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Getting the Brain's Attention 
Rather than signaling pleasure as previously thought, the neurotransmitter dopamine may be 

released by brain neurons to highlight significant stimuli 

A bite of moist chocolate cake, a roman- , plain these symptoms, but the idea that dopa- 
tic kiss, or a puff of the day's first cigarette mine works to heighten attention to external 
will send the hedonist in many of us com- events might. 
ing back for more. For 20 years, neuroscien- The new work on dopamine may thus 
tists thought that they understood why eventually lead to better drug treatments 
people succumb to these cravings, as well as that fix the attentional filter in ADD pa- 
to the more dangerous ones for addictive tients and certain schizophrenics. It may also 
drugs such as heroin and cocaine. Their sat- help experts develop new therapies for drug 
isfaction triggers the release from cells deep addiction that work, for example, by block- 
inside the brain of the chemical dopamine- ing the cravings addicts get when they see 
a neurotransmitter supposed to act on the objects that remind them of a drug-and 
brain's reward system to produce feelings of that commonly cause relapse. 
pleasure. But recent evidence suggests a dif- learning rather than a pleasure mediator may 
ferent role for dopamine in producing these help explain why many addictive drugs, which Producing pleasure 
b e h a v i o ~ n e  much broader and more unleash massive surges ofthe neurotransmit- Before 1990, almost all of the data on 
subtle than previously envisioned. ter in the brain, can drive continued use with- dopamine's role in addiction or reward sug- 

Dopamine is still thought to play a critical out producing pleasure-as when cocaine ad- gested that the transmitter signaled some- 
role in motivation and reward, but many dicts continue to take hits long after the eu- thing akin to emotional value or pleasure. In 
researchers no longer believe it acts by di- phoric effects of the drug have worn off or 1975, for example, Wise and Robert Yokel, 
rectly producing feelings of pleasure or eu- when smokers smoke after cigarettes become also at Concordia, found that rats given high 
phoria. Instead, new data in- doses of a dopamine-blocking chemical called 
dicate that dopamine release a pimozide eventually stopped pressing a lever 
within the brain highlights, or that caused amphetamine to be delivered into 
draws attention to, certain sig- $ their veins. Because the rats first tried pressing 
nificant or surprising events. . 9 the lever faster, ruling out the possibility that 
These include not only those the - .- their movements were impaired, the result 
organism finds rewarding, such as indicates that amphetamine was no longer 
consuming a tasty morsel of food P rewarding to the animals. 
or engaging in sexual activity, but Similarly, David Roberts and Hans Fib- 
also events that predict rewards, ir: iger at the University of British Columbia 
and stimuli, like loud noises and 1 (UBC) in Vancouver and their colleagues 
flashing lights, that are simply showed in the late 1970s that selectively 
startling. By underscoring such destroying dopamine-producing cells in a 
events, say these researchers, the midbrain region called the ventral tegmen- 
dopamine signal helps the animal tal area (VTA) shut down cocaine-seeking 
learn to recognize them-and in behavior by rats. Such experiments, says 
some cases, to repeat them. their British Columbia colleague Anthony 

Although not everyone agrees Phillips, "convincingly implicated dopa- 
with this idea, it is winning some mine as a reward transmitter." Since then, 
prominent supporters. "These other researchers have produced a flood of 
are very exciting years, because data showing that a variety of addictive 
the notion of what dopamine is drugs, from alcohol to heroin, unleash a surge 
doing is rapidly changing," says Not just a pleasun, path? The dopamine-releasing neu- of dopamine from cells in the VTA. The 
Kent Bemdge, a psychologist at rons (green) of the ventral tegmental area extend to the dopamine is released into a part of the brain, 
the University of Michigan, Ann ~~ucleus accumbens and the Prefrontal cortex, an area in- called the nucleus accumbens, that is known 
Arbor, whose work in rats sug- VOIVed in learning. to be activated by pleasurable behaviors. 
gests dopamine is not a pleasure Indeed, further work by Wise's team sug- 
juice. Indeed, even psychologist Roy Wise of distasteful. It may also provide a better under- gested that the dopamine reward system plays 
Concordia University in Montreal, the pri- standing of schizophrenia and attention-defi- a fundamental role in encouraging behaviors, 
mary architect of the pleasure theory, has cit disorder (ADD), both of which have been such as feeding, needed for life. They found, 
altered his position. "I no longer believe that linked to abnormal dopamine transmission. for example, that dopamine-blocking agents 
the amount of pleasure felt is proportional to People with ADD and some schizophrenics blunt the reinforcing impact offood in hungry 
the amount of dopamine floating around in become so distracted by sensory events that rats, eventually making them stop running 
the brain," he says. Facilitating learning may most people's brains filter out-a passing car, toward food. Researchers logically concluded 
be one of its functions, he agrees. say, or a bouncing ball-that they can't work that the transmitter, when released, causes 

This new view of dopamine as an aid to or study. The pleasure hypothesis can't ex- the animals to feel good, and by setting off 
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these positive emotions, also teaches them to 
repeat pleasure-producing actions. 

Skeptics noted, however, that the hypoth- 
esis that dopamine produces pleasure was hard 
to reconcile with what's known about schizo- 
phrenia, in which too much of the neu- 
rotransmitter seems in many cases to cause a 
heightened state of arousal-not pleasure. 
When Wise proposed the pleasure hypoth- 
esis, psychologist Richard Katz, then of 
Johns Hopkins University in Baltimore, com- 
mented that if Wise was right, then schizo- 
phrenics should be "inextinguishably fat and 

important for controlling movements. Such 
information would be helpful in understand- 
ing Parkinson's disease, which is caused by a 
loss of those neurons, but Schultz found the 
results of his experiments taking him in an 
unexpected direction. 

He and his colleagues began by recording 
the activities of individual dopamine cells in 
the substantia nigra of monkeys who were 
supposed to perform a series of learned move- 
ments. They expected to see the neurons fire 
whenever the monkeys moved or prepared to 
move. Instead, all the neurons remained si- 

Lappy. They are just the opposite.. . 
as anyone who has worked with 
them knows." 

Beginning in the early 1990s, 
researchers began picking up hints 
that even in pieasirable behaviors, 
dopamine may have a more subtle I 
roie than the' pleasure hypothesis 
suggests. Some of these hints came 
from ex~eriments in which thev I 
measureh dopamine levels in thk I 
nucleus accuibens and found that 
they surge not just in response to 
food and sexual rewards, but also 
in response to events that predict 
those rewards. 

Predictive power Anticipation. Dopamine levels go up in the male rat (left) 
In 1993, for example, Phillips's even before he's allowed to mate with the female at right. 
team in British Columbia found 
that after hungry rats learned to associate the lent. Then, one day, the researchers gave the 
sound of a buzzer with food delivery, the monkeys a piece of apple as a reward during 
buzzer produced the same dopamine surge in one of the experiments. This time, Schultz 
the nucleus accumbens as the food did. And recalls, "the neurons started going crazy. We 
in experiments reported just this year, couldn't believe it." 
Phillips's team showed that dopamine lev- At first, the researchers assumed that the 
els in the accumbens surge in rats during firing simply prepared an animal to approach 
periods of sexual anticipation before mat- the apple morsel. But further work ruled out 
ing. In this experiment, dopamine levels that idea. For one thing, dopamine neurons 
rose 44% when male rats were exposed to a fired just as much in response to rewarding 
female, who was kept out of reach behind a stimuli when the monkeys were not required 
screen. When they were then allowed to to move as when they were. Indeed, the 
copulate with her, the levels went even Schultz team's results began to point to a 
higher, but dropped off again as the males more interesting function for the dopamine- 
became sexually satiated. However, the pres- producing neurons: providing incentives to 
ence of a second female prompted another act when something important is going on. 
small dopamine surge, which increased fur- The researchers found, for example, that the 
ther, to 34% above baseline, as the male cells would respond only to "behaviorally sig- 
copulated with her. nificant" stimuli, such as rewards. A piece of 

At  about the same time, another line of apple worked, but a bare wire that normally 
work in which researchers directly measured held the food did not. 
the activity of dopamine-producing nerve The cells might then simply signal the 
cells, rather than brain concentrations of the presence of a reward. But in 1992 and 1993, 
neurotransmitter, added support to the idea Schultz's team showed that the neurons 
that the neurons' true role is to draw atten- would fire in response to stimuli that were 
tion to events that predict rewards rather not in themselves rewarding, such as a light, 
than to trigger pleasure. Wolfram Schultz, if they predicted a food reward. Indeed, after 
a neurophysiologist at the University of monkeys learned that a light predicted food, 
Fribourg in Switzerland, and his colleagues the neurons would stop firing to the food 
were investigating the actions of dopamine- itself. Because the food presumably remained 
producing nerve cells in a brain region called more pleasurable than the light, these data 
the substantianigra, which are thought to be cast doubt on the idea that dopamine is a 

pleasure transmitter, indicating instead that 
dopamine teaches an animal to predict an 
upcoming reward correctly. 

At the 1996 Society for Neuroscience 
meeting, Schultz and former postdoc Jeffrey 
Hollerman presented perhaps the best evi- 
dence for that idea: recordings of single 
dopamine neurons during an entire learning 
episode. They first taught a monkey that 
touching one of a pair of pictures would pro- 
duce a reward. Then, while recording from a 
do~amine cell. thev switched to two novel , , 
pictures, so the monkey no longer knew 
which to choose. When the monkey picked 
the correct one by chance, the dopamine cell 
would fire as the monkey got the reward, but 
after the monkey knew which one was cor- 
rect, the cell greeted the reward with silence. 
The researchers found the same Dattern in 
45 neurons tested with separate picture pairs. 
The results, says Schultz, "show that dopam- 
ine cells respond to reward only when it occurs 
unpredictably-for example, during learn- 
ing-and this response, which reveals the dif- 
ference between what is predicted and what 
occurs, looks like a perfect teaching signal." 

If dopamine does mark reward-predicting 
stimuli, that function should be reflected in 
the responses of the neurons receiving its sig- 
nals in the brain's ventral striatum, a structure 
that includes the nucleus accumbens. In 1996, 
a team led by neuropsychologist Barry Rich- 
mond of the National Institutes of Health in 
Bethesda, Maryland, garnered evidence that, 
indeed, striatal cells seem to help an animal 
keep close tabs on its progress toward areward. 

The researchers trained monkeys in a task 
in which they received a dollop of juice if 
they correctly performed a simple action- 
letting go of a bar when a spot on a computer 
screen changed from red to green-from one 
to three times. The animals could track their 
progress by a second light, which brightened 
as the juice reward neared. The monkeys 
acted as if they understood this light cue: The 
closer they were to receiving a reward, the 
faster thev released the bar and the more 
accurate they were. Striatal neurons re- 
flected this knowledge. For example, many of 
the 138 cells sampled in two monkeys fired 
more rapidly when a monkey knew a trial 
would produce a reward. "You can figure out 
where you are in the sequence of trials by 
listening to these neurons," Richmond says. 

Now, a study in the September issue of 
Neuron suggests an anticipatory role for the 
nucleus accumbens in drug abuse. A team led 
by Hans Breiter and Bruce Rosen of Harvard 
Medical School in Boston and Steven 
Hyman, who recently became director of the 
National Institute of Mental Health, used 
functional magnetic resonance imaging to 
scan the brains of cocaine addicts under the 
drug's influence. This revealed the areas ac- 
tive when the subjects felt a brief, euphoric 
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"rush," and then those that remained active 
after the euphoria wore off and the subjects 
were craving, or anticipating, another hit. 
Despite its previous association with plea- 
sure, the nucleus accumbens remained active 
during the craving stage, suggesting a tie be- 
tween craving and the dopamine neurons 
located there. 

An attention-getting device? 
Meanwhile, very recent neurophysiological 
evidence suggests that the dopamine system 
may have an even broader role in learning: It 
may highlight novel or startling sensory 
events that attract an animal's attention but 
are not related to reward. A team led by Jon 
Horvitz of Columbia University in New York 
City and Princeton University's Barry Jacobs 
exposed cats, at unpredictable times, to ei- 
ther loud clicks or flashes of a bright light, 
and found that the neurons in the animals' 
W A S  res~onded to both the clicks and the 
light flashes, most commonly with a burst of 
activity of the type that unleashes a surge of 
dopamine. The results suggest, Horvitz says, 
"that dopamine neurons respond to salient 
events regardless of whether the salience de- 
rives from conditioned reward properties or 
from physical characteristics of the stimu- 
lus," such as a sudden onset. 

Still, not all recent experiments have sup- 
ported dopamine's proposed role as an atten- 
tion-getter. In 1995, for instance, a team led 
by UBC's Fibiger repeatedly exposed a group 
of hungry rats to a delicious liquid behind a 
wire mesh screen before lifting the screen 
and allowing them to eat. They discovered a 
significant rise in dopamine in the nucleus 
accumbens when the rats consumed the 
food, but not while they eyed the food be- 
hind the screen. "My belief is that changes in 
do~amine release are more reliablv associ- 
ated with consumption of reward than an- 
ticipation of reward," Fibiger says. 

Neurobiologists aren't sure why the results 
obtained by direct recording from dopamine 
neurons don't always jibe with data-like 
Fibiger'ethat are based on dopamine lev- 
els. But the different time scales of these two 
data types may offer an explanation. Because 
dopamine levels are measured over minutes, 
they may miss the tiny, momentary increases 
produced by dopamine-cell firing. "When 
the smoke clears, I think dopamine will be 
playing a role in learning the value of stimuli 
that are important in an animal's environ- 
ment." Philli~s ~redicts. 

L L 

The smoke hasn't cleared quite yet, how- 
ever. Other researchers are still racking up 
correlations between dopamine and pleasure. 
Earlier this year, an imaging study by Nora 
Volkow's team at Brookhaven National 
Laboratory in Upton, New York, linked the 
euphoria produced by cocaine to dopamine 
levels in a part of the striatum next to the 

3, wzi& 
nucleus accumbens. The researchers gave dif- cine in Winston-Salem, North Carolina. 
ferent doses of the drug to 17 people who were Ultimately, scientists hope their dopam- 
already cocaine users. Then, to get an indica- ine research will lead to more general in- 
tion of dopamine levels in the subjects' striata, sights into how mammalian brains work, and 
they used positron emission tomography and equally important, how they malfunction. If 
radioactive cocaine to detect cocaine binding the dopamine signal serves to draw attention 
to dopamine t~~nsporter proteins. These pro- to salient events of all sorts as Horvitz's work 
teins pick up dopamine re- 
leased by neurons and carry 
it back into the cells so it can 
be used again. When co- 
caine binds to the transport- 
ers, it blocks them and re- 
sults in increased brain 
dopamine levels. 

Volkow and her col- 
leagues found that the in- 
tensity of the subjects' highs 
increased in proportion to 
the percentage of dopa- 
mine transporters blocked 
by the drug in the stri- 
atum-which, they believe, 
reflect what's happening 
with the transporters in the 
nucleus accumbens. "The 
ensuing rise in dopamine 
triggers the high," ~ o l k o w  
concludes. 

Given the conflicting re- 
sults so far, more work will be 
needed to resolve whether 
dopamine has some role in 
conscious emotion, such as 
pleasure, or whether it is 

NAc 
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suggests, then its over- 
activity in schizophrenia 
might explain some of the 
disorder's symptoms. "It is 
very possible," says Hor- 
vitz, "that the bizarre as- 
sociations schizophrenics 
make, and the significance 
they attach to stimuli that 
we would consider irrel- 
evant, are due to the fact 
that the stimuli are enter- 
ing the nervous system un- 
der a state of high dopam- 
ine activity." 

Once scientists unravel 
the larger neural circuit in 
which dopamine acts, they 
may find that as dopamine 
delivers its message, other 
parts of the braiimay re- 
verberate with a con- 
scious emotion-pleasure, 
excitement, or even fear- 
depending on the circum- 
stances. But it is now 
doubtful that dopamine's 
cry directly summons such 

mainly a subconscious signal lit up. ~~~l~~~ accumbens feelings; instead, it may 
in learning and attention. (NAc) activity indicates a closer make a person look up in 
One line of research that link to the "craving" phase (bot- surprise, like a schoolchild 
could settle the debate is di- torn) of the brain's response to just called on by a teacher, 
rected at dopamine's role, if 'Ocaine than to the "rush" (top). to warn that it's time to lis- 
any, in unpleasant events. ten to the lesson. 
Some data suggest that dopamine helps ani- -Ingrid Wickelgren 
mals learn and remember unpleasant stimuli 
such as electric shocks. The evidence so far is 
controversial, but if it holds up, it would but- 
tress the idea that dopamine functions prima- 
rily as a general purpose attention-getter. 

Researchers could also bolster dopamine's 
proposed role in learning by unraveling the 
brain mechanism through which the neu- 
rotransmitter would exert this effect. One 
clue to the mechanism may be the connec- 
tions between dopamine cells in the W A  
and the frontal cortex, where short-term 
memories are held. Some scientists think 
dopamine may cause frontal neurons to hold 
onto some temporary memories for longer, 
increasing the chances that they will stick in 
the mind. "I see dopamine as a possible 
modulatory cue that allows short-term 
memories to hold their state for a while, such 
that there's a better chance of remembering 
them the next day," says Donald Woodward, 
a neurophysiologist who studies cocaine re- 
ward at the Bowman Gray School of Medi- 
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