
 N
u m e r ou s  s t u d i e s  s h o w 
that caloric-intake restriction 
(which is known to slow aging 
in mammals) and exercise have 

dramatic, beneficial effects on mental acu-
ity and motor ability, says professor of mo-
lecular and cellular biology Joshua Sanes, 
director of the Center for Brain Science. 
But just how these changes improved func-
tioning was unclear. Now Sanes 
and a colleague, Knowles professor 
of molecular and cellular biology 
Jeff Licht man, have made a discov-
ery that pinpoints mitigation of 
age-related structural degradation 

in neural synapses as the reason for this 
improvement. According to their research, 
published this August in the journal PNAS 
(Proceedings of the National Academy of 
Sciences), exercise and caloric restriction 
in lab mice visibly protect and rejuvenate 
synapses, the neural connections that are 
critical to cognitive and motor function.

Synapses are junctions between two 

nerve cells; electrical signals travel along 
nerves and are converted to chemical 
signals that jump a narrow cleft between 
the sending and receiving parts of the 
synapse. Unlike most cells, says Sanes, 
neurons aren’t replaced; they tend to be 
stable throughout life. But with age, a 
synapse undergoes regressive structural 
changes—“little pieces of it fragment, or 
disappear, or the nerve may retract from 
it; in some cases, the synapse gets so 
bad that it actually disassembles.” Such 
degradation, Sanes explains, “interferes 
with transmission of information from 
nerve to muscle and leads to the muscle 
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Thick bunches of nerves leave  
the brain or spinal cord and branch 
intricately within muscle (fibers of 
which can be seen running vertically 
in the background at right). The  
inset image shows individual axons 
(yellow) connecting to single  
synapses (red). The red stain is a 
snake venom that binds only to 
muscle receptors; poisonous kraits 
use it to immobilize their prey.
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wasting that accompanies old age.”
Key to the experiment was a tech-

nique developed by Sanes and Licht-
man that allows individual synapses 
to be tagged with a fluorescent pro-
tein. (The researchers studied neuromus-
cular junctions in skeletal muscle, rather 
than synapses in the brain, because the 
former are large enough to be seen using a 
light microscope.) The technique allows 
investigators to surgically open, and cap-
ture an image of, a single tiny synapse, and 
then find the same synapse later, during a 
second surgical procedure to observe and 
document the effects of different protocols.

Sanes and Lichtman found that reduc-
ing caloric intake in mice by 40 percent 
for 24 months protected both muscle fi-
ber and motor neurons (which diminish 
in number with age), as well as synapses. 
Their exercise experiment gave the lab 
mice, which typically live two to three 
years, an exercise wheel at 22 months of 
age (“Unlike humans, mice actually run 
voluntarily,” notes Sanes). Just one month 

later, they observed in the synapses 
that they had surveyed earlier “a par-
tial reversal of structural alterations 
that had already occurred.”

Because the exercise and caloric-
restriction experiments were of dif-
ferent duration, Sanes and Lichtman 
will now reverse the conditions, test-
ing lifelong exercise against short-
term caloric reduction. Meanwhile, 
one of their postdoctoral fellows is 
conducting similar experiments, this 
time using synapses in the brain. 

“The research gives us a hint,” says Sanes, 
“that the way these extremely power-
ful lifestyle factors act is by attenuating 
or reversing the decline in our synapses.”
 vjonathan shaw

jeff lichtman e-mail address:
jeff@mcb.harvard.edu
joshua sanes e-mail address:
sanesj@mcb.harvard.edu

Exercise and caloric restriction both 
mitigate the degradation of synapses 
that occurs with age. In the healthy 
synapse at left, the receiving end, 
or muscle receptor (red), and the 
transmitting end (yellow), attached to 
a nerve, overlay each other perfectly. 
With age, the synapse literally falls 
apart, as shown at right.

t e a c h e r  d i v i d e n d s

Kindergarten Matters

A
ttending a quality kindergar-
ten that provides experienced 
teachers and small classes yields 
measurable benefits, such as 

higher salaries in adulthood. That finding, 
in a study led by professor of economics 
Raj Chetty, has caused a stir by demon-
strating that even the earliest school ex-
periences can affect students’ subsequent 
quality of life, exerting more influence 
than researchers previously thought. 

Chetty and his colleagues, including 
Harvard Kennedy School associate pro-
fessor of public policy John Friedman, 
examined data from Project STAR, a 
study of nearly 12,000 Tennessee kin-
dergartners conducted in the mid 1980s. 
The children were randomly assigned 
to their teachers and to classes that 
were small (about 15 students) or large 
(around 24 students) and subsequent-
ly tracked (see “The Case for Smaller 
Classes,” May-June 1999, page 34). 

Previous analyses of Project STAR 
showed that children in small class-
es, and those with the best teachers, 
scored higher on standardized tests in 

the primary grades. But by the time those 
students reached junior high, the advan-
tage vanished, a phenomenon known as 
“fade out.” “By the time they’re in seventh 
or eighth grade, the kids in a better kin-
dergarten class are not doing any better on 
tests than the kids in not-so-good classes,” 
Chetty says. Conventional wisdom held 
that the boost from a good kindergarten 

ebbed with time. “What’s really surprising 
about our study,” Chetty says, “is that [the 
advantage] comes back in adulthood.”

When he and his colleagues looked at 
what the students—
now in their early 
thirties—recently 
earned, they found 
that those who had 
the best kindergar-
ten teachers make 
more money. “We 
estimate that if you 
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