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D
uring development, nerve
cells in the body extend and
reach forward, spreading ax-
onal tendrils and establishing

sensitive connections that ultimately
wire the system into a whole. The sig-
nals that these nerve cells send and re-
ceive to determine the location and
specificity of their synapses have capti-
vated the interest of Joshua R. Sanes,
recently appointed director of the new
interdisciplinary Center for Brain Neu-
roscience at Harvard University (Cam-
bridge, MA). Sanes has spent his
research career studying the nature of
synapse formation from embryological
and molecular perspectives, and his
work led to his election to the National
Academy of Sciences in 2002.

In his Inaugural Article in this issue
of PNAS, Sanes and colleagues exam-
ined a cluster of genes that helps deter-
mine how neuronal connections are
formed in the spinal cord (1). The pro-
tocadherin (Pcdh) genes play roles in
specifying synaptic connectivity, and
previous research has shown that mice
lacking a certain Pcdh gene cluster have
decreased spinal cord synapses and are
nearly immobile. However, these results
were complicated by the fact that the
Pcdh ablation also led to apoptosis of
spinal interneurons. In his Inaugural
Article study, Sanes and his team cir-
cumvented this apoptosis problem by
preserving spinal interneurons and
demonstrated that Pcdh-mutant mice
still have decreased numbers of spinal
cord synapses and neurological deficien-
cies. Their findings thus support the di-
rect role of protocadherins in synaptic
development.

Mental Fascination
Sanes was born in 1949 in Buffalo, NY,
and ‘‘wanted to be a scientist when I
was pretty young,’’ he says. His father,
who owned an automobile parts supply
store, was an avid reader, and there
were many books around the house for
Sanes to read. Sanes often picked up
the popularized science books on psy-
choanalysis prevalent in the 1950s. Sanes
attributes his fascination with mental
illness to reading these books, especially
while in junior high school. By the time
he went to high school, Sanes was al-
ready working in the laboratory of a
prominent microbiologist, Robert Guth-
rie, at Children’s Hospital (Buffalo,
NY). Guthrie, the father of a mentally
disabled child, had begun to use bacteria
to study mental illness, eventually devel-
oping the test for phenylketonuria, a

metabolic disorder that can lead to se-
vere retardation if left untreated. Sanes
was one of several local students who
worked in Guthrie’s laboratories on Sat-
urdays and during the summer. The
work was meaningful for Sanes. He says,
‘‘High school students could do repeti-
tive tests and still make real contribu-
tions to the work.’’

In college at Yale University (New
Haven, CT), Sanes ‘‘went in and out of
science.’’ He focused on psychology but
was briefly a philosophy major. He says
his studies ‘‘didn’t seem directed, but
then I found out about neurobiology.
There was a field emerging that was
exactly what I was looking for.’’ Neuro-
biology seemed to fit his interest in
looking at the biological basis for men-
tal illness. Sanes wrote his senior thesis
at Yale in the Department of Pharma-
cology with a ‘‘terrific mentor,’’ Paul
Greengard. In Greengard’s laboratory,
Sanes had the opportunity to contribute
to research on protein kinases (2).

After graduating with degrees in bio-
chemistry and psychology in 1970, Sanes
attended graduate school, entering the
neurobiology program at Harvard. He
remained interested in the biological
basis of mental illness and structured his
thesis to fit his interests, but he found
there were limited techniques. ‘‘It was
hard to be a hardcore biologist and do
mental illness research,’’ he says. ‘‘That
wouldn’t be true now’’ because of the
explosion of molecular biology and its
associated techniques, such as gene
knockout methods, amplification tech-
nologies, or biochip microarray analyses.
After a year and a half, Sanes joined
John Hildebrand’s laboratory at Har-
vard and studied the development of

neurons in the moth Manduca sexta (3–
6). One project centered on the role of
acetylcholine in the development of an-
tennae (5). Says Sanes, ‘‘It was what
people did before molecular biology.
People worked on big insects because it
was easier to study their biochemistry.’’

Dr. Sanes Goes to Washington
When Sanes finished his doctorate in
1976, he took a year off to work in the
U.S. Congress, joining the Office of
Technology Assessment. ‘‘I did my thesis
during the Watergate years, and I be-
came an unbelievable Watergate
junkie,’’ he admits. Sanes thought it
would be interesting to be in the same
city as those who had played a part in
the political drama. ‘‘It was just as cool
as I’d hoped it would be,’’ he says.
Sanes worked closely with state senators
but found he was more interested in
neurobiology than health policy. While
in Washington he met his future wife,
Susan Corcoran, who was also working
in the Office of Technology Assessment
after recently returning from the Peace
Corps. At the end of the year, Sanes
returned as planned to Harvard to the
laboratory of U. J. ‘‘Jack’’ McMahan,
who had been Sanes’ ‘‘surrogate men-
tor’’ during graduate school. ‘‘We
cooked up a project that I could come
back to,’’ he says. ‘‘As a postdoc, I
moved toward the formation of synapses
because I thought that was most rele-
vant to my interests.’’

The formation of the synapse at the
neuromuscular junction, where nerve
cells and muscle cells meet, depends on
information that each cell type commu-
nicates to the other. The junction con-
sists of the presynaptic nerve terminal
on one side, the postsynaptic membrane
of the muscle fiber on the other, and
the basal lamina in between. When
Sanes started his research in this area,
almost no molecular biology tools ex-
isted. He took a molecular biology
course in graduate school and explains,
‘‘If it was a 16-week course, 15 weeks
were on E. coli and lambda phage.
There were no genes, no sequences, no
introns, no exons, and no PCR.’’ He re-
members how difficult it was to study
synapses with biochemical methods be-
cause the proteins were in low abun-
dance and membrane-bound.
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At the time, in the late 1970s, scien-
tists in the field knew what synapses
looked like and how they worked as well
as some of the steps in their develop-
ment, but very little live imaging existed.
Says Sanes, ‘‘Everything about their de-
velopment was deduced from static im-
ages, and that had the potential to be
misleading.’’ Under McMahan, Sanes
studied the anatomy and embryology of
synapse formation in the skeletal mus-
cles of frogs (7). ‘‘We showed that some
of the messages the nerve and muscle
send to each other to organize the syn-
apse are contained in the extracellular
matrix,’’ he explains. ‘‘That told you
where the information was.’’ According
to Sanes, this gave him a good starting
platform, and he then spent his second
postdoctoral position studying the bio-
chemical angle of synapse formation in
rats. Sanes then joined the laboratory of
Zach Hall at the University of Califor-
nia, San Francisco, where Hall had
moved from Harvard. Under Hall,
Sanes studied the biochemical composi-
tion of basal lamina for the signaling
molecules (8).

A Different Washington
In 1980, Sanes moved on to a faculty
position in the Department of Physiol-
ogy at the Washington University
School of Medicine (St. Louis, MO),
becoming part of ‘‘one of the most pre-
eminent neuroscience groups in the
country.’’ Sanes set about looking for
some of the molecules that help direct
formation of the neuromuscular junction
(9–11). In one study, he used antibodies
to purify proteins from the basal lamina
and discovered the protein laminin �2
made by muscle cells. ‘‘It was the anti-
gen recognized by the very first anti-
body I made, and I made it, believe it or
not,’’ he says.

A few years later, in 1983, Sanes be-
gan collaborating with John Merlie on
gene expression at the neuromuscular
junction (12). Merlie had joined the
Washington University faculty around
the same time as Sanes, and they
worked closely together until Merlie
died unexpectedly in 1995. Sanes calls
Merlie ‘‘one of the early molecular neu-
robiologists and certainly one of my best
friends.’’ He continues, ‘‘He taught me a
huge amount about molecular biology
and transgenic and knockout mice. I
wouldn’t say we were pioneers, but we
used things early on.’’ Sanes and Merlie

cloned the gene for laminin �2 (13) and
generated knockout mice to study the
role of the protein. Mice unable to pro-
duce laminin �2 still formed synapses,
but the junctions were abnormal (14).
They continued to try to determine the
components necessary for synapse for-
mation by generating a series of trans-
genic mice deficient in candidate genes
(15, 16). Sanes and Merlie also initiated
studies using mouse genetics to deter-
mine the components necessary for syn-
apse formation (17), which Sanes later
continued on his own. A knockout, how-
ever, brought them back to an old prob-
lem; it gave only a static picture. In the
late 1990s, Sanes found an answer to the
limitation of static pictures through
work with Jeff Lichtman, also at Wash-
ington University. Sanes calls Lichtman
‘‘the world’s greatest expert in live imag-
ing of synapses as they form.’’ Together,
they fused Sanes’ knowledge of molecu-
lar genetics with Lichtman’s skills in im-
aging to determine how synapses form
and how genotypes affect phenotypes in
real time (18–20).

More recently, Sanes began extending
work from the neuromuscular junction
studies to investigating the synapses
formed between neurons (21, 22). ‘‘We
also hoped to study the brain,’’ says
Sanes, ‘‘but the technical hurdles were
too great for us until recently.’’ In his
PNAS Inaugural Article, Sanes examines
genes necessary for specificity at the
synapse. The protocadherin gene family
has almost 60 members clustered in
three tandem arrays. Previous work in
mice lacking one of these clusters had
produced a nearly immobile animal with
reduced spinal cord synapses (23). How-
ever, the phenotype also produced apo-
ptosis of the same neurons, complicating
the interpretation. Sanes and his col-
leagues avoided this problem by devel-
oping a knockout that also lacked the
proapoptotic protein. Despite the pres-
ervation of spinal cord neurons, the
mice still had fewer synapses, suggesting

that protocadherins are active in speci-
ficity of neuronal connections (1).

Future Connections
‘‘A linear trajectory peppered with won-
derful sabbaticals’’ is how Sanes describes
his work on synapse formation. His sab-
baticals, which were in France and taken
while Sanes was at Washington University,
have been good experiences to enjoy with
his family, who have traveled with him
each time. His son Jesse was born in Paris
while Sanes was working at the Pasteur
Institute in 1986. Both Jesse and Sanes’
daughter Milla attended local schools in
France years later while Sanes worked at
the Institute of Developmental Biology at
the University of Marseille in 1999. Al-
though Sanes does not speak French and
says his accent has not improved since
high school, he does ‘‘know a lot more
words.’’

Sanes’ laboratory will continue to
study the rules of synapse formation at
the neuromuscular junction and in the
brain. ‘‘Although we’ve used molecular
methods, we’ve tried to do that in a bio-
logical context,’’ he says. With live imag-
ing, they can ‘‘really see what happens.’’
Sanes hopes to use live imaging, with
the help of Lichtman, to understand
how neuronal ‘‘experience in the form
of electrochemical activity’’ over time
modifies the synapse and its implications
for processes such as learning. He also
hopes to continue the work described in
his Inaugural Article, trying to deter-
mine how synapses form where they do.
Asks Sanes, ‘‘What is it that makes a
cell form and stabilize a particular
synapse?’’

Sanes says he is fortunate to still col-
laborate actively with Lichtman and be
able to relocate to the new Center for
Brain Neuroscience at Harvard Univer-
sity. Both men recently moved to the
new center, where Sanes is the director.
As Sanes describes it, the center is part
of a ‘‘systems neuroscience effort that
uses molecular biology, engineering, and
psychology to look at the circuit level
questions.’’ Sanes sees his laboratory as
part of this emerging field, and he looks
forward to the advancements that this
interdisciplinary approach will bring to
neuroscience. As he says, ‘‘This will be
as exciting as development has been in
the last 20 years.’’

Tinsley H. Davis,
Freelance Science Writer
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