects of stress on memory and recall.

had become victims of habit, operating on autopilot. The
evolutionary advantage of this strategy is obvious—it
enables the brain to concentrate on more impor-

tant things in a stressful situation.

Life in the Rat Race

Tests on human volunteers can help reveal
the effects of stress on learning and memory,
but animal experiments also provide clues.
Rats, mice, chicks and other vertebrates release
hormones and neurotransmitters in response to
stress, just as we do. And as with people, ani-
mals must remember places and events: Where did
1 find food yesterday? Where is my nest? Which places are dan-
gerous and must be avoided? Reliable memories of stressful
events are essential for survival.

Scientists have devised a number of methods for measuring
learning and memory in animals. One frequently used ap-
proach, developed in 1984 by Richard Morris of the University
of St. Andrews in Scotland, is a water maze—a large basin filled
with cold water. (Unlike a conventional maze, the water “maze”

does not have branching passages.) Rats placed in the basin
cannot see a small platform hidden just below the water’s
surface, but they are highly motivated to find it: the
faster they do so, the sooner they can get out of the
cold water. At first, a rar placed in the water finds
the platform only by chance. After repeated tests,
though, the rat learns to use conspicuous mark-
ings on the walls to quickly find the platform.
Studies using the water maze have shown that
stress hormones play an important part in the
learning process in rats as well as humans. For ex-
ample, in 1992 Melly S. Oitzl and E. Ronald de Kloet
of Leiden University in the Netherlands demonstrated
that in the absence of stress hormones, rats perform poorly in
a water maze. After Oitzl and de Kloet removed the rats’ adre-
nal glands, which are responsible for releasing the stress hor-
mone corticosterone (similar to human cortisol), the animals
needed much more time to locate the underwater platform. The
researchers observed the same effect after they blocked corti-
costerone receptors in the rats’ brain.
But as with humans, timing is everything. Stress that is in-
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memory by strengthening or weakening synapses.

FSynapse

Nerve impulses travel through the brain by jumping from one nerve cell to the next
across a gap called the synapse. At every synapse, the upstream nerve cell releases

a puff of neurotransmitters, chemical messengers that travel across the gap and bind
to receptors on the downstream cell. Specialized cell-adhesion molecules connect the
two cells across the gap, stabilizing the synapse. Recent research indicates that stress
affects the production of cell-adhesion molecules, which may in turn affect long-term

dependent of the learning situation can
impair memory, as David M. Diamond,
then at the University of Colorado Health
Sciences Center, and three colleagues
showed in an experiment in 1996. First
they trained rats to forage for food hid-
den in seven arms of a 14-arm radial
maze. After about a month, the rats rare-
ly visited the arms without food. Then
the experiment began. As soon as the rats
had eaten four of the seven treats, the ro-
dents were removed from the maze and
placed in either a familiar or a stressful
environment for up to four hours. After
the unstressed rats returned to the maze,
they had nor forgotten where to find the
three remaining treats, but the stressed
rats made many more errors while
searching for the trearts.

Persistent or intense stress may even
decrease cognitive capacities over the
long term. In 2009 our research team at
the Max Planck Institute for Psychiatry
in Munich showed rhat mice that were
subjected to chronic stress in early life do
not perform well on memory tests in later
life, compared with their unstressed lit-
termates. The reasons for the difference
are buried deep in the brain.
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CORBIS

Animal studies suggest that stress in early life can impair memory
in adulthood. The same may be true for humans.

Stronger Synapses

Memories depend on the structural connections between
the brain’s nerve cells—the synapses where nerve impulses jump
from one cell to the next. A particular stimulus, such as a green
traffic light, triggers a cascade of signals that activate what we
have already learned: green means go. Step on the accelerator.

Learning strengthens these cellular connections. As a result,
signals are more easily transmitted from one nerve cell to its
neighbors—a process known as long-term potentiation. This
process is what allows the brain to store and recall information.
Synapses can grow stronger or weaker over time, depending on
their level of stimulation, and memories in turn can be rein-
forced or forgotten.

If stress hormones are brought to bear on the nerve cells
during the right window of opportunity, they can produce a
long-lasting improvement in signal rransmission and with it
memories of that particular event or place. If the hormones are
not present at the right time, however, the connections between
the nerve cells are comparatively weaker—and memories of that
moment are harder to access.

Specialized cell-adhesion molecules may be a key to the learn-
ing process at the cellular level. These proteins connect two nerve
cells, stabilizing the synapse between them and enabling the
transmission of signals from cell to cell. Cell-adhesion molecules
have an important role in reestablishing contact between nerve
cells. They also assist in enabling the synapses to change strength
in response to increased or decreased signal transmissions.

Recent research suggests that stress affects the produc-
tion of cell-adhesion molecules, thereby affecting long-term

memory. A team led by Carmen Sandi of the Brain-Mind In-
stitute of the Swiss Federal Institute of Technology in Laus-
anne has found that stress activates neural cell-adhesion mol-
ecules (NCAMs) in the hippocampus—a region of the brain
that is essential for learning new information and consoli-
daring it in long-term memory. Mice in which NCAM acti-
vation has been suppressed by genetic manipulation have im-
paired learning and memory.

With a better understanding of how stress affects memory
at the cellular level, we may be able to develop new drugs to
treat stress-induced cognitive disorders, perhaps even Alzhei-
mer’s disease. One example of such work is a research project
sponsored by the European Union, called MemStick, which is
studying the effect of cell adhesion. The project’s hypothesis is
simple: if cell-adhesion molecules are responsible for forming
or stabilizing synapses, we should in theory be able to develop
analogous substances that restore memory by simulating the
function of these molecules. And in fact, researchers have al-
ready developed a mimetic peptide for NCAM—a small protein
that is similar to a portion of the molecule. If rats under chron-
ic stress are treated with this peptide, they show reduced loss of
cognitive performance.

This success offers hope that someday new drugs will be
able to reduce—and perhaps even reverse—the negarive effects
of stress on memory processes. It may even be possible to devel-
op drugs that are able to enhance the positive effects of stress
on memory and recall: imagine a pill that could help you ace an
exam or job interview. That glimmer of hope is something to
think about the next time you feel the pressures of life, work
and love closing in on you. M

(Further Reading)

¢ Enhanced Human Memory Consolidation with Post-Learn-
ing Stress: Interaction with the Degree of Arousal at En-
coding. Larry Cahill, Lukasz Gorskil and Kathryn Le in Learn-
ing and Memory. Vol. 10, pages 270-274; 2003.

¢ Impaired Memory Retrieval after Psychosocial Stress in
Healthy Young Men. Sabrina Kuhimann, Marcel Piel and
Oliver T. Wolf in Journal of Neuroscience, Vol. 25, No. 11,
pages 2977-2982; March 16, 2005.

¢ Leaming under Stress: How Does It Work? Marian Joéls
et al. in Trends in Cognitive Sciences, Vol. 10, No. 4, pages
152-158; April 1, 20086.

¢ Stress Modulates the Use of Spatial versus Stimulus-Re-
sponse Learning Strategles in Humans. Lars Schwabe et
al. in Learning and Memory, Vol. 14, pages 109-116; 2007.

¢ Learning under Stress: A Role for the Neural Cell Ad-
hesion Molecule NCAM. Reto Bisaz, Lisa Conboy and
Carmen Sandi in Neurobiology of Learning and Memory,
Vol. 91, No. 4, pages 333-342; 2009.

# Stress Prompts Habit Behavior in Humans. Lars Schwabe
and Oliver T. Wolf in Journal of Neuroscience, Vol. 29, No.
22, pages 7191-7198; June 3, 2009,

+ Chronic Social Stress during Adolescence Induces Cog-
nitive Impairment in Aged Mice. Vera Sterlemann et al. in
Hippocampus, Vol. 20, No. 5, pages 540-549; April 2010.
Published online June 1, 2009.

www.ScientificAmerican.com/Mind

SCIENTIFIC AMERICAN MIND 29



