Stress in the Wild %

Studies of free-ranging baboons in an African reserve
are helping to explain why human beings can differ
in their vulnerability to stress-related diseases 2

he year was 1936. Hans Selye, a

I young physician just starting off

in research at McGill University
in Montreal, had a major problem. He
had been injecting rats daily with a
chemical extract to determine the ex-
tract's effects and had identified con-
sistent changes in the animals: pep-
tic ulcers, atrophy of immune-system
tissues and enlargement of the adre-
nal glands. To his surprise, however,
the rats in the control group, which
had been injected with saline solution
alone, showed identical changes.

Most scientists would have thrown
up their hands at this paradox. Instead
Selye focused on what the two groups
had in common: the repeated injec-
tions. He wondered if the trio of
changes he had identified was actually
a generalized physiological response
to unpleasantness per se.

He then tested that idea and found
the same three effects regardless of
whether rats were made too hot or too
cold or were exposed to pathogens,
toxins or loud noises. Selye borrowed
a term from engineering to describe
the body's nonspecific response to an
insult. What the rats were undergoing,
he decided, was stress. Thus, the field
of stress physiology was born.

Since 1936 important details have
been added to Selye’s initial char-
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acterization of the stress response,
which is now known to involve the se-
cretion of perhaps a dozen hormones
and the inhibition of various others.
Many studies have also demonstrated
that chronic activation of the stress
response can impair health. Moreover,
some people seem to be more vulner-
able to stress-related disorders than
others. What accounts for the dif-
ference in susceptibility? Is it simply
that some people are exposed to more
stress in their daily lives, or do people
actually differ in how their bodies re-
spond to stress?

1 am approaching these questions
in an unusual way—by studying stress
in free-ranging baboons. My ongoing
research program has added strong
support to a growing body of work
suggesting that people’s psychologi-
cal and social characteristics (for ex-
ample, their emotional makeup, per-
sonality and position in society) can
profoundly influence their physiologi-
cal response to stress.

Ithough chronic activation of the
stress response can be harm-
ful, few individuals could live
for very long if their bodies were un-
able to invoke it. In fact, the stress
response enables an organism to with-
stand immediate threats to its homeo-
static balance, or physiological equi-
librium. The response can be triggered
by an actual insult (a physical stress-
or), such as extreme cold or the attack
of a predator, or by the mere expecta-
tion (a psychological stressor) that an
insult is about to be delivered.

In essence, the stress response pre-
pares the body for “fight or flight”
Glucose, the body’s primary source
of energy, is mobilized from storage
sites. Blood, which transports glucose
and oxygen, is diverted from organs
that are not essential for physical ex-
ertion, such as the skin and intestines,
and is delivered quickly to organs that
are crucial—namely, the heart, the
skeletal muscles and the brain. The
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investigators study such subjects as
|aboratory rats. For instance, in the
1960's Jay M. Weiss, then at Rockefel-
4l er University, showed that a sense of
control or predictability can strongly
influence an animal’s physmlogy. For
example, rats who receive a warning
pefore they are exposed to an electric
shock have a lesser stress response
and less pathology in comparison
with subjects who receive the same
sequence of shocks but without warn-
ing. Yet the psychology of human be-
ings is (hopefully) more complicated
than that of rats, and so the subtlety of
the psychological variables that can be
studied in such animals is limited.
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. OLIVE BABOON ( Papio anubis) in the Masai Mara National
have complex emoU%eserve in Kenya struggled to kill a gazelle for food (left) only
have his meal ended prematurely when a more dominant,
higher-ranking. male (approaching from behind) expressed
terest in the bounty (right). Presumably frightened by the

applicability of any findings to non-
captive populations.

1 have tried to circumvent some of
the problems associated with captivity
by studying olive baboons ( Papio anu-
bis) living freely in the Masai Mara
National Reserve in Kenya. These intel-
ligent animals are good stand-ins for
human subjects in part because their
primary sources of stress, like those
of humans in modern society, are psy-
chological rather than physical. Food
is plentiful; the baboons spend only
a few hours each day feeding. Preda-
tors are few, and infant mortality is
low. With the luxury of plentiful re-
sources and free time, the animals can
devote themselves to distressing one
another.

I study the males, who are quite
adept at that activity, Viclence itself is
actually rare, but the hint of violence
is ever present. Consider what can
happen to a suitor who forms an asso-
ciation with a female in "heat,” staying

SCIENTIFIC AMERICAN January 1990

close during the courtship period to
prevent other males from taking his
place. Often a rival male will shadow
the couple for days, thereby disrupt-
ing the mating attempts of the initial
suitor. The interloper may never for-
mally provoke a fight but will inexora-
bly maintain pressure on the courting
male. It is not uncommon for these
chess matches to result in surrender
by the exhausted first suitor.

In other competitive situations, one
male might form a coalition with a
second male against a third. If these
partnerships are stable, they can be
quite successful. Long-term stability is
rare, however. After spending hours
establishing a coalition, a baboon may
find himself abandoned in the middle
of a fight or, worse, double-teamed, as
his erstwhile colleague opportunisti-
cally switches sides.

Some animals are victimized more
than others. The males form domi-
nance hierarchies, and the lives of

interloper, the first baboon retreated quickly. Such scenes are
common in the reserve; olive baboons, like human beings,
are adept at stressing one another. The author has discovered
that dominant males as a group generally have a different
physiological response to stress than do subordinate males.
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TESTOSTERONE (NANOGRAMS PER MILLILITER)

T2 3 4 5 6 7 8
HOURS AFTER ANESTHETIZATION

AVERAGE TESTOSTERONE LEVELS in dominant and subordinate male baboons are
essentially equal when the animals are at rest but typically diverge strikingly when
the animals are exposed to an identical stressor—in this case, anesthesia. The levels
of the subordinate males (red) plummet immediately, whereas those of the dominant
males (blue) rise sharply at first and remain elevated for approximately an hour.

BETA-ENDORPHIN
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CAUSES of differing testosterone levels in subordinate and dominant males during
stress have been identified. When an animal rests, testosterone is released as the last
step in a hormonal cascade (black arrows) beginning at the hypothalamus in the
brain. The hypothalamus secretes luteinizing hormone-releasing hormone (LH-RH),
causing the pituitary gland to release luteinizing hormone (LH), which in turn
stimulates the testes to secrete testosterone. Stress triggers the release of beta-
endorphin, an opiumlike substance, in both subordinate (red arrows) and dominant
(blue arrows) males; this substance then inhibits (minus signs) the secretion of
LH-RH, and thus LH, in both groups. In subordinate males testosterone levels fall
because of the LH decline and because of the secretion of the hormone cortisol
(hydrocortisone) during stress; cortisol tends to diminish the testes’ responsiveness
to LH. Testosterone levels in dominant males rise because the testes become rel-
atively insensitive to cortisol and because the flow of blood to the testes increases;
for a time, this increased flow actually increases the amount of LH that is received.
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esia. | anesthetize the animals
;‘Y"i?ﬁrrmg'- them with a syringe shot
a blowgun. Before the animals
Jose consciousness, they pecome mo-
mentarily disoriented, which seems to
frigger the stress response. The anes-
thesia not only stresses the animals, it
also makes it possible to obtain re-
eated blood samples over the course
of the day and thus to track changes in
the animals' hormone levels.

In carrying out the darting I have to
adhere to many constraints. The ba-
poons must all be injected at the same
time of day, to control for rhythmic
fluctuations in hormone levels. No ani-
mal can be darted if he has been in-
jured or sick recently or if he has
mated or had a major fight; such ex-
periences will distort resting, or base-
line, values of hormones. For the same
reason, I have to be sure the animals
have not eaten before they are anes-
thetized. Animals must not sense they
are being stalked, or the data might be
confounded by anticipatory stress. Fi-
nally, an initial blood sample (which
establishes the baseline levels of the
hormones to be studied) must be ob-
tained within a few minutes after an-
esthesia sets in; if too much time
elapses, the levels of the hormones of
interest will have changed.

Wwith this approach I have found
that when the dominance hierarchy is
stable (as it usually is), the workings
of nearly every physiological system
I have examined differ between the
dominant and subordinate males. It
also turns out that the physiological
profile of the subordinate animals is
closer to the type that is thought to
predispose humans to stress-related
disease.

he hormonal system that con-

trols the secretion of testoster-

one (the principal reproductive
hormone in males) offers a good ex-
ample of how the stress response dif-
fers between dominant and subordi-
nate olive baboons. Although the aver-
age resting levels of testosterone are
essentially the same in both groups,
the levels diverge markedly when the
animals are stressed.

Testosterone is normally released
as the final step in a cascade of hor-
mone secretion that begins at the
brain, There, the hypothalamus releas-
& a substance known as luteinizing
hormone-releasing hormone, which
Stimulates the pituitary gland to re-
€ase luteinizing hormone. This hor-
mone, in turn, triggers the testicular
release of testosterone.

In both dominant and subordinate
aboons, as in human beings and rats,

testosterone levels plummet in re-
sponse to stress. Yet the similarity
between dominant and subordinate
males ends there. After the baboons
are darted, the testosterone levels of
subordinate males decline promptly,
whereas those of dominant males ac-
tually rise and remain elevated for
perhaps an hour before declining.
Theoretically, the rise in testoster-
one could give dominant males a sur-
vival and social advantage, because
the hormone increases the rate at
which glucose reaches the muscles.
Such changes would be expected to
help dominant baboons withstand a
physical challenge. (Testosterone also
regulates sexual behavior and aggres-
sion, but the magnitude and duration
of the testosterone increase found in

dominant males during stress would
not be enough to improve sexual per-
formance or to make dominant males
more aggressive than others.)

What causes testosterone levels to
decline during stress, and by what
mechanism are the levels elevated for
a time in dominant males? I have dis-
covered that the decline is driven in
part by the stress-induced secretion
of the opiumlike substance beta-en-
dorphin, a pain suppressor that is
best known for causing the so-called
runner’s high. Beta-endorphin, which
is secreted by several organs, sup-
presses the hypothalamic secretion
of luteinizing hormone-releasing hor-
mone, which in turn suppresses the
pituitary secretion of luteinizing hor-
mone, leading to a decline in the
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MECHANISM regulating the release of cortisol is disrupted in subordinate males,
which helps explain the finding that, under normal circumstances, the mean basal
cortisol levels of subordinate males are higher than those of dominant males. In both
groups of animals the release of cortisol increases in response to stress (gray ar-
rows): the hypothalamus secretes corticotropin-releasing factor (CRF) and related
hormones, and these stimulate the pituitary gland to release corticotropin, which
causes the adrenal glands to release cortisol into the blood. In dominant males (blue
arrows) the hypothalamus receives accurate feedback from the blood, so that the
brain is informed soon after a threshold level of cortisol is reached; the brain then
inhibits the secretion of CRF and its relatives, leading to a decline in cortisol release.
In subordinate baboons (red arrows) the feedback signal is weak, and so the brain is
informed that cortisol levels are low even when they are actually high. Consequently,
the hypothalamus markedly increases its secretion of CRF and related hormones.
The pituitary of subordinates is somewhat insensitive to such substances, but the
large amounts reaching the pituitary nonetheless trigger an increase in the secre-
tion of corticotropin, which then leads 10 the chronic hypersecretion of cortisol.
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amount of luteinizing hormone that
reaches the testes. I determined that
beta-endorphin accounts for the de-
cline in luteinizing hormone by ad-
ministering a drug to the baboons that
blocks the access of the opioid to its
receptors in the hypothalamus. When
the activity of beta-endorphin was
thus blocked, there was no stress-in-
duced lowering of the levels of lutein-
izing hormone.

Another cause of the decline in tes-
tosterone levels is a decrease in the
sensitivity of the testes to luteiniz-
ing hormone. This change is caused by
the hormone cortisol, or hydrocorti-
sone, which is released in quantity by
the adrenal glands during stress.

The initial rise in testosterone levels
after darting in dominant males can-
not be explained by changes in the
activity of either the brain or the pi-
tuitary gland, because the levels of
luteinizing hormone released by the
pituitary decline equally in high- and
low-ranking males. Nor are cortisol
levels involved; they are the same dur-
ing stress in both groups. The expla-
nation, then, must lie elsewhere.

I have found that a two-part mecha-
nism seems to be responsible. In one
part the testes of the dominant males
somehow become less sensitive to the
testosterone-inhibiting effects of cor-
tisol. Yet, if decreased sensitivity to
cortisol were the only mechanism op-
erating, it would merely slow the de-
cline of testosterone levels but would
not lead to their elevation.

The rise itself probably results from
the stress-induced release by the sym-
pathetic nervous system of what are
called catecholamines, such as adren-
aline and noradrenaline, which affect
blood flow. For unknown reasons, the
testicular vascular system of domi-
nant males is particularly sensitive to
the dilating effects of the catechola-
mines, and so the testes of dominant
males probably receive more blood
during stress than do those of sub-
ordinate males. Hence, although the
output of luteinizing hormone from
the pituitary gland declines in both
groups, any luteinizing hormone in
the blood is probably delivered faster
to the testes of dominant males. Such
enhanced delivery would lead to a
temporary increase in the amount of
luteinizing hormone reaching the tes-
tes and so to an increase in the testicu-
lar output of testosterone.

y work has also identified
rank-associated differences in
the organ system responsible

for increasing the release of cortisol
into the blood during stress. The se-

BETRAYAL BY A COMRADE during a fight is a typical stressor for baboons. The m
often form coalitions for battle but never know if a partner is reliable. In one ty,

cretion of cortisol, like that of testos-
terone, is the final step in a cascade of
hormone secretion that begins in the
brain. In this case, when the animal is
stressed, the hypothalamus steps up
its secretion of corticotropin-releasing
factor and related hormones. These
hormones cause the pituitary gland to
release adrenocorticotropic hormone,
also known as corticotropin. Cortico-
tropin, in turn, stimulates the adrenal
glands to release cortisol.

Cortisol is responsible for much of
the double-edged quality of the stress
response. In the short run it mobilizes
energy, but its chronic overproduction
contributes to muscle wastage, hyper-
tension and impaired immunity and
fertility. Clearly, then, cortisol should
be secreted heavily in response to a
truly threatening situation but should
be kept in check at other times. This
is precisely what occurs in dominant
males. Their resting levels of cortisol
are lower than those of subordinate
males yet will rise faster when a major
stressor does come; exactly how this
speedier rise is accomplished is not
understood.

I determined the cause of the higher
basal cortisol levels in subordinate
males by separately studying each
part of the cascade that leads to the
hormone’s release and clearance from
the blood. Working backward from the
blood to the brain, I determined that
the cortisol is cleared from the blood
of subordinate and dominant males at
the same rate. Therefore, the high cor-
tisol levels of subordinates must stem
from the excess secretion of cortisol
by the adrenal glands.

This excess cortisol secretion could
result from an increased sensitivity of
the adrenal glands to corticotropin,
excess secretion of corticotropin by
the pituitary gland, or both. I found
that the adrenal glands of subordinate
males are not more sensitive; there-
fore, they must be exposed to more
corticotropin.
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presence of dexamethasone and re-
sponds by curtailing the secretion
first of corticotropin-releasing factor,
then of corticotropin and then of cor-
tisol. In contrast, subordinate baboons
(and depressed people) are dexameth-
asone-resistant, that is, their brains
are insensitive to the shut-off signal.
As aresult, cortisol production contin-
ues unchecked.

hether subordinate males are
Win fact being harmed by their

high basal cortisol levels re-
mains to be seen, but certain dan-
ger signs are already evident. For in-
stanice, Glen E. Mott of the University
of Texas at San Antonio and I found
evidence suggesting that subordinate
males may be at higher risk for athero-
sclerosis and thus for heart disease.
In comparison with dominant male ba-
boons, subordinates have less circu-
lating HDL cholesterol, which is the
“good” kind that helps prevent athero-
sclerosis. This difference was not at-
tributable to diet, levels of activity,
body weight, genetics or testosterone
levels but was attributable to cortisol.
We found that the higher a baboon’s
basal cortisol values are, the lower its
levels of HDL cholesterol will be. More-
over, laboratory studies have shown
that cortisol can suppress the produc-
tion of HDL cholesterol.

Cortisol is known to suppress im-
mune function during stress, and
80 T also compared a measure of
such function in the two groups of
baboons. Indeed, subordinate males
have fewer circulating lymphocytes
(white blood cells) than do dominant
males, Although the HDL cholesterol
and lYl'rlphocyte signs are ominous,
the determination of whether subordi-
Nate baboons are at greater risk for

€art attacks and infections can only

¢ made by studying the same animals
throughout their lives. Complicating
Such analyses is the fact that social
fank can change over time: dominant

two pairs of animals face off (left). As the fight begins,
one animal abandons his partner, who is left to cope alone

males wreaking havoc today may have
been cringing subordinates when 1
first met them in 1978.

Even considering this caveat, I ini-
tially interpreted my data to suggest
that the physiology of subordinate
males predisposes them to stress-re-
lated disease. Rank is physiological
destiny, the data seemed to say, and
the other physiological systems I have
studied in these males gave the same
impression.

What aspect of rank might influence
physiology the most? My own obser-
vations and others’ studies of captive
animals led me to suspect that the
psychological benefits of having a
high rank could be particularly impor-
tant. My first hint that psychological
factors might be crucial came in 1981,
when the dominance hierarchy of the
olive baboons became unstable. The
highest-ranking, or alpha, male in my
study group had passed his prime and
had no heir-apparent; usually there is
an obvious second-ranking animal ex-
erting pressure on the alpha male to
step aside. Instead, in this year, half a
dozen young males formed a coalition
to oust the alpha male. In the after-
math of the successful coup, however,
the coalition disintegrated promptly.
Any of these males dominated the rest
of the troop's males, but among them-
selves, no clear hierarchy emerged.
Instead months of instability ensued:
coalitions formed among subgroups
of dominant males and then fell apart;
the amount of aggression and the
number of interactions meant to test
dominance increased; and ranks shift-
ed constantly.

During this turmoil, the advanta-
geaus physiological correlates of dom-
inance seen in other years disap-
peared. In contrast to males who were
dominant in other study seasons,
males dominant in 1981 were physio-
logically more like subordinates: they
had elevated basal cortisol levels and
sluggish secretion of cortisol in re-
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(center). Then a member of the opposing pair also withdraws,
so that only two hapless combatants remain (right) in the end.

sponse to stress; they also no long-
er had a transient rise in testosterone
levels during stress. This finding sug-
gested to me that the “better” profiles
seen in dominant males in other years
derived in part from the sense of con-
trol and predictability that comes with
sitting atop a stable hierarchy. Al-
though the dominant males in 1981
had the same high rank and power
observed in dominant males in oth-
er years, they did not have the same
sense of security.

Similar results have been found by
many investigators who study captive
primates, such as rhesus and squirrel
monkeys. When new social groups are
forming, dominant males are found to
have high basal levels of both cortisol
and testosterone and to be highly ag-
gressive. Once a dominance hierarchy
is stabilized, a picture emerges that
resembles my sketch of the olive ba-
boons in stable times.

The research on captive animals
also indicates that the optimal hormo-
nal profile seen in dominant males
during stable times is an effect and
not a cause of one's high rank. If
hormonal traits accounted for domi-
nance, the captive animals would have
had different profiles even before new
social groups were formed, but they
did not. Thus, the beneficial physi-
ology seen in dominant males seems
to emerge from, instead of giving rise
to, dominance and to arise only when
dominance brings with it certain psy-
chological advantages.

y most recent studies have al-
|\/I tered my thinking about the

influence of rank on physiol-
ogy. They indicate that the advanta-
geous physiology enjoyed by domi-
nant males in a stable hierarchy is not
a result of dominance after all. Rather,
the “better” physiology found in the
dominant males as a group is account-
ed for by a subset of animals that have
certain personality traits. The traits
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erceives and copes with the stressors.
P studies of human subjects too have
shown that a sense of control and
outlets for distress are beneficial to
hysiology. For instance, in one clas-
sic study parents whose children had
cancer were shown to have elevated
cortisol levels. The amount of eleva-
tion varied, however, depending on the
parents' coping style. Far lower corti-
sol levels were found in parents who
had psychological defenses against
anxiety, including religious faith, an
ability to deny the seriousness of the
child’s illness, or a tendency to dis-
place anxiety by becoming engrossed
in the details of caring for the child.

clude that attitude counts, that one

must differentiate between what
can and cannot be changed (and ac-
cept the latter), that one should find
footholds of control and predictability
in difficult circumstances. And yet my
studies as well as many others have
shown that stress-related physiology
is remarkably sensitive to these plati-
wdes and that the psychological fil-
ters through which external events are
perceived can alter physiology at least
as profoundly as the external events
themselves.

For humans and animals as clever as
humans, the stressors of life are pre-
dominantly socially generated ones
that are both subtle and ambiguous.
To the extent that so many of our
stressors are the inventions of the
mind, so too must be the means of
coping with them.

It is perhaps platitudinous to con-
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1991 GERARD PIEL AWARD

FOR SERVICE TO SCIENCE
IN THE CAUSE OF MAN

N ominations are requested
for the fourth Gerard Piel Award for service to Science
in the Cause of Man, to be presented by the Inter-
national Council of Scientific Unions (ICSU) at its 23rd
General Assembly in Sofia, Bulgaria, in October of
1990. The Award, established by the Board of Directors
of Scientific American, Inc., was first bestowed on
Gerard Piel, creator of the magazine Scientific American,
upon his retirement as Chairman. The Award
recognizes contributions to the wise use of science for
the benefit of human welfare and fulfillment. It may
recognize a lifelong or an episodic contribution to this
cause. The prize will consist of a sum of $10,000 and a
medal. Individuals and organizations are eligible. The
Award is administered by a different scientific
organization each year.

A1l nominations should
include the following information, submitted on a
typed letter: nominee's name, address, institutional
affiliation and title; a brief biographical résumé, and a
statement of justification for the nomination.
Nominations of organizations should include
information about the nature, form and work of the
organization. All nominations must include the name,
address, telephone number and signature of the person
making the nomination.

Nominations, as well as
questions about the Award, should be addressed to:

Executive Secretary
International Council of Scientific Unions
51 Blvd. de Montmorency
Paris 75016, France
Telephone: (33-1) 4525-0329
Telex: ICSU 630553 F
Telefax: (33-1) 4288-9431

Deadline for receipt of nominations is March 15, 1990.
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