Receptor Encounters

ith the help of antidepressants,
W Ann finally conquered the guilt

and despair that had over-
whelmed her for two years after her
husband’s death in 1984. The 62-year-old
woman said she felt “as if a cloud had
beenlifted.” Then, in early 1988, Ann took
part in a medical experiment. She and 20
other patients recently recovered from
depression drank a chocolate-flavored
concoction of amino acids that dras-
tically lowers blood levels of a precursor
for serotonin, a neurotransmitter in-
volved in several mental disorders.

Three hours after drinking the liquid,
Ann began sobbing uncontrollably. She
slept little that night and mourned her
husband’s death as if it had just hap-
pened. The following evening, the epi-
sode ended as abruptly as it had begun.
She stopped crying and told the doctors
she felt back to normal.

Bewildered by her sudden, short re-
lapse, Ann was not alone. Thirteen other
participants experienced similar set-
backs after drinking the fluid.

Researchers say this study, conducted
by researchers at the Yale University
School of Medicine and the Connecticut
Mental Health Center, highlights sero-
tonin's powerful and often confusing role
in human behavior. More than a century
after discovering it in blood serum and 40
years after characterizing its chemical
makeup, scientists are finally succeeding
in tracing the pathways through which
serotonin stimulates nerve cells in the
brain. They now liken its influence to a
balancing act: Too little serotonin activity
may trigger depression or anxiety, while
too much may stimulate equally undesir-
able effects such as the nausea associated
with cancer chemotherapy.

The new key to understanding
serotonin is an old buzzword among
brain researchers: receptors. Over the
last decade, using radioactive com-
pounds that bind to the tiny tips of nerve
fibers, or axons, to illuminate them like
stars in the night sky, researchers have
discerned the shape and apparent func-
tion of at least six different serotonin
receptors in the brains of rats, rhesus
monkeys and humans. With these find-
ings has emerged a battery of experimen-
tal drugs that bind to serotonin receptors,
advancing the treatment of such
serotonin-related disorders as depres-
sion and offering researchers novel tools
for probing serotonin function.

Researchers exchanged their insights
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into serotonin receptors in July at a week-
long conference sponsored by the New
York Academy of Sciences in New York
City. In one presentation, Stanford neu-
ropharmacologist Stephen J. Peroutka
displayed a graph showing a fourfold
increase in journal articles on serotonin
over the past decade. Peroutka’s own
work has added to this flurry of papers: At
his lab, researchers computer-scan the
structures of some 55,000 catalogued
drugs per minute, searching for com-
pounds with just the right shape to attach
to a specific serotonin receptor.

“The field is exploding,” says neuro-
biologist Efrain C. Azmitia of New York
University. The Food and Drug Adminis-
tration has approved new serotonin-ac-
tive drugs to treat depression and anx-
iety, and has allowed the experimental
treatment of obsessive-compulsive disor-
der with a serotonin-active drug mar-
keted in Europe. In clinical trials, some
serotonin-enhancing drugs show prom-
ise of relieving migraines and reducing
anxiety. Other experimental drugs that
block serotonin’s action appear to pre-
vent migraines and relieve chemother-
apy-related nausea.

et nothing is black-and-white
Ywhen it comes to the gray matter

of the brain. Researchers still
don’'t know exactly how serotonin-active
drugs work or which might be most
effective against a particular disorder.
One complicating factor is the drugs’
tendency to influence several neu-
rotransmitter systems at the same time.
Another is the complexity of the
serotonin system itself — a network of
nerve fibers so convoluted that under the
microscope it resembles a Jackson Pol-
lock painting come to life.

Serotonin receptors, unlike those re-
ceiving signals from certain other neu-
rotransmitters such as dopamine or ace-
tylcholine, do not congregate in just a few
areas of the brain, notes Dennis L. Mur-
phy of the National Institute of Mental
Health (NIMH) in Bethesda, Md. Fibers
emanate from clusters of serotonin-pro-
ducing nerve cells — primarily regions
called the raphe nuclei — along the mid-
line of the brain stem. From these sites
they wend their way to a multitude of
areas, including the emotion-regulating
limbic region deep in the cerebrum. Such
widespread distribution may help ex-
plain serotonin’s involvement in disor-
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Untangling
the threads
of the
serotonin
system

By RON COWEN

ders as diverse as migraine, schizo-
phrenia and overeating.

Further complicating the picture,
serotonin studies in animals have re-
vealed a phenomenon common to many
neurotransmitter systems: Serotonin re-
ceptors exist on nerve cells that produce
the neurotransmitter as well as on those
stimulated by it. Drugs that influence
serotonin’s action may affect both kinds
of receptors, as well as regulate the
clearing of serotonin released by cells.

hen a serotonin-producing
Wnerve cell “fires,” sending an

electrical impulse down the fi-
ber, it triggers the release of serotonin
stored in the fiber's end. Receptors
perched there act as brakes, regulating
the chemical’s release into the tiny gap, or
synapse, between the cell and an adja-
cent, or “postsynaptic,” nerve cell. Once
serotonin spills into the gap, receptors on
the postsynaptic nerve cell recognize and
bind to it, much as a lock “recognizes” its
key. Serotonin activates postsynaptic re-
ceptors, prompting them to help open
cellular ion channels or to trigger cell
release of chemical “second messengers”
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critical to normal brain function. Its mis-
sion accomplished, the serotonin returns
—through a process called reuptake — to
storage compartments in the cell that
released it. There it awaits the next round
of firing.

Azmitia says this scenario normally
occurs with such regularity, as demon-
strated in rat studies, that he and others
think serotonin may govern the pace at
which several types of neurons release
their neurotransmitters. But sometimes
the system gets out of kilter. Receptors
can become overly sensitive to stimula-
tion, or nerve cells may not produce
enough serotonin, causing or exacerbat-
ing a variety of psychological problems.
That’s when serotonin-active drugs can
intervene.

Some of these compounds act selec-
tively. Serotonin “agonists,” for instance,
mimic the neurotransmitter’s effect as
they chemically tweak certain receptors.
Serotonin “antagonists” achieve the op-
posite effect, blocking selected receptors
and thus preventing them from receiving
serotonin stimulation.

Other drugs flood nerve pathways with
serotonin either by blocking its reuptake
or by stimulating its release. Comparing
the selective and non-selective ap-
proaches, Peroutka says: “It’s the dif-
ference between turning on all the lights
in the house or just turning on one — it
depends on what effect you want.”

Before 1979, scientists didn't know they
had such an option, thinking instead that
serotonin bound to only two general
classes of postsynaptic receptors. Then
biochemical studies and radioactive la-
beling of animal brain tissue revealed
that serotonin — known chemically as 5-
hydroxytryptamine or 5-HT — binds to
three specific families of postsynaptic
receptors. Peroutka and his colleagues,
who conducted some of these early stud-
ies, went on to divide the largest of the
three families, called 5-HT,, into four
subtypes in animals: 1A, 1B, 1C and 1D.
And ever since, the research papers have
been pouring in.

“Theoretically, each receptor subtype
provides a target site in the central nerv-
ous system that can be pharmacologi-
cally manipulated,” Peroutka says.

tors, 1A might well stand for anxiety.

Some serotonin-mimicking drugs
that attach to 1A receptors “might be
considered a major breakthrough in the
treatment of anxiety,” Peroutka says, be-
cause they reduce anxiety without the
fatigue caused by other anti-anxiety
agents. In 1986, the FDA approved the 1A
agonist buspirone for treating anxiety.
Other 1A drugs, including gepirone and
ipsapirone, have shown promise of re-
ducing anxiety in clinical trials.

Intriguingly, rat and monkey studies
indicate 1A agonists may also relieve

Iv n the alphabet soup of 5-HT, recep-
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depression, stimulate appetite and help
lower high blood pressure. One sug-
gestive finding, says neurologist Claude
de Montigny of McGill University in
Montreal, is that the number of 1A recep-
tors in rats increases when the animals
are exposed to serotonin-active anti-
depressants. De Montigny says he plans
to present this finding at the annual
meeting of the Society for Neuroscience
on Oct. 30. Notes Peroutka, “There are a
large number of potential clinical uses for
5-HT,, agents, and still more may be
discovered.”

A receptor classified as “5-HT,-like,”
first identified in 1987 in the blood vessel
of a dog, appears the most likely candi-
date for the 1D receptor in humans and
seems to play a role in the constriction of
cerebral blood vessels.

Because vessel dilation may trigger
migraine headaches, investigators say
manipulating the 1D receptors to narrow
dilated vessels might offer a new strategy
for migraine relief. In fact, the experimen-
tal drug sumatriptan, which has provided
dramatic migraine relief in clinical stud-
ies, may selectively interact with the 1D
receptor, say Peroutka and Patrick PA.
Humphrey, a pharmacologist at Glaxo
Group Research Ltd. in Hertfordshire,
England, who helped identify and test the

drug.

The 1C receptors, concentrated in ce-
rebrospinal-fluid-producing blood ves-
sels known as the choroid plexus, may
regulate the production and absorption
of this fluid, which helps maintain the
brain’s chemical and physical environ-
ment. But because scientists have yet to
develop drugs that selectively target
these receptors, they remain uncertain of
1C’s role in psychiatric illness.

Researchers do know, however, that 1C
receptors stimulate cells to activate the
same class of second messengers —
chemical “middlemen” within cells that
prompt other chemicals to act — as those
stimulated by 5-HT, receptors. Some
effects of the 5-HT, receptors may add up
to one big headache. That’s because this
class of receptor stimulates the brain to
produce arachidonic acid, a fatty acid
involved in inflammation and possibly in
migraines. Some researchers think the
migraine-preventing effects of certain
drugs, including the 5-HT, antagonist
methysergide, may stem from their abil-
ity to shield these receptors from
serotonin stimulation.

Drugs that bind the 5-HT, receptors
can also powerfully alter mood, notes
Mark E. Molliver of the Johns Hopkins
University School of Medicine in
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Baltimore. The now-illicit drug MDMA,
also known as “ecstasy,” causes nerve
cells to release large surges of serotonin,
he says. In high doses, the drug kills
serotonin nerve fibers. Rat research in
Molliver’s laboratory revealed that brain
regions dense with 5-HT, receptors also
contain nerve cells highly responsive to
MDMA'’s command to release serotonin.
Molliver suggests the drug achieves its
mood-elevating effect when serotonin
released from MDMA-responsive cells
stimulates nearby 5-HT, receptors. Some
psychiatrists contend the euphoria and
empathic feelings associated with MDMA
have potential in treating people with
borderline personality disorders, psy-
chotherapy patients grappling with deep-
seated fears, and terminal cancer pa-
tients attempting to accept death with
equanimity. This controversial prospect
has led researchers to seek experimental
compounds that elicit some of MDMA’s
mood-altering effects but do not kill
nerve cells.

Researchers have also found a possible
link between 5-HT, receptors and mood
changes in Alzheimer’s patients. During
the early stages of the illness, the dense

bands of 5-HT, receptors normally pres- -

ent in the middle layers of the cerebral
cortex nearly disappear, notes Alan J.
Cross of the Astra Neuroscience Re-
search Unit in London, England. But the
receptor loss does not correlate with
memory decline, and Cross and others
speculate that it may instead relate to the
increased aggression and moodiness fre-
quent in Alzheimer’s patients. Cross

points out that such personality changes
cause enormous distress for caregivers,
typically prompting families to hospi-
talize afflicted relatives. “It would seem
essential that the large number of novel
serotonergic drugs currently under in-
vestigation be examined for treatment in
Alzheimer-type dementia,” Cross says.

Scientists first identified 5-HT; recep-
tors in the human brain in 1987. Previous
studies in rats, ferrets and rabbits had
shown that a brain region called the area
postrema, which regulates vomiting,
packs a high density of these receptors.
This finding dovetails with more recent
studies indicating 5-HT, antagonists may
serve as anti-nausea drugs. Several of
these drugs are now in clinical testing to
determine whether they can reduce or
eliminate the debilitating nausea suffered
by cancer patients on chemotherapy.

Although the exact mechanism of such
drugaction remains unknown, “this is the
only receptor we know of that may con-
trol vomiting,” says Lawrence M. Pinkus
of the A.H. Robins Co. in Richmond, Va.,
which manufactures one of the anti-
nausea compounds. Pinkus notes that
some of these drugs bind to 5-HT; recep-
tors on nerve cells in the gut, a factor that
may contribute to their ability to quell
nausea.

any drugs stimulate the entire
serotonin system rather than
targeting specific receptor

types. The controversy over how these
drugs work highlights scientists’ in-

complete understanding of serotonin’s
role in the brain. Take the story of
clomipramine, used widely as an anti-
depressant in Europe and Canada and
now approved in the United States as an
experimental therapy for obsessive-com-
pulsive disorder.

Researchers agree that clomipramine
dramatically reduces the repetitious be-
haviors of many people with obsessive-
compulsive disorder. They also agree
that it stops serotonin-producing cells
from reabsorbing the neurotransmitter,
leaving more serotonin free to stimulate
postsynaptic receptors.

It might stand to reason, then, that any
drug that increases serotonin’s stimulat-
ion of receptors would also help patients
with obsessive-compulsive disorder. But
when Murphy of NIMH administered
such an experimental drug (m-chloro-
phenlypiperazine) to patients with ob-
sessive-compulsive disorder, their symp-
toms only worsened. Moreover, he says
his unpublished review of several previ-
ous clomipramine studies indicates that
obsessive-compulsive patients on
clomipramine often get worse before
they get better.

Some researchers part company with
Murphy’s explanation of how clomi-
pramine and some other serotonin-reup-
take blockers interact with receptors.
Murphy believes the findings support the
notion that people develop obsessive-
compulsive disorder because part of
their serotonin system — perhaps the

Continued on p.252

Receptors are not the only keyhole
through which researchers peek at
serotonin disorders. Behavioral studies
now appear to link flaws in the sero-
tonin system to violent suicide attempts
and aggression.

In a study of convicted male mur-
derers, Markku Linnoila of the National
Institute on Alcohol Abuse and Alcohol-
ism, working with colleagues within the
federal government and at the Univer-
sity of Helsinki in Finland, have
uncovered new data linking the impul-
siveness of the murders with chron-
ically low levels of a serotonin break-
down product in cerebrospinal fluid.
Men who had committed murder with-
out clear premeditation had the lowest
levels of the breakdown product, known
as 5-hydroxyindoleacetic acid, or 5-
HIAA. In addition, men who had killed
more than once had lower levels of 5-
HIAA than did one-time murderers.
Linnoila’s group describes the findings
in the July ARCHIVES OF GENERAL Psy-
CHIATRY.

In a study of violent offenders and
impulsive arsonists, reported in the

Sociopaths, suicide and serotonin

same issue, Linnoila’s team again found
abnormally lowlevels of 5-HIAA. Menin
this group who went on to commit
additional violent offenses or arson
during an average three-year follow-up
period after prison release had the
lowest levels of 5-HIAA.

Studies measuring 5-HIAA levels in
the cerebrospinal fluid of suicide at-
tempters show that individuals who
used violent means, such as guns, tend
to have lower levels than those who
took pill overdoses. Marie Asberg and
her co-workers at the Karolinska In-
stitute in Stockholm, Sweden, have re-
ported their findings in several psychi-
atric journals since 1976. Alec Roy, now
at Hillside Hospital in Glen Oaks, NY,
and his co-workers reported similar
findings in 1986 and in a follow-up in the
July ARCHIVES OF GENERAL PSYCHIATRY.
The research teams conclude that 5-
HIAA, as well as a breakdown product of
the neurotransmitter ddpamine, may
serve as a powerful predictor of suicide
risk in depressed individuals. In au-
topsy studies, other investigators have
linked low brain concentrations of 5-

HIAA to aggression in Alzheimer’s
patients.

In contrast, notes Thomas R. Insel of
NIMH, some studies of people with
obsessive-compulsive disorder show
that these individuals have slightly
higher-than-normal levels of 5-HIAA.
Insel says such findings link the im-
pulsive violence of the sociopath with
the guilt of the obsessive-compulsive:
At opposite ends of the spectrum, both
may be victims of a serotonin im-
balance.

“Instead of using a categorical ap-
proach to treat mental disorders,” Insel
suggests, “another way may be to focus
on some aspect of behavior in a variety
of patients, like the amount of guilt or
violent activity”

Linnoila cautions that 5-HIAA is only
an indirect indicator of serotonin func-
tion. Nonetheless, he and others hy-
pothesize that a deficiency in serotonin
metabolism may cause an inability to
control impulses, leading to violent
behavior. Linnoila says it’s too early to
determine the drug ramifications of his
studies or to ascertain which receptors
play out the tale of impulse and aggres-
sion. — R. Cowen
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News of the week continued from p.247

Hint of a burst of supernova activity in a superluminous galaxy

The cosmic zoo holds many strange
creatures, but NGC 6240 stands out as a
particularly intriguing example. Cata-
logued as a galaxy; it displays a contorted
structure and disturbed dust clouds —
features commonly seen when two spiral
galaxies are in the process of merging. At
the same time, it is about 1,000 times as
luminous as the Milky Way. Even more
remarkable, much of its light shines in the
form of infrared radiation, especially
those wavelengths emitted by excited
molecules of hydrogen.

Two astrophysicists have now con-
structed a scenario to account for a key
feature of that infrared spectrum. The
scenario suggests NGC 6240 may be going
through a period of unusually high super-
nova activity, with as many as three
massive stars exploding every year. The
supernova rate for the Milky Way is only a
couple per century.

The argument, put forward by Bruce T.
Draine of Princeton (N.J.) University and
D. Tod Woods of the Lawrence Livermore
(Calif.) National Laboratory, hinges on
the strength of a single spectral line. In
1988, Dan F Lester and his colleagues at
the University of Texas at Austin reported
the results of a detailed study of the
spectrum of molecular-hydrogen lines
emitted by NGC 6240. With the exception

of one line that was much weaker than
expected, they found that the intensity of
the molecular-hydrogen lines fitted a
model in which the emissions are caused
by heating due to shock waves propagat-
ing through the galaxy’s dense dust
clouds.

“That [weak line] was a notable dis-
crepancy that we didn’t seem to be able to
account for on the basis of our data,”
Lester says. “It was very perplexing to
find that nine or so molecular-hydrogen
emission lines all fit the model perfectly
and then to find one that was a factor of 10
fainter than what the model predicted it
should be. It was as if one line had been
erased from the spectrum.”

With that observation as a starting
point, Draine and Woods looked for a
mechanism that would change just this
one line in the molecular-hydrogen spec-
trum. The line corresponds to a transi-
tion from one excited rotational and
vibrational energy level of the molecule
to a lower energy level. It happens that a
molecule can stay in the higher excited
state for a long time, which allows the
molecule time to absorb, say, ultraviolet
radiation to reach an even more excited
state. Such a molecule has many paths by
which it can release energy, so the inten-
sity of the expected molecular-hydrogen

line would be much reduced.

Draine and Woods say transient X-ray
sources could provide the radiation nec-
essary to heat and ionize gas, thereby
exciting hydrogen atoms, which would
then emit the ultraviolet light. One possi-
ble X-ray source could be the interaction
of ambient dust clouds with material
ejected by supernova explosions. A burst
of star formation millions of years ago
could have produced a large number of
massive stars, which are now dying off.

“In order for our mechanism to work,
we have to invoke a high supernova rate,
even considering the large luminosity of
this galaxy,” Draine says. “We just calcu-
late the X-ray flux that would emerge from
a cooling blast wave, and we look at what
that X-ray flux would do to the surround-
ing material.”

“I think it’s a really neat idea,” Lester
says. “Any explanation for what'’s happen-
ing has to be a clever one.”

One way to check the scenario is to
measure the intensity of additional mo-
lecular-hydrogen emission lines, espe-
cially those difficult to detect through the
Earth’s atmosphere. The model sug-
gested by Draine and Woods predicts that
other, not-yet-observed emission lines
should also be weaker than expected.

— I. Peterson

Continued from p.250

receptors — is unusually sensitive. After a
few weeks of clomipramine treatment, he
suggests, the pendulum swings the other
way: Relentless stimulation causes
serotonin receptors to decrease in num-
ber or sensitivity, ultimately damping the
serotonin system. Symptoms fade as the
effect of oversensitive receptors dwin-
dles, he reasons.

“l don't buy it,” declares McGill’s de
Montigny, who bases his argument
mostly on studies of serotonin-reuptake
blockers used to treat depression. While
de Montigny agrees that receptor sen-
sitivity serves as an important regulator
of serotonin action, he says it's hard to
imagine that a drug flooding hypersen-
sitive serotonin receptors could cause
them to develop below-normal sen-
sitivity or density. If that were true, “our
brain would not function very well at all,”
he contends.

reating depression is “one of the

I most striking roles” of serotonin-
influencing drugs, says Hopkins’
Molliver. He calls fluoxetine, a serotonin-
reuptake blocker approved by the FDA
last year, “the most dramatically success-
ful antidepressant drug developed in the
last decade.” Nonetheless, “it’s still con-
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fusing how [such drugs] work.”

Several studies suggest a link between
depression and decreased serotonin ac-
tivity. During 1987 and 1988, for instance,
George R. Heninger, Pedro L. Delgado and
their colleagues at the Yale University
School of Medicine and the Connecticut
Mental Health Center in New Haven stud-
ied the effects of L-tryptophan, a sero-
tonin precursor, on 21 patients who had
recovered from depression — including
Ann, the middle-aged widow described
earlier. On some days the patients re-
ceived a placebo drink; on others, they
drank a chocolate-flavored concoction of
amino acids that deplete L-tryptophan.
They showed no significant change in
behavior after drinking the placebo, but
60 percent suffered a short-lived relapse
of depression after partaking of the
amino acid mixture.

In previous, smaller studies, the re-
searchers had observed that the drink
elicited only mild responses in healthy
people who have no history of depres-
sion. Heninger says their more recent
results, presented in preliminary form at
three scientific conferences last year, will
be published early next year.

“We have robust evidence that there is
something wrong with the 5-HT system in
depressed patients,” says de Montigny. If
a decrease in serotonin activity can in-
deed exacerbate depressive tendencies,

that might explain why the recovered
depressives in Heninger's study suffered
a temporary relapse after drinking the
fluid.

ut work has really just started on
B what makes the serotonin system

tick. At Stanford, Peroutka and his
colleagues use a compact disk loaded
with data on drug shapes to determine
which mightbind to the 5-HT; receptor. In
an analysis of the structure of 40 drugs
already known to react with the 5-HT;
serotonin receptor, the computer calcu-
lated the correct reactivity for 38 com-
pounds, he says.

Most tantalizing of all, says Peroutka, is
the prospect of constructing hybrid com-
pounds that target many different
serotonin receptors simultaneously to
elicit multiple desired effects. “Our goal
is to combine the effects of different
[receptor] subtypes,” he says. “For exam-
ple, some drugs that lower high blood
pressure have depression as a major
complication. We may be able to con-
struct a hybrid drug that can [help pa-
tients] avoid depression and reduce high
blood pressure.”

With such a multipurpose approach,
researchers untangling the serotonin sys-
tem might someday turn its baffling com-
plexity to their own advantage. 0
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