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A senile plaque, 
prepared with a 
thioflavin stain that 
binds to amyloid 
proteins and degener· 
ating neurites, taken 
from the brain of a 
patient with Alzhei. 
mer's disease. 
(Neurites are the 
tendrils that nerve 
cells use to connect 
to other nerve cells.) 
The deep yellow 
region in the center 
of the picture is the 
beta·amyloid·rich 
aggregate itself. The 
wreathlike structure 
surrounding it is made 
up of degenerating 
neurites. On May 31, 
Caltech hosted a 
forum in which biolo· 
gists from Caltech 
and elsewhere 
described our current 
state of understand­
ing of the disease and 
some promising lines 
of research into 
potential treatments. 
A distillation of their 
remarks begins on 
page 14. 



Cali fornia insriture 
of T echnology 

Summer 1995 
Volume LVIII, 
Number 4 

On the cover: The 
ancient Japanese 
believed that the 
wriggling of a giant 
subterranean catfish 
causes earthquakes. 
What happened when 
this mythical creature 
shook Los Angeles' 
steel~frame buildings 
on January 17,1994, 
is described in the 
article beginning on 
page 2. 
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Opposite: The steel 
frame gives this 
building its strength 
and stiffness. (The 
building is actually in 
Pasadena, incidental­
ly.) The inset shows 
the frame's construc­
tion in detail. The 
columns and beams­
collectively known as 
members-are J­
shaped in cross 
section. The web 
(orange) lies in the 
plane of the page. 
The perpendicular 
flanges (red) resist 
bending. The beam's 
web is bolted to the 
column (blue plates 
with gray bolts), and 
the beam's flanges 
are welded (yellow) to 
the column's flanges. 
The backup bars form 
troughs that contain 
the molten weld 
material. 
Above: The larger 
the sideways force 
applied to a building, 
the farther it moves, 
as shown in this load­
deflection curve. If 
the force is less than 
the yield point, the 
building will spring 
back elastically. At 
larger loads, some­
thing gives-either 
ductilely, in which 
case the members 
yield but don't break, 
or brittlely, in which 
case they crack. 

Tall Buildings, Bad Welds, Large 
Earthquakes-Big Problems 

by John F. Hall 

I'll start by being up front with you: last night 
I spent most of the evening trying to glue my 
glasses back together, so you might say I'm not 
too hot on metal structures at the moment. 
Having gotten that off my chest, let me begin 
by giving you a brief introduction to earthquake 
engineering. In a steel-frame building, the frame 
supports not only the weight of the building-a 
vertical load-but also withstands lateral loads 
from winds and earthquakes. These lateral loads 
cause the frame members to bend, and the engi­
neering term for the action that causes bending is 
"moment." Hence these frames are called moment 
frames, or moment-resisting frames. The frame con­
sists of vertical columns and horizontal beams, 
and in order to transfer the bending moments 
between these members, we need to have very 
strong connections-usually made with welds. 

Now, if you apply a lateral force to a building, 
it will displace sideways in response. Engineers 
plot this behavior in a load-deflection curve, such 
as the one above. In the curve's elastic range, 
from zero load up to the elastic limit, or yield 
point, you can apply a load on and off and the 
building always springs back to its original 
position-it behaves elastically. At loads above 
the yield point, the building no longer behaves 
elastically. The postelastic behavior can be duc­
tile, which means that the members deform­
they stretch like chewing gum-but maintain 
the strength of the building. Or, like my glasses, 
the behavior can be brittle-as the deflection 
increases, there's a loss of strength as something 
snaps. Whenever possible, it's best to design 
structures to have enough strength to carry their 
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loads in the elastic range to avoid the damage 
associated with yielding. (For example, airplanes 
are designed to behave elastically while airborne.) 

Wind is one lateral load to be considered when 
designing a building. The wind exerts a sideways 
pressure on the building, and engineers under­
stand this force pretty well. They treat wind as a 
constant pressure, and even though the pressure is 
significant, it's possible and economical to design 
the building to withstand it in the elastic range. 
This is fortunate, because if a windstorm came 
up strong enough to make the building yield, 
the steady pressure would actually push it over. 

An earthquake, like the wind, causes a build­
ing to deflect sideways. But unlike the wind, 
an earthquake is a back-and-forth action. It 
reminded the ancient] apanese of how a landed 
fish wiggles, so in their legends, a giant catfish 
causes earthquakes. This giant catfish can make 
the ground move pretty violently, and so earth­
quake loads are larger than wind loads-in fact, 
it's not economically possible to design a build­
ing to respond elastically to a strong earthquake. 
That means the building is going to yield. How 
can we get away with that? How can we be sure 
that the building won't collapse when it yields in 
a strong earthquake? The answer has to do with 
the back-and-forth nature of the ground motion. 
Say the ground moves to the left, causing the 
building to start to yield to the right. Then, 
before the building has time to collapse, the 
ground moves back to the right and gets under 
the building again, and so on. You can actually 
try this at home-walk up behind somebody, 
give him a shove, and before he falls on his face, 
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Right: Since shaking 
an entire building on 
demand is impractial, 
engineers use a mock­
up of a single beam­
to-column joint, plus 
the adjoining halves 
of the members 
surrounding it, as a 
proxy. The column's 
base is fixed to a 
pivot and the beam 
ends are on sliders, 
closely reproducing 
the conditions this 
subassmebly would 
feel in a building 
during a quake. Two 
loads are applied to 
the top of the col­
umn-a vertical load, 
P, which represents 
the building's weight, 
and the back-and­
forth horizontal earth­
quake force, F. The 
story drift is deter­
mined by dividing the 
resulting deflection, 
1'1, by the story height, 
h. The columns are 
stronger than the 
beams, so once the 
elastic limit is 
exceeded, the beam 
kinks where it joins 
the column; this kink 
angle (8) is approxi­
mately the story drift. 

Far right: A typical 
force-deflection curve 
from such an experi­
ment. As in the ideal­
ized curve on the 
previous page, the 
force (F) is plotted 
vertically and deflec­
tion (.".) horizontally. 
But here the force 
is appiled back and 
forth, over and over 
again. 

Story drift = LVh 
'" e 

run around to the front and push him back. 
This explanation's not quite good enough for 

engineers, without some calculations to verify 
that it's possible. So back in the 1960s and 
1970s, engineers invented computerized methods 
to calculate the responses of buildings to earth­
quakes. These mathematical models were pretty 
simple, and assumed that the buildings would 
behave in a ductile manner. The engineers used 
the ground-motion records that were available at 
the time, and were thought to be representative 
of strong ground shaking, for the inputs. This 
led to two conclusions. 

For one, if the building has to yield, it's much 
better to have the yielding occur in the beams 
than in the columns. So the engineers started 
making the columns stronger than the beams. 
The yielding then showed up as kinks-like in 
a wire that's been bent too hard-at the ends of 
the beams where the bending moments are high­
est. This was good, because the columns held 
and the building stayed up. The computer pro­
grams could also predict the amount of yielding 
in the structure. I'll quantify that for our purpos­
es by something called "story drift," which is the 
sideways movement in a story divided by its 
height from ceiling to ceiling. 

This led to the second finding-the engineers 
calculated that a reasonable story drift for the 
earthquakes they were using was about 1.5 per­
cent, or a lateral deflection of two inches per 10-
foot story. (A building begins to yield at about 
0.4 percent, so most of this story drift actually 
occurs in the yield range.) So they then had to 

determine whether the actual materials used in 
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a building-the steel beams and columns-could 
take this kind of drift without losing strength 
after yielding. In other words, did the members 
have sufficient ductility) 

The only way to determine something like 
that is in the laboratory, and the easiest method 
is to build a small piece of the building and apply 
forces to it to reproduce what it would feel if it 
were a part of the building during a strong earth­
quake. Then we measure the story deflection, 
and the story drift is determined by dividing 
that number by the story height. 

Above is an actual force-deflection curve from 
such a setup, taken from a report written back in 
the early 1970s. The curve's bending toward the 
horizontal is due to the yielding. You can see 
that the assemblage yields in first one direction, 
then the other, but you don't see much degrada­
tion in strength as the cycles continue. That's 
very good. That's ductility-the strength is 
being maintained as the material yields. And 
if we convert the deflections from this test into 
story drifts, we get about 4 percent, which is 
greater than the needed 1.5 percent. So things 
looked pretty good-the engineers considered 
their designs to be validated, and the building 
code was written accordingly. It's important to 
note that the code is essentially a life-safety docu­
ment, whose goal is to preserve lives by avoiding 
building collapses. The code is not intended to 
prevent damage to buildings. 

Now, in the Northridge earthquake, the 
engineers got a terrible shock of their own­
the welded connections in many steel buildings 
fractured. The fact that the welds failed means 



Many welds 
failed well with­
in their elastic 
range. BecauJe 
they never reached 
yield, the 
designed strength 
of thoJe members 
was never 
achieved. 

that these buildings are nor as d ucri Ie as we 
thought- they' re more on the britd e side. 
(Remember that ductility is the foundation 
of Ollf design philosophy.) Furthermore, many 
welds fai led well within theic elastic range. 
Because rhey never reached yield, rhe designed 
strength of those members was never achieved. 
Now, one optimistic point of view says that since 
rhe code is a life-safety document, and since 
Northridge was a pretty good shake and none 
of the steel buildings fell down, the code was 
a success. Sure, we had some damage, bur the 
code really doesn't try to prevent damage. T his 
view is aCtually still held by some engineers, but 
you can make a couple of points against if. 

First, the buildings really didn't get shaken 
all that hard. In the map above, the dots repre­
sent steel buildings, and the contours are the 
peak ground velocities in the Northridge earth­
quake. (Peak ground velocity is probably the 
best single parameter for gauging the damage 
poteorial of an earthquake, because even a large 
acceleration , if applied for a short duration, may 
not be sufficient to get the building to move.) 
The map shows that the most damaging ground 
motions occurred in the Santa Susana Mountains 
to the north; where there are very few steel build­
ings----or other buildings, for that matter. So 
most of the steel buildings got only moderate 
shaking . 

Which leads to the second point : the way 
in which the code represems an earthquake is 
deficient. We soon realized that, even for this 
moderate earthquake, the ground motions and 
attendant high ground velocit ies to the north of 

The contours on this 
map of the L.A. area 
show peak ground 
velocities during the 
Northridge earth· 
quake in centimeters 
per second. (The 
green triangle marks 
the quake's epicen­
ter.) The dots show 
the locations of steel­
frame buildings, as 
gleaned from the 
county assessor's 
records. Red dots are 
high-rises (six stories 
or taller), yellow dots 
are one· to five-story 
structures, and blue 
dots are buildings 
whose height was 
not recorded. Map 
prepared by the 
California Office of 
Emergency Services. 

the epicenter were larger than anticipated by the 
bui lding code. The records that the engineers 
used co validate their design procedures back 
in the 1960s and 1970s didn't show any such 
velocities . It can be seen in retrospect that 
California simply wasn't densely instrumented 
enough back then to catch them. Most of the 
eanhquakes the engineers used, such a.'> the 1940 
El Centro (magnitude 6 .9) and the 1952 Kern 
County (7 .5), occurred in rural areas where there 
weren't many strong-motion sensors. The 1971 
San Fernando eatthquake (6.7), which shook 
urban Los Angeles, did in fact register a ground 
velocity of 11 3 centimeters (about four feet) per 
second at nearby Pacoima Dam. But this sensor 
was atop a steep ridge, which was blamed for the 
strong motions, and so this velocity was discount­
ed as being inapplicable to what a building in the 
flatlands might feel. 

In sunlmary, then, the building code is sup­
posed to be written for larger earthquakes than 
Northridge, yet the code didn't anticipate the 
ground motions felt even in this moderate quake. 
Furthermore, the welds failed in buildings that 
didn't get the strongest shaking that Northridge 
had to offer. What does this tell us about what's 
going to happen in larger earthquakes? I'll come 
back to that, but first let 's take a closer look at 
what did happen in the Northridge quake. 

Most of the steel buildings that were shaken 
in the Northridge earthquake look fine from the 
outside. (Remember that no steel buildings col­
lapsed, al though other, weaker structures did.) 
But if YOLI go inside, and uncover some of the 
beam-to-column connections (which is a lot of 
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Right: Exposing the 
beam-to-column con­
nections so engineers 
can inspect them 
means cutting 
through drywall , strip· 
ping away insulation, 
and sometimes deal­
ing with asbestos. 

Below: This beam's 
lower flange is com­
pletely severed where 
it joins the column. 
The earthquake also 
sheared off some of 
the original connect· 
ing bolts-these are 
replacements. Prac­
tically all of the weld· 
ed joints in this build­
ing had something 
similar happen. 

work, by rhe way), you' ll see rhings like rhe 
pharo at left. The flanges, which carry most of 
the bending moment , are cracked clear through 
at the welds. The cracks somet imes extend into 
the web of the beam or column, and , very occa­
sionally, the member is torn in two. We know 
that this problem exists in abom 100 or so build­
ings. In some cases, more than 50 percent of the 
welded connect ions are broken; in a few build­
ings, nearly every connection has given way. And 
there are perhaps another 200 suspect buildings 
that we haven't really looked at yet. 

Why did this happen? Remember that we 
confine the building's yielding to the beams, 
causi ng them co kink at their ends, which is 
exactly where the welds are. So the welds were 
highly srressed, and rhey didn'r hold up. Why 
not? There are at least four reasons. First of all , 
quality control , to put it bluntl y, is often nOt very 
goocl as rhese buildings are bu il L There simply 
aren't enough building inspeccors for the volume 
of construction, and some contractors just aren't 
well-educated in the imporcance of following the 
code-they either don't have the specs on hand at 
rhe job sire, or rhey don 't follow them. And 
bui ldings aren' t like airplanes, which provide a 
good reading really quickly the first time a test 
pi lot takes one up. A badl y built building can 
stand for quite a while before its weaknesses are 
revealed in an earthq uake. So the welds that 
fraecured probably had lars of small defeers (Q 

begin with . Second, rhe material used for the 
welds is not very fracture-res istant. N o one was 
expecting bri ttle fracture to be a problem, so why 
pay more for fracrure-res istant material when the 
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In some cases, 
more than 50 
percent of the 
welded connec­
tions are broken; 
in a few build­
ings, nearly every 
connection has 
gwen way. 

need is not apparent ? Third, there was little or 
no heat treating done during the welding, which 
means that the welds cooled very fast, and that 
tends to embrittle them. The more slowly a weld 
cools-if you put an electrically he'cltecl blanket 
on it , for example-the more duct ile it will be. 
And finally, the backup bar- which helps retain 
the mol ten material as the weld coois--often 
d idn't fuse complerely wirh rhe col umn. Thar 
gap between the bar and the col umn often 
became the notch where the crack started. 

One might reasonably ask why the labo!'arQ(Y 
tests didn ' t pick this kind of thing up. There are 
multiple reasons here, too. For one, the tests 
were generally done at small scales-say, one­
third scale-and at slow loading f'J.tes, because 
there wasn't enough money to buy the large 
equipment and fast aCtllatQrs necessary to give 
fuJI-sized connection specimens the shaking they 
would really feel in an aCtual earthquake. Also, 
the quality control on the laboratOry welds that 
the researchers made was probably a lot better 
than it is at the construCtion si te. These factots 
worked together to make the test results better 
than, and not a fair indicat ion of, what might 
happen in the field. However, if you go back 
through the old laboratory reports, you do find a 
fai r number of premature fractures caused by the 
weld-fracture problem, even in those small-scale 
specimens. The researchers, when asked about 
this after Northridge, said, "W ell , it's all in the 
reports," and the eng ineers replied, "We don't 
have time to read your reports. Why did n' t you 
yell and scream about it ?" And so it goes. It 's 
h II man nature. 
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Above: These horizon­
tal displacements, 
velocities, and accel· 
erations (bottom, mid· 
die, and top traces, 
respectively) were 
recorded near the 
Olive View Hospital 
in Sylmar during the 
Northridge quake. 
Idmaxl stands for 
peak displacement, 
Ivmaxl is peak veloci· 
ty, and lamaxl is peak 
acceleration. 

Right: The slip-pulse 
mechanism tends to 
focus an earthquake's 
energy. In the North­
ridge quake, a south· 
dipping thrust fault (a 
fault where one side 
overrides the other 
instead of slipping by 
sideways) ruptured 
at its base. The slip 
pulse propagated up· 
ward and to the north. 
At the instant of the 
sketch, the slip pulse 
is rupturing the red 
region and is moving 
up-fault (red arrows). 
The yellow region has 
finished slipping. The 
slip pulse feeds ener­
gy into the shear 
wave traveling ahead 
(dashed purple line), 
which will eventually 
reach the surface 
near point A. Thus 
the region to the north 
experienced more 
damaging ground 
motions than did the 
built-up area to the 
south, or even the 
epicenter (point B). 

T i m e (sec) 

The Federal Emergency Managemem Agency 
is now fund ing a research program to try to find a 
solution. Phase I, which I was involved in, is juSt 
wrappi ng up, and Phase II is about to start . The 
firs t thing the task force did was investigate the 
scale effece by tes ting more nearly full-sized con­
nect ions in the higher-capacity rigs that are now 
available. And although the task force improved 
quality control-they used better weld material , 
ground off the backup bar, and did heat trea t­
mems-the cracks appeared, so it seems that our 
fundamental design was bad. So we're now try­
ing to reduce the st ress the welds must carry by 
weldi ng cover plates over the joints. The cover 
plates strengthen the connection of the beam 
to the column , forcing the yielding out inca the 
beam where there's no weld to break. T his meth­
od has had some successes, although there are still 
problems [hat we hope Phase " will solve. I 
might add that the sol ution, when one is found, 
is liable to be pretty expensive. 

In the meanrime, some of the buildings 
damaged in the Northridge earthquake stil l sit 
vacant, waiting for a solution to emerge. O thers 
have been torn down. But the majority of build­
ing owners can' t afford to let thei r real es tate sit 
id le indefin itely, and are fixi ng their buildi ngs 
one way or another. In the absence of a definitive 
solution, the city of Los Angeles has issued its 
own guidelines fo r bu ilding rehabilitation, essen­
tially saying, "If you rake these suggested actions 
we' ll approve your plans expeditiously now, so 
that you can p ut your building back in use, bur 
we may require you to do more things later on." 

Now let's turn to the ground-motion side of 

the equation. Above is a record of the ground 
motion felt in Sylmar during the Northridge 
earthquake, in a reg ion of st rong shaking to 

the northeas t of rhe epicenter. It shows pretty 
high accelerat ions, which are a concern, but I 
want to focLls on the rapid displacemenr-a 
rough ly 60-centimeter (about twO feet) peak-ro­
trough pulse that happened in less than a second. 
That kind of motion has a very high damage 
potencial, and it simply wasn't present in the old 
ground-motion records that the engineers used 
when they were validating the design procedures. 

These large, rapid displacements are what seis­
mologists call "near-source directivity effects"­
a very important idea that I want to discuss in 
some depth, Over the last decade, Professor of 
Engineeri ng Seismology Tom H earon (PhD '78) 
and his colleagues ar rhe U.S. Geological Survey 
(USGS) and Cal[ech have discovered some very 
imeresting th ings about how a rupture proceeds 
on a fau lt-namely that, at any given instam, 
only a small part of the fault is involved in the 
slip. The slip ac tually takes place in a pulse that 
propagates along the fault , as shown above, and 
the amount of slip wi th in this pulse is qui te 
large. Now, the fault's slip produces shear waves 
that travel OUt in all di rect ions. Since the slip 
pulse travels at a slighrly lower speed than rhe 
shear wave (a fact also discovered by Hearon, et 
a1.) , each successive bi t of fault slip contributes 
more energy to the part of the shear wave being 
sent out ahead of the rupture, buildi ng the wave 
lip to a very large amplitude. So, in general, the 
largest ground motions are goi ng to be observed 
in areas tOward which the faul t is rupturing . 
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Left, top to bottom: 
The Northridge quake 
in one-second inter­
vals, as seen from a 
vantage point above 
and perpendicular to 
the fault plane. The 
axes are marked in 
kilometers. The star 
in the first panel plots 
the earthquake's 
hypocenter, or point 
of origin. From there, 
the slip pulse travels 
northward and toward 
the surface. The 
darker the color, 
the larger the slip 
in meters during that 
interval, as shown in 
the bottom panel. 

Right: The colored 
zones are L.A.'s main 
thrust faults. The 
sawtooth lines mark 
the faults' upper 
edges; those that 
reach the surface 
have black teeth. The 
black blobs represent 
earthquakes this cen· 
tury (labeled with 
their year and magni­
tude). The figures in 

show the size earth­
quake that could hap­
pen if an entire fault 
broke at once, and the 
recurrance interval in 
years for that quake. 
Abbreviated fault 
names: SSF= Santa 
Susana, MCF= Malibu 
Coast, HF= Holly­
wood, RF= Raymond, 
C·SF= Clamshell-Saw­
pit, SJF= San Jose, 
COMP= Compton. 

Bm the fault slip is deep underground~how 
do the seismologists know what's going on down 
there? They solved what's called an inversion 
problem. They took sttong ground-morion data 
and geodetic data~surveyor' s measurements of 
surface displacements caused by the earthquake 
~and back-calculated what must have happened 
down there in order to give the observed motions 
up here. Hearon and Dave Wale! (PhD '93) of 
the USGS developed a lot of the methodology 
used in those calculations, and also generated rhe 
set of images at left, which show the Northridge 
earthquake from start to finish at one-second 
intervals. The slip pulse's passage along the 
fault is clearly visible. 

As I said, the Northridge earthquake was onl y 
a magnitude 6.7, yet it created stronger ground 
motions than are represented in the code. Bur we 
have even larger earthquakes in California. The 
San Andreas and the H ayward faults, which are 
capable of generating large earthquakes, pass 
close to some of our major cities, which means 
that we can have very strong near-source effects 
within our metropolitan areas. This is of real 
concern. What abom Los Angeles? 

You may be surprised to learn that in the 
1920s, the seismic threat to L.A. was quite a 
lively ropic. Robert Hill, a well-known geologist 
at the time, wrote a book on the subject. H e was 
so proud of his conclusion that he put it on the 
cover: "This book completely refutes the predic­
tion ... that Los Angeles is sbout to be destroyed 
by earthquakes. It proves that this area is not 
only free from the probability of severe seismic 
disturbances, but has the least to fear from Acts 
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of God of any city under the American flag." f 
won't ralk about the fires and floods we've had of 
late, but 1 can say something about eanhquakes 
in the Los Angeles region. 

Measurements by many people, among them 
Ken Hudnut (a Cal tech postdoc now at the 
USGS) and Andrea Donnellan (MS '88, PhD '92) 
of Ca!tech's J et Propulsion Laboratory, have doc­
umented a north-south compression of the Los 
Angeles region by about one centimeter per year, 
which is thought to arise from the bend in the 
San Andreas fault to the city's north. LaSt Janu­
ary, eight geologists associated with the Southern 
California Earthquake Center, including] im 
Dolan (a Cal tech postdoc now at USC), and 
Caltech Professor of Geology Ketry Sieh as lead 
authors, published a paper that assumed that this 
compression is accommodated by the system of 
thrust faults shown in the map above, and calcu­
lated how these faults could plausibly release the 
accumulated pressure, based on their known slip 
rates and other dara. Now we don't know wheth­
er this stress is relieved in a few large earth­
quakes, or a lot of smaller ones, or some mix in 
between, but this compression by itself is enough 
to g ive us one magnitude-7.3 shaking about 
every 150 yeats. In the last 200 years, we've only 
had two magn itude 6.7s, Northridge and the San 
Fernando earthquake of 1971 , so this seems to 

indicate that there are going to be some large 
earthquakes sooner or later, and that one such 
quake might be overdue. 

What migh( this quake do to LA.'s steel 
buildings? For the sake of discussion, I'm going 
to consider a magnitude-7.0 earthquake on the 



The hypothetical 
magnitude· 7 earth. 
quake on the Elysian 
Park fault (rightl 
starts 15 kilometers 
below the surface and 
has a peak slip of four 
meters, as shown by 
the colored contours. 
In the grid of observ­
ing stations at the 
ground's surface, the 
letter Indicates north· 
south location, and 
the number is east· 
west position. The 
ground motions 
predicted at grid point 
CS (below) are plotted 
to the same scale as 
the Sylmar ground 
motions on page S. 
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Right: As an earth· 
quake kicks the 
ground out from under 
a building (A through 
C), the lower stories 
are dragged along 
while inertia briefly 
keeps the upper 
stories at rest. Then 
by the time the upper 
stories respond to the 
initial outward 
motion, the ground is 
bringing the lower 
ones back in, and the 
two parts of the build· 
ing are moving in dif­
ferent directions at 
once (D and E). 
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Elysian Park rhrust ramp (part of the purple 
region 011 the map), which di ps [Q the north and 
passes di rectly beneath downtown Los Angeles. 
Consideri ng that our recem 6.7 was on a blind 
thrust f.1 ult, and that the magnitude-7.5 Kern 
COUnty quake of 1952 occu rred in a sim ilar 
rectonic serei ng, th is seems prerey plausible. 

H ow do we know how the ground is going to 

move in a future earthquake, like OUf hypotheti~ 

caJ magnitude 7.01 Well , the seismologis ts come 
through again. I've mentioned the inverse prob­
lem; this is the forward preblern. Through their 
inverse stlldies, seismologists have developed a 
pretty good idea of how ground rupture takes 
place, so they can impose a reasonable fault­
rupture scenario on a mathematical model of a 
chunk of the earth. From th is they can compute 
the ground motion anywhere, including on the 
surface. For th is hypothetical magnitude 7.0, 
which Tom and Dave ran for me, the most dam­
aging g round motions occur to the souch, in the 
area roward which the rupture is propagating. In 
th is region, say at locat ion C5, the peak accelem­
tion isn't so big, because we're some distance 
from [he (.,,11[. Bur look at [he peak displace­
meflt- 182 centimeters is about six feet, and 
this fault doesn 't even break the surface! And 
the accompanying velocity is 139 centimeters per 
second- about four and a half feet per second­
which is a pretty good leap for a piece of solid 
ground . N eed less to say, this is very worrisome. 

let's consider how a building could be affected 
by this leap, which is actually a double leap----out 
and back. 1n other words, the moving ground 
carries the base of the bui ld ing out with it and 
then brings it back. The outward movement 
gets the bu ild ing goi ng forward at a high veloci­
[y; [hen [he ground doubles back (and [he lower 
stories with it), putting the building under enor­
mous stress. Even if the building can arrest its 
forward motion, it's liabl e to experience severe 
deformations in the lower part of irs structure. If 
the welds are popping on tOp of this, ie 's going to 
have a very hard time stopping, greatly increasing 
[he likeli hood of collapse. 

Now it 's time for some engineeri ng analyses. 
I fed the ground motions-the Sylmar one from 
[he Northr idge earthquake and [he C5 one from 
the simulated magnitude 7 .O-intO a computer 
model of how a s(eel~frnme bui ldi ng behaves 
when shaken. This model is a more sophist icated 
descendant of the ones that the engineers were 
using back in the 1970s. One improvement is 
that th is prog ram is able to approximately repre~ 
sent weld fracture. But weld frac ture is only one 
of the ways in which a building can lose strength 
and st iffness. Another way is that , when a beam 
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The 2O-story building 
before the C5 ground 
motion hits. The dis­
placement pulse will 
be toward the left. 

,, ' 

TIME = 0.0 

Sylmar CS 

6-srory 3.0 12.4 

20-srory 2.0 * 

Above: Peak story 
drifts (shown as 
percentages) calculat­
ed for a six·story and 
a twenty-story steel 
frame building sub­
jected to the Sylmar 
and C5 ground mo­
tions. The asterisk 
indicates a collapse 
predicted by the 
computer. 

At t=6 seconds, the 
ground is approaching 
its maximum horizon­
tal displacement of 
182 centimeters. 
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TIME = 6.0 

At t= 7 seconds, the 
ground is returning to 
its original position, 
causing the building 
to "crack the whip." 

TIME = 7.0 

kinks, the flange that's in compression can buck­
le. Flange buckling can be a very significant type 
of deterioration, but it's extremely hard to model 
and my program isn't smart enough to do it. 
And the base plates, which secure columns to 

their foundations, can ('til; concrete slabs can 
crack; beams can buckle in torsion; the list goes 
on and on . So sometimes the program com-
putes very large story drifts, and I'd have to think 
that if it had included more deterioration mech­
anisms, the building would have collapsed . We 
should interpret these large Story drifts as actual 
collapses, even though the output doesn't explic­
itly say so. The table at left shows the peak story 
drifts computed for a six-stol.Y and a 20-story 
structure subjected to our two ground motions. 

The Sylmar numbers are pretty good news. 
Story drifts of 2 and 3 percent are not unreason­
able, especially considering the ground motion's 
strength and the weld-fracture problem. So even 
if we'd had more steel-framed buildings hit with 
near-source directivity effects as measured in 
Sylmar, we probably shou ldn't have seen any 
collapses. However, the Sylmar record doesn't 
represent the Northridge earthquake's strongest 
motion-it's JUSt one of the strongest ones that 
happened to get recorded. The most damaging 
ground motions occurred in the mountains north 
of the San Fernando Valley, and might have 
caused problems had there been buildings up 
tbere to feel them. This is now being studied. 

The C5 ground motion is another story . The 
six-story building has a 12 percent story drift, 
which is one of those numbers that we have to 
interpret as a collapse, and the 20-story building 
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This flexure creates 
a ripple of breaking 
welds that travels up 
the building. 
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TIME = 8.0 

By t=16 seconds, the 
building is hopelessly 
overbalanced and on 
its way to oblivion. 

TIME"" 16.0 

collapses outright. The sequences of images 
across the top of thiS page are from a computer­
animated mov.ie that Wayne Waller of Cal tech's 
Media Integration Lab made from the data gener­
ated by my 20-srory building model and the C5 
ground motion. All of the displacements in these 
graphics have been amplitled by a factor of tlve 
for clarity, and the little triangles denote frac­
tured welds. The sequence ends with the build­
ing clearly headed for collapse. (Convergence 
problems in the computer code prevent the mod­
el from following the building all the way down.) 

So--now that I've shown you these things, 
here's the big question: Are our steel buildings, 
which we tbought were our most earthquake­
resistant type of structure, liable to collapse? 
We've seen that they're going to behave brittlely 
during earthquakes, l10t ductilely as we expected. 
Also, we can get near-source ground motions 
from large earthquakes that arc considerably 
stronger than the building code provides for. 
Furthermore, large earthquakes have duration 
effects that are not anticipated properly. A 
magnitude 7.5 can give you 30 seconds of strong 
shaking, instead of the seven or eight seconds felt 
in the cases I've shown here, and deterioration is 
a function of duration. So J th ink that when we 
consider these things, we have to admit the possi­
bility that some of our steel buildings will col­
lapse. In J apan, where they build stronger build­
ings with much better quality control than we do 
here, they had some problems in the Kobe quake. 
I've heard from a reliable source that about 
30 low-rise modern steel build ings collapsed, 
although I haven't been able to confirm that. 



Steel columns in 
Japanese buildings 
are not I-shaped but 
square in cross 
section. In the Kobe 
quake, some columns 
snapped (below), top­
pling buildings (right). 
In this picture of the 
underside of an upper 
story, you can see the 
hollow square of the 
column that used to 
support the corner of 
the building. 

What about the real high-rises? I only looked 
at a 20-story building; what about the skyscrap­
ers? It turns out that they are actually probably 
safer, for various reasons. They're relatively 
stronger than the mid-rise and shorter bu ildi ngs, 
because they'te designed to carry larger loads­
higher wind loading on their bigger surface areas, 
and, of course, their own heavier weights. Also, 
skyscrapers like to vibrate back and forth very, 
very slowly- their natural resonant freq uencies 
are quite low-and only a very large earthquake 
would have enough low-frequency motion to 
really grab hold of rhem and make rhem move. 
However, the geologists aren't ruling out such an 
earthquake, and our experience with Northridge 
tells us that we have to assume that the welds in 
these buildings are deficient. So that's something 
that deserves more study. 

By now, if you work in a steel building, you're 
probably starting to wonder about your chances . 
Life is full of risks, and there are ways to quant ify 
them. (l th ink ie's something we should do more 
of.) Lct's be blunt-what are the chances of get­
t ing killed by a steel building if you work in one? 
Here 's how to figure it out. First, you ask a seis­
mologist what the probability of a large earth­
quake is, and what the probability is that your 
building will be in the near-source region, and 
you mult.iply those numbers together. Then you 
ask an engineering researcher what the probabili­
ty is that your building will collapse. I don't 
know what answer you'll ge t, but it may be a 
fairly modest percentage-nor every building is 
going to collapse. Multiply again , and then you 
multiply that figure by the fraction of your time 
that you actually spend in the build ing . If you 
work there eight hours a day, five days a week, 
then you only spend abollt 23 percent of your 
t ime there. (This has been a saving g race for 
many earthquakes-they hit any hour of the day, 
any day of the week with equal probability, so 
the odds are good that you wo.n't be in the bui ld­
ing when the time comes.) You can reduce your 
calculated risk still further because most build­
ings don't pancake when they fail. Usually, only 
a few floors collapse-we saw that a lor in Kobe. 
So you want to also consider the odds that you're 
going to be on one of those floors. If you work 
aJJ of that out, you may find a number you can 
live with, especially if you compare it to some 
other numbers- the probability of being hit and 
killed by a drunk driver, for example. It's impot­
rant to keep these things in perspective. 

But there's more to an earthquake's to ll than 
lives lost- there's property damage. The North­
ridge quake cost us about $20 billion at last 
count; d irect property damage ftom the Kobe 

quake is currentl y about $100 billion. An 
Elysian Park earthquake under downtown Los 
Angeles would easily cost as much as Kobe. 
Can our economy take a $lOO-billion hir? When 
people were coming up wi th the building code's 
philosophy 30 years ago, we weren' t hav ing many 
earthq uakes. Therefore it seemed reasonable to 
des ign minimal buildings that were just strong 
enough to avoid collapse (or so they tbought), 
and it wasn't economical to worry about damage 
control. Today we have a much better idea of the 
earthquake threat, and things look more omi­
nous. I'd be willing to bet that if it were possible 
to do a proper economic analysis, it would now 
make much more sense to design stronger build­
ings to limit damage. And, of course, stronger 
buildi ngs would also save more lives . 

For many years now, new buildings on the 
Caltech campus have been designed by increasing 
the code forces by 50 percent. This is just smarr 
business practice: we sit on top of the Raymond 
fault; the Sierra Madre fault is just a few miles 
away; we're self-insured . I think that such 
designs wi ll become more common as more peo­
ple, includi ng the code writers and the govern­
ment, realize the benefits of damage control. 
The Moore Laboratory of Engineering, currently 
under construction, is a very strong building with 
reinforced concrete walls . That's a good design 
choice for earthquake country, but what's partic­
ularly relevant to our discussion of steel frames is 
the penthouse. We used bol ted flange connec­
tions there, even though welding is cheaper, 
as we JUSt weren't comfortable with the defect 
potential of the welds. Bol ted connections, 
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Above: This unrein· 
forced masonry 
building in downtown 
Coalinga collapsed in 
the 1983 earthquake. 
Many California cities 
still have large stocks 
of such buildings, and 
no retrpfit programs. 

Above: The Gordon 
and Betty Moore 
Laboratory of Engi. 
neering, currently 
under construction, 
has a steel·frame 
penthouse with fully 
bolted connections. 

however, should behave like perfect, defect-free 
welded ones. 

Now, finally, in an effort to make you feel a 
little better about steel buildings, and to again 
put things in perspective, let me remind you that 
there are a lot worse things out there. Unrein­
forced masonry-seen in buildings predating the 
1933 Long Beach earthquake-is one, as has been 
demonstrated many times, such as in the 1983 
Coalinga quake. Several cities, including Long 
Beach and the city of Los Angeles itself, have 
tried to address this problem by requiring the 
owners of such buildings to do nominal retrofits, 
such as tying the masonry walls to the floors so 
that the walls don't pull away and come crashing 
down. (This is the simplest thing you can do to 
get obvious benefits. It will avert collapse in 
medium-sized earthquakes, but it probably won't 
be enough in large ones. You're reinforcing the 
weakest point, which means that the failure is 
just transferred to the next weakest point. This 
is a general problem with retrofits.) Many other 
cities haven't done anything yet. Unreinforced 
masonry buildings remain a real problem, much 
worse than the steel-building situation. 

Reinforced-concrete-frame structures built 
before the early 1970s are also very hazardous 
during earthquakes. They're very brittle, and 
the things that seem to go first are the columns, 
which are bad parts of your building to have fail. 
(l know an engineer who uses the term "ductilely 
challenged" to refer to this type of construction.) 
No cities have yet taken action to address their 
inventories of these nonductile concrete build­
ings. Two- and three-story wood-frame apart­
ment buildings with an open first story given 
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over to parking are another problem, as we've 
seen in Northridge; in general, the damage to 

multistory, multifamily wood-frame buildings 
was greater than expected. Again, most of these 
buildings were built before modern codes. (Even 
something as seemingly minor as using a smaller­
diameter nail than the code calls for can make a 
significant difference in a structure's strength.) 
The most infamous example, of course, is the 
Northridge Meadows Apartments, whose collapse 
killed 16 people. Even some types of modern 
structures, namely precast concrete parking 
garages, are known co be collapse hazards-we 
lost seven of them in the Northridge earthquake. 

It has become traditional, in the months fol­
lowing a damaging earthquake in California, for 
the governor to call on a blue-ribbon panel to 
investigate the structural failures caused by that 
quake. The panel eventually issues a report sum­
marizing the engineering lessons learned, and 
recommending modifications in the building 
codes and other precautions that-if implement­
ed-should significantly reduce damage in subse­
quent earthquakes. A glance at the titles of these 
reports gives us an unintended insight into 
California's earthquake problem. After the 1989 
Lorna Prieta quake, the Board of Inquiry viewed 
the situation as "Competing Against Time." The 
Seismic Safety Commission, in its recent report 
on the Northridge earthquake, sees the need for 
"Turning Loss To Gain," although someone has 
said that, following the lead of Lorna Prieta's 
Board ofInquiry, a better title would have been 
"We Lost." Certainly, if we don't pay serious 
attention to our earthquake threat, we'll be 
"Picking Up the Pieces" in a future report. 

Associate ProfeHor 0/ Cit!i! Ellgineeringjolm Hall 
was tbe team leaderfor the Earthqllake Engineering 
Imtitl/te's reconneli.l'Jauce of the Nortbridge earthquake, 
and jJarticipated in the SeiJllzic Safety COrllllzissior/s 
study of that quake. (He was the secretary to the 
Board o/Inqlliry into tbe Lama Prieta eartbq/lake.) 
He is afro a member of Caltram' Sei.wzic AdvisotJ 
Board and the White Home Ojjia: of Science and 
Technology Pafilis National Earthquake Strategy 
Working Group. His reJearch (lmziJines computer 
simulatiom. laboratmJ models. emd field testing. and 
/ocmes on the nonlinear respome ofstmctl/res. eJjlecially 
high-rise iJlti!dingJ and concrete dam,f. to earthquakes. 
Hall's degreeJ il7 civil engineering tire CI BS from \Ve,ft 
Virginia University i17 1972. em !VIS /rom tbe 
University 0/ Illinois in 1973, and a PhD (Leith a 
lIZinor in .rci.rllZology) from U C Berkeley in 1980: he 
aim ha.r sCt!cral years' U'orth ol"real-zwrld" experience 
in a .rtructttral design office. This article is adapted 
from a recerzt Watron lerture. 
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20- inch 1.7 19.8! 
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Above: The peak story 
drifts calculated for a 
three-story base­
isolated building with 
a 16-, :zo., or 24--inch­
wide moat, when sub. 
jected to the Sylmar 
and C5 ground 
motions. An exclama­
tion point Indicates 
that the building hit 
the moat wall, and an 
asterisk indicates a 
collapse predicted by 
the computer. 
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1('s a common myth that many bui ldings .in 
Southern California are on rollers. N oc so) but 
we do have about half a dozen base-isolared 
buildings, which are built on rubber pads, and 
we're building more. l['s a similar idea to the 
rollers- put something soft between the g roupd 
and the buildi ng to cry to reduce the g roupd ..... 
motion that travels up into the building .... This is 
expensive, so it's only been used so far for critical 
structures, such as hospitals and emergency oper­
ations ceneers, that need CO remain funccional 
after earthquakes. How would near-source 
ground motions from a large q uake affect 
such buildi ngs' 

The desig ns for base-isolated st ruCtures are 
generally more sophisticated than for fixed-base 
buildings, and the engineers do usually take some 
account of the near-source direCtivity effect-it's 
the controlling issue, in fact. Consequently, a 
major design goal is CO keep rhe building's dis­
placements reasonable, so that the StruCturE does 
not move too far on the pads. Otherwise, the 
building's weighr would squash rhe pad side­
ways, and the structure would drop down. So 
as an added precaution, the eng ineers often put 
Stops- usually low concrete walls-around the 
building to act as a barrier. This is just so every­
one can sleep better at night, because the build­
ing isn't supfX>sed to aCtually hit them. If that 
ever happened, it would damage the struCture 
and probably wreck rhe comems- rhe building 
wouldn't exactly be functional any more. The 
zone of free movement between the building and 
the stops is called the moat; the moat 's width, 
and ensuring that the pads remain stable within 
this width, is the critical design issue. 

lijI,·'" 10" 
k 
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Below: A three-story 
base-isolated building 
gets bent out of shape 
bv the C5 ground 
motion in these stills 
from another Media 
Integration Lab movie. 

" 
" 
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TIME = 16.0 

I have another computer program-it's rather 
crude, bur ir models a lor of rhe yielding behavior 
and other nonlinear features that are important 
for rhis problem- wirh which I've analyzed rhe 
response of a three-story base-isolated building to 

the Sylmar and C5 ground motions. J considered 
three cases: a 16-inch-wide moat, which is typi­
cal of rhe buildings we've already builr; a 24-inch 
moat, a better design that's typical of several 
buildings now gojng up close to major faults; 
and an intermediate 20-i nch moat. The results, 
as seen in the table at left, aren't encouraging . 
The building coll ided wirh rhe sraps in rhree of 
the six trials, and collapsed once. There are also 
some very high story drifts, which again should 
be interpreted as collapses. 

There are only twO cases that might appear 
satisfactory-the twO bettet-designed isolation 
systems in (he Sylmar ground motion. But even 
there, we're getting stOry drifts that tell us that 
rhe building yields. This is nor good, because iu 
order to eosure that the building and its contents 
will still be in working order after the shaking 
stops, the engineer usually makes the promise 
rhar rhe building is going CO behave elasrically. 
But that's nor true even in Our best results-there 
is some structural damage. Across the top of the 
page are some stills from a movie we made of the 
20-inch maar for rhe C5 g rou nd morion. The 
displacements and the moat width are amplified 
by two, in order to see them better. Note how 
much rhe bu ilding yields afrer ir hirs rhe wall. 

So the near-source ground motions being used 
in rbe design of base-isolared buildings could be 
roo small, and rhe resu lring buildings may nor, 
in facr, be "earrhquake-proof."D-JH 
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After two weeks in 
culture, the single 
isolated progenitor 
cell shown on page 
27 had differentiated 
here into dozens 
of neurons (stained 
green, with long 
fibrous processes) 
and hundreds of glial 
cells (stained orange). 
Grafts of such cells 
hold great promise for 
replacing nerves that 
have died because of 
Alzheimer's disease or 
other neurodegenera· 
tive diseases. 

Alzheimer's Disease: 
Causes and Effects 

The following article is condensed and adapted from 
a forum sponsored by Caltech and the Pasadena Star­
News, in cooperation with the Los Angeles chapter of 
the Alzheimer's AJJociation. Held on May 31 in a 
packed Beckman Auditorium, the forum sought to 
explore the current status of reJearch on this mind­
crippling disease and the therapeutic promise that that 
research holds for the future. In his welcoming remarks 
Caltech President Thomas E. Everhart noted that "the 
more we learn about Alzheimer's disease, the better we 
can fight it." He also expressed his delight in the full 
house. "It demonstrates the fact that people are 
interested not only in this disease but in scientific 
research and h(JUJ it relates to their lives. At a time 
when basic research is facing extraordinary pressures! it 
is heartening to see so many people attending a program 
based on science and its consequences for httman health. " 

The program was moderated by physician and 
journalist Winnie King! and! in addition to the five 
scientists whose talks are published here! also featttred 
TV actress Shelley Fabares! who spoke on family and 
social issues sttrrozmding Alzheimer's disease. Fabares 
spoke of her personal experience as a caregiver for her 
mother! dimming the progression of the disease! the 
caregiver!s feeling of impotence in the face of its advance, 
and the overload and isolation that strain the families 
of Alzheimer!s victims. Fabares found help in the 
Alzheimer!s Association and has since become a 
spokesperson and a member of its national board 
directorJ. She decried the "crippling ignorance" that 
infects our society with regard to a disease that she said 
is recognized as the fourth leading cause of death in this 
country. The number of people with Alzheimer's disease 
in the United States is expected to reach 9 million by 
early in the next century. Fabares also spoke Ottt in 

I think we have 
the genetic tools 
and the instru­
mental tools to 
understand the 
fundamental 
basis of Alz­
heimer's disease. 

favor of a long-term health-care policy and 
ful health-care reform. ! .• She hoped that 
will enlighten the world about the nature and extent of 
Alzheimer!s disease . . ! 

A videotape of the entire forum proceedings (1 hrJUr! 
51 minutes) is az;ailable from Caltah's Office of Pitblic 
Events (Mail Code 332-92! Pasadena! CA 9] 725) 
for $39.95. 

Caleb Finch 
ARCO and William F. Kieschnick Professor in 
the Neurobiology of Aging, and University 
Professor, University of Southern California 

Alzheimer's disease is a very specific kind of 
dementia that is linked in still mysterious ways 
ro the aging process. Its most widely known 
characteristic is an impairment of recent memory 
and a progressive, slow, inexorable course that 
deprives the brain of its resources of wisdom and 
capacity for reasoning. Alzheimer's is not ro be 
confused with vascular conditions that can cause 
another kind of dementia through strokes. In the 
dementias common in aging, certain types of 
neurons shrink and die. Even so, many neurons 
in the brain of someone with deep dementia still 
seem ro function quite normally. A major feature 
of these dementias is that the incidence increases 
progressively during aging, particularly after 65 
years of age. 

Senile dementias, including Alzheimer's, are 
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relatively rare before the age of 50. Parkinsonism 
is another disease whose incidence increases 
steeply with age; there seems to be no safe age 
at which one is protected if one hasn't already 
developed the condition so far. In COlltra<;r, rwo 
other diseases that affecc the nervous system do 
have safe ages where you are secure from the 
threat of [he disease. One is Huntington 's dis­
ease, which is the result of a si ngle gene with a 
dominant effect; the other is the set of diseases 
called schizophrenias, which may also have a 
genetic origin, but with strong effects from 
interaction with the environment. Part of the 
mystery of these diseases is how one can have 
inherited a gene at birth that waits so long befote 
it 's expressed in its damaging forms. In the case 
of Alzheimer's d isease, there are mult iple genetic 
influences that increase the risk- some of them 
inevitably, some of them only as risk factors . 

One of the major pathological characceristics 
of the brains of Alzheimer's patients is the senile 
plaque, (l microscopic assemblage of protei ns 
about a hundredth of an inch in diameter. It 's 
found in the vicinity of dying neurons, but there 
are often other cells in the neighborhood that are 
quite healthy and active. These are called glial 
cell" from the Greek word for glue, and they 
include two rypes: astrocytes and microglia. 
The distribution of senile plaques is heaviest 
in the parts of rhe brain that are concerned with 
learning and memory, and the selectivity with 
which these regions seem to be targeted must 
in some way be related to the gene activity that 
determines the particular characteristics of the 
nerve and glial cells in those areas . 

The first protein to be identified with the 
sen ile plaque is one called beta amyloid. Now, 
here is a paradox: each of us has, from birth 
onwards, in all of our body fluids, traces of this 
beta-amyloid protein that seem to do us no harm. 
But somehow in the disease process it aggregates 
to form these masses [hat appear to be toxic to 

neurons. Although i[ has become the best known 
of these proteins, amyloid isn't alone in the 
disease process; there 's a long list of other pro­
teins and factors in the brain that are aggregated 
along with [he amyloid in the senile plaques. 
Some of these are molecules that act like hor­
mones or growth factors that can influence the 
survival of neurons; others ate components of 
the inflammatory system that troubles our joinrs 
with age. A great deal of effort is now under way 
to understand how these molecules get together 
and how chey influence the toxicity of amyloid. 

We can make amyloid fibrils aggregate in 
a test tube wi th the same effect as found in the 
senile plaque. My laboratory is studying another 
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Atomic force micros· 
copy images show 
two proteins found in 
the senile plaques of 
Alzheimer's disease 
brains. In this experi. 
ment, chemically 
synthesized, pure 
beta amyloid aggre· 
gated by itself (top) or 
was aggregated in the 
presence of the pro· 
tein clusterin (bot­
tom). Clusterin 
considerably modifies 
the extended fila· 
ments of beta amy· 
loid, increasing its 
harmful effects. 
From Oda et aI., 
Exp. Neural., in press. 

one of the molecules in the plaque, clusterin, and 
we have found thac mixing the tWO together in a 
test tube drastically changes the organization of 
the amyloid, and, moreover, increases its harmful 
effects. The focus on amyloid is now leading 
invest igators to consider other molecules that 
interact with it that may modify its toxicicy and 
may suggest an approach to treatmenc. 

The accumulation of amyloid in aggregated 
form is not unique to humans; it 's a biological 
phenomenon of aging that can be seen in other 
primates and prosimians. The top figure on the 
opposite page indicates che part of che lifespan 
when amyloid begins to accumulate in each of 
several species-humans, chimpanzees, rhesus 
monkeys, and lemurs, the latter with a lifespan 
of only 10 years. It 's clear that even short-lived 
prosimians, which diverged from the rest of our 
lines more than 40 million years ago, also 
accumulate beta amyloid in their brains with 
aging. This may be the molecular equivalent 
of original sin. The scientific puzzle is to under­
scand why it aggregates, forms senile plaques, 
and damages nerve cells. 

Besides amyloid aggregation, another change 
found very broadly in the brain during aging is 
the activation of the glial cells . It appears that 
virtually everyone on the face of the earth over 
the age of 50 has astrocyces and microglia that 
are beginning to wake up and look highly active. 
This is a basic part of the aging process that may 
be interrelaced with the onset of Alzheimer's, 
Parkinson's, and other neurodegenerative dis­
eases. These kinds of changes afe common to all 
mammals in corresponding portions of the life-



Right: Beta amyloid 
accumulates during 
aging in the brains 
of humans and other 
primates. The graph 
shows the age when 
beta amyloid is first 
detected (thick arrow) 
in species with 
different life spans, 
according to their 
positions on hte 
phylogenetic tree. 

Below: The horizontal 
bars indicate the 
occurrance of chang. 
es during normal 
aging in four mam· 
mals with different life 
spans: rat (3 years), 
dog (15 years) rhesus 
monkey (30 years), 
and human (80 years). 
Note that rats do not 
accumulate beta 
amyloid but do show 
most other changes. 
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span. The graph at left below shows that 
the same general processes of neuron atrophy, 
deposits of amyloid, and increased activity of the 
glial cells is a broad phenomenon during brain 
aging in mammals that may precede clinical 
signs of disease. 

Studies of the genetics of Alzheimer's disease 
have located genes on at least four different 
chromosomes. This genetic diversity might 
ultimately serve as a basis for recognizing which 
individuals are at risk for the onset of Alzheimer's 
at a certain age, and which individuals might be 
treated preventively. As we learn more about the 
disease, researchers may discover pharmaceutical 
approaches to Alzheimer's based on the particular 
mutations and genes that one carries. Other 
therapeutic targets include devising drugs to 
influence amyloid metabolism, to modify senile 
plague, and to replace neurotransmitters that are 
lost as nerve cells degenerate. It's a broad field, 
and the problems are very complicated. We 
don't expect it to be resolved in a few years. I 
think that Alzheimer's research is in the same 
position that cancer research was in about 40 
years ago, when one or two forms of cancer could 
be treated. 

I'll close with an optimistic statement: I think 
we have the genetic tools and the instrumental 
tools to understand the fundamental basis of 
Alzheimer's disease. If a person born with a 
gene for Alzheimer's lives 70 years without any 
symptoms, it should be possible to suppress that 
gene's bad effects for the rest of his normal life 
span. And in the foreseeable future, assuming 
that reasonable funding is available, much 
progress will be made. 

Caleb Finch received his BS ( 1961) from Yelle and 
PhD in cell biology from Rockefeller Unit)erJity 
(1969). He has been a member of the fawlty at the 
University afSouthern California since 1972, as 
professor of gerontology and biologicctl sciences since 
1978, as the ARca and William F. KieJChnick 
Professor in the Neurobiology of Aging since 1985, 
and as UniverJity Professor since 1989. 
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Above left: Neurons, 
which can be thought 
of as having a talking 
end (left) and a listen­
ing end (right), com­
municate at junctions 
called synapses. 
There the talking cell 
releases a chemical 
signal (yellow) across 
the synaptic cleft, 
which stimulates an 
electrical signal (pink) 
in the listening cell, 
which then '~alks" to 
the next neuron down 
the line. 
Above right: One of 
the brain's memory­
storage sites is the 
hippocampus, named 
for its seahorse shape 
and located in the 
temporal lobe at the 
base of the brain. 

Erin Sch.aman 
Assistant Professor of Biology, Caltech 

One strategy to anleliorate the memory loss 
associated with Alzheimer's disease is to study 
the fundamental mechanisms that control how 
and where memories are formed in the brain. 
We have approximately 10 11 neurons in the 
brain, and even though they come in various 
sizes and shapes, they' re all dedicated to a com­
mon function, which is ro communicate with 
one another. Networks of these interconnected 
neurons underlie every aspect of our behavior, 
from the simptest reflex to complicated emotions, 
thoughts, and learni ng and memory. 

We can th ink of an individual neuron as a 
factory with a receiving end and a shipping end. 
Neurons communicate by sending signals from 
one cell's sh ipping end to another cell's receiving 
end. O r you can th ink of one cell as the talking 
cell and the other as the Listening cell; rhey 
connect in the synapse. The language of these 
cells is a combination of electricity and chemis­
try. When the talking cell receives a signal, it 
releases a chemical, a neurotransmitter, which 
travels across a small space called the synapt ic 
cleft co interacc with specialized receptors in the 
listening cell . T hese receptors trigger an elenri­
cal impulse that travels through the listening cell 
to its shipping end, which chen releases a neu­
rotransmitter and thus becomes a calk ing cell to 

the next neuron in the chai n. An average neuron 
forms about 1,000 synaptic connections. 

The brain is organized into different function­
al units, beginn ing with the units that encode 
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sensory information-i ncluding the visual, 
auditory, and olf.:'lCtory areas. Then there are 
other so-called higher-order areas of the brain 
that arc dedicated to processing information and 
handle emoeions, reasoning, language, learning, 
and memory. One brain area important for 
memory {ormation is the hippocampus, which 
lies in the temporal lobe and receives a lor of 
higher-order processed information, including 
information from every primary sensory unit. 
This is a nice feature for a memory-smrage site 
because memories are multi-sensory experiences. 
It 's interesting [Q noce that the hippocampus is 
one of the major brain areas that's damaged by 
the senile plaq ues and tang les of Alzheimer's 
disease. Thus, it's reasonable [Q work with the 
hypothesis thar damage [Q the hippocampus is 
responsible for the memory loss associated with 
the disease. How do we know that the hippo­
campus is involved in memory formation and 
storage? Neuroscientists have studied epileptic 
pat ients who have had regions of the hippocam­
pus surgically removed [Q Stop the spread of 
epileptic seizures. These patients may seem 
normal in all other ways, but they cannot store 
any memories and have no notion of what 
happened [0 minures ago. 

Scientisrs can also deliberately create lesions in 
the h ippocampi of experimental animals and then 
see how these animals perform in tests of learning 
and memory. One popular memory test is the 
Morris water maL:e, which consists of a tank fdied 
with an opaque liquid, with a small platform 
submerged a couple of inches below the surface. 
A rat or mouse placed in the tank can't see the 



Our ultimate goal 
is to achieve an 
understanding of 
ali the molecules, 
proteins, and 
genes that are in­
volved in memory 
formation, be­
cause that's where 
we're going to 
find the clues to 
solving such prob­
lems as memory 
loss, 

Memories are formed 
by changing the 
strength or the 
number of synapses. 
The strength of the 
synapse can be 
incre ased when the 
talking cell sends 
more neurotransmit. 
ter or when the 
listening cell adds 
more receptors. 

platform. Now, although rats and mice are good 
swimmers, they don 't reaJly like swimnling very 
much, so they're highly mo[jvared co find high 
g round. When they 'te fitst placed in the tank, . 
[hey swim around tbe pool randomly until they 
happen to ru n into the platform ancl cl im b lip on 
it. Over subsequent trials , normal animals learn 
f.'1 irl y quickly where the platform is and swim 
right to it; they st ili can't see it but they've 
learned its locat ion relative co cues in rhe room. 
In contrast, an animal that has had lesions created 
in its hippocampus takes far longer to learn the 
task and spends a lot more time swi mming 
around because it can't remember where the 
platform is. 

What is actually changed about rhe properties 
of neurons in the hippocampus or other brain 
areas when we learn and remember something? 
And how can we address this question in the lab? 
Since neurons comm unicate at synapses, what we 
want to do is change the properries of the syn­
apses or change the way that in formation flows 
in the brain. There are two basic ways the brain 
can change its synaptic properries. One way to 
increase synaptic communication wou ld be to 

increase the streng th of transm iss ion at a single 
synapse, either by making the talking cell shout 
(send more chem ical transminer) or by having 
the listening cell add more receptors so ir can 
hear bener--sorr of like curning up the gain on a 
hearing aid. The second way to change synapses 
with memory would be simply to add new 
synapses so rhat the calking cell makes more 
physical connections with the listening cell. 

To understand how these changes occur and 

how memory occu rs, we need co understand the 
process at a molecu lar level. We can do this by 
teaching an experimental animal something and 
then looking in its brain and observing what has 
changed about the synapses. When scientists 
have done that, they've seen that usually both of 
these kinds of changes-incre~lsing transmission 
strength and adding synapses---occur. We can 
also take the brain out of the animal and make 
[he changes ourselves, to try to mimic what 
happens when the animal learns something in its 
real environment. In my lab, and in many ochers, 
researchers remove rhe hippocampus from rats 
and then slice it into sections about 0.5 mm 
thick. Even when we sl ice the hippocampus up, 
it maintains its usual properties and the synapses 
behave normally, We can keep the t issue alive 
and record the synaptic activity by stimulating 
the talking cells and recording the size of the 
listening cell's response, which is always the same 
over time if stimu lated in (he same way. If we 
then stimulate the hippocampus in the right way, 
by applying strong st imulation to (he talking 
cells, we can dramatically increase the size of the 
response of the li sten ing cell. This enhanced 
response, which is called long,term potentiation, 
can last for long periods of time. Thus, using this 
technique we can study memory formation in a 
reduced siwation where we have molecular 
control over (he individual ceUs and synapses. 

Our ultimate goal, however, is to achieve an 
understanding of all the molecules, proteins, and 
genes that are involved in memory formation, 
because that's where we're going to find the clues 
to solving such problems as 111emory loss. We 
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Above left: Meuro· 
trophic factors, which 
promote the growth 
and survival of devel­
oping neurons in the 
embryo, also appear 
to increase synaptic 
strength in the adult 
brain. 
Above right: When 
memories are formed, 
the talking cell (here 
on top) releases its 
neurotransmitter, 
which activates a 
calcium receptor in 
the listening cell. 
The calcium then 
activates a bunch 
of enzymes that can 
make the listening 
cell's receptors more 
sensitive, as well as 
prompting the release 
of more neurotrans­
mitter. 

know a fair amount about the molecular mecha~ 
nisms oflong~term potentiation. When long~ 
term potenriation is initiated, a certain recepror is 
activated that allows calcium to enter the listen~ 
ing cells. Calcium is a very importanr intracellu~ 
lar messenger that can activate a whole variety of 
enzymes. These calcium-activated enzymes can 
do two things: either change the properties of the 
receptors in the listening cell to make them more 
sensitive to the same amounr of neurotransmitter, 
or generate a signal that travels back to the talk~ 
ing cell telling it to release more neurotransmit­
ter. We know that these kinds of cellular evcms 
underlie short-term memory. It's our guess, and 
recent work suggests, that for long-term memo­
ries signals are actually transmitted up to the 
nucleus to influence gene expression and change 
the amount and/or kind of proteins expressed. 

The above mechanisms describe changes in 
synaptic strength. Unfortunately, we don't: have 
a similar molecular understanding of how StrLl(­
rural changes-that is, changes in synaptic num­
ber, the other way memory could be formed­
might occur in the adult brain. We can, howev­
er, take advantage of a great deal of work that's 
been done on structural changes during brain 
development in the embryo. We know that 
prmeins called neurotrophic facrors promote the 
growth and survival of neurons when the nervous 
system is developing. In this case, the talking 
cell releases the neurotrophic factor, which then 
binds, just like the neurotransmitter, to receptors 
on the listening cell, and then travels to the nu­
cleus, where it influences gene expression. We 
hope that the adult nervous system might em-
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ploy similar mechanisms ro change the structure 
of synapses. 

It 's quite possible that the same proteins that 
change structure also change synaptic screngtb 
and vice versa. In my laboratory we have deter­
mined that these neurotrophic facrors that pro­
mote neuron growth and survival can also change 
synaptic strength in the aciult nervous system. In 
the same experiment with the hippocampus slice 
that I described earlier, when we added the 
growth-promoting factor we saw an increase in 
synaptic transmission. This means that the brain 
may actually use the same molecules to increase 
synaptic transmission and to promote growth, 
and shows that the nervous system can use the 
same sets of molecules over and over again to 

form these different kinds of memories. 
Finally, it is our hope, and it's the hope of 

basic science, that if we can achieve an under­
standing of the essentials of synaptic transmission 
and how memories are formed normally at the 
molecular level, we will be able to design treat­
ment strategies that may be effective in reversing 
the memory loss associated with Alzheimer's and 
other diseases. 

Erin Schuman joined the Caltecb jamlly as assistant 
projeJ.wr of biology in 1990. She earned her BA from 
the Univer.rity of SOli them California in 1985 and her 
PhD from Primdon in 1990. She'.> currently aJohn 
Merck Scholar and an Alfred P. Sloan R"eanh 
Fellow. 
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Right: Plotting the log 
of the prevalence of 
Alzheimer's disease 
against age produces 
a straight line. Ap­
proximately 5 percent 
of the population will 
have the disease at 
75; that increases to 
10 percent at age 80. 
If the onset of Alz­
heimer's could be 
delayed by only five 
years (dashed line) 
the prevalence of the 
disease would be cut 
in half. 
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Below: Alzheimer's 
is similar to other 
chronic diseases, with 
initiating factors that 
occur well before 
onset, a latent phase 
with no symptoms, 
then a period in which 
subtle changes are 
occurring but are 
difficult to observe. 
When symptoms do 
become obvious, it 
can still be another 
year or two before an 
accurate diagnosis 
can be made. 
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Robert Katzman, MD 
Research Professor of Neurosciences, 
University of California, San Diego 

Although dementia is a complex of symptoms 
that can be caused by more than 70 diseases, 
Alzheimer's disease accounts for between two­
thirds and three-fourths of all cases of dementia. 
Criteria published in 1980 by the American 
Psychiatric Association define dementia as 
characterized by loss of intellectual ability of 
sufficient severity to interfere with social or 
occupational function, impairment of memory, 
and impairment of at least one other area of 
cognition in individuals who were alert and 
awake. This definition has enabled us to diag­
nose dementia very well-in the case of Alz­
heimer's with 85 percent accuracy, which is re­
markable considering that there is no specific 
biochemical test for it. Unfortunately, this 
definition does not pick up the early stages of the 
insidious onset of Alzheimer's disease. Family 
members will often disagree by years abour when 
the disease began. 

I believe, as do many others, that Alzheimer's 
can be viewed much like other chronic diseases, 
such as cancer, where there are initiating factors 
that occur well before the actual onset of the 
disease. Recent data suggest that the latent phase 
may last abour 15 years, a phase in which changes 
could perhaps be picked up with neuropsycholog­
ical tests but can't be observed clinically. We 
can't make an accurate diagnosis until a year or 
two after clinical symptoms appear, which is 
pretty late in the game. 

When Alois Alzheimer first outlined the 
pathology of this disease in 1907, he described 
the neuritic plaque and the neurofibrillary 
tangles-abnormal nerve cells that are full of 
abnormal fibrils. Although most of the investi­
gators today are working on amyloid and the 
plaque, many of the brain cells in Alzheimer's 
disease do have these neurofibrillary tangles, 
which probably contribure to cell death, and we 
now know quite a bit abour their chemistry. A 
protein called tau, which normally helps stabilize 
the micro tubules that are needed for the transport 
of proteins in nerve cells, in Alzheimer's some­
how gains many phosphorous groups attached to 
each single molecule. It then separates from the 
microtubule, forms perihelical filaments and then 
neurofibrillary tangles. But we don't know 
whether this tau process is a secondary event or 
a primary one. 

We know quite a bit more about the neuritic 
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Above: Implicated in 
the neurofibrillary 
tangles characteristic 
of the brains of Alz­
heimer's patients is 
a protein called tau, 
which normally stabil­
izes microtubules that 
transport proteins in 
nerve cells. In Alzhei­
mer's disease, the tau 
protein acquires 
phosphorous groups, 
breaks off, and forms 
parahelical filaments 
(PH F), which accumu­
late, forming neu­
rofibrillary tangles 
(NFT) that cause the 
cell to die. 
Below: The gene for 
apolipoprotein E4 
increases the risk of 
Alzheimer's dramati­
cally, particularly if 
the E4 allele is inherit­
ed from both parents. 
With E4 from only one 
parent, the risk falls 
off appreciably. Data 
after Corder, et al., 
Science, vol. 261, p. 
922,1993. 

Probability of Developing 
AD by the Age of 85 

(Familial Cases) 

Allele Percentage 

4/4 91.3 

4/3 47.8 

4/2 20.0 

3/3 20.8 

3/2 18.8 

212 < 15 

plaque. The amyloid in rhe ceneer of rhe plaque 
is a breakdown product of the amyloid precursor 
protein , which contains about 700 amino acids . 
The bera amyloid is formed when 42 amino acids 
break off. In studying families with early-onset 
Alzheimer's (patients in their forties and fifties), 
nine different mutatioos have been identified, 
which bracket this particular part of the protein. 
This doesn't represent a large percentage of 
Alzheimer's patients, but it shows that amyloid 
is, in fact, one of the causes of the disease. 

Besides the amyloid gene on chromosome 
21, early-onset cases have been associated with 
another gene, not yet identified, on chromosome 
14. But the filOSt important susceptibility gene, 
located on chromosome 19 and accounting for 
about 30 percent of Alzheimer's cases, is the gene 
for apolipoprotein E4, discovered by a research 
group at Duke University. Apolipoprotein E is a 
low-density cholesterol carrier; it comes in three 
varieties, commonly known as E2, E3, and E4. 
Although only two percene of the general popu­
lation has E4 from both parents, this inheritance 
accounts for about 15 to 16 percent of Alz­
heimer's patients. And if you only have one E4, 
you're twice as likely to develop Alzheimer's as 
the general population. Apolipoprotein E4 can 
form complex compounds with beta amyloid, 
converting it from a soluble peptide to an insol­
uble fiber very quickly. 

Besides discovering the genetic risk factors for 
Alzheimer's disease, recent studies in a variety of 
institutions have turned up some apparent 
protective factors against the disease. Anyone, no 
matter how intelligent, can develop the disorder, 
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Besides discover­
ing the genetic 
risk factors for 
Alzheimer's 
disease, recent 
studies in a 
variety of institu­
tions have turned 
up some apparent 
protective factors 
against the 
disease. 

but over the aggregate education appears to be 
somehow protective. I was involved in a 1987 
study of 5,000 elderly individuals in Shanghai to 

determine the prevalence of dementia. Since 27 
percent of this group had never been to school at 
all, and , of those, most couldn't read or copy 
simple figures, this created some testing prob­
lems. If you haven 't been to school and learned 
to copy when you were a kid, you don' t Start 
doing it when you're asked to do it during a 
dementia survey at age 70. So we adapted the 
tests we usually use in the United States to this 
situation. For example, our memory test used 
actual physical objects that were identified and 
touched and memorized. Because of the problem 
with visual copying, we used the block design 
from the children's intelligence test. We also 
llsed functional tests, bur instead of asking if they 
had any problems balancing their checkbooks, we 
asked if they had problems cashing their pension 
or salary coupons . 

We got very similar results whether we used 
the typical clinical criteria or whether we used a 
diagnosis based almost enti rely on functional 
changes. In the 75 to 84 age group, for example, 
of those who had more than middle-school 
education, 4 percent were demented; of those 
who had no education, 18 percent were dement­
ed; those with elementary education were in 
between, at 12 percent. 

A number of studies in such places as Bor­
deaux, France, and in North Manhattan have 
found the same kind of phenomena. The North 
Manha"an srudy found thar not only does lack 
of education, defined here as less than eight years 



In the process of 
embryological 
development, many 
neurons (blue) send 
out their nerve fibers 
(green) to contact 
their target cells 
(ye llow). But in this 
normal competitive 
process, many neu­
rons don't make it , 
and they die off. 

of school, double the tisk of developing Alz­
heimer's-type dementia, but low occupation had 
the same effect. Individuals with both low 
occupation and little education had an almost 
three-fold chance of developing dementia. We 
interpret this to mean that if you're educated, you 
may have a five- to seven-year delay in the onset 
of Alzheimers, and you'll have half the chance of 
someone with no education of developing it at 
all. Since the incidence of Alzheimers doubles 
every five years between the ages of 65 and 85, 
delaying the onset by five years would cut the 
prevalence of the disease in half. The question of 
course arises whether late-life education will help. 
We don't know yet, but it's something worth 
looking at. 

Robert Katzman earned his BS (1949) and MS 
(J 951) from the University of Chicago and his MD 
from Harvard Medical School (J 953), Milch of his 
career was spent at Alhert Einstein Coffege of Medicine, 
where he was chair of nellrology and professor of 
neuroscience. In 1984 he came to San Diego as 
professor of neurosciences and department chair at 
UCSD, Sin" 1994 he has been research professor 
of neurosciences. He has also held appointments as 
attending neurologist at the UCSD Medical Center 
and at the San Diego Veteran's Administration 
Medical Center. 

Paul Patterson 
Professor of Biology, Caltech 

The bottom line on Alzheimer's disease is the 
death of nerve cells. Neuronal death occurs in 
other pathological conditions-Parkinson's 
disease, stroke, and so on-and, in fact, it is a 
pact of notmal embryological development. All 
of us have undergone a massive amount of neu­
ronal death as embryos. Many neurons are born 
and send out their nerve fibers, or processes, to 
contact target cells, but only a fraction of those 
nerve cells actually successfully make contact and 
live. The rest of the neurons, from one half to 
two-thirds of them, will die as part of normal 
development. It is as if the neurons are compet­
ing with one another in a kind of Darwinian fight 
for survival. What they're competing for, in paft, 
are proteins called trophic factors- from the 
Greek word for nourishment-which are secret­
ed by the tatget cells. These tcophic factotS keep 
the neurons alive. 

One family of trophic factors consists of 
pcoteins telated CO nerve gcowth factor (NGF). 
NGF is secreted by particular kinds of targe t 
cells, and it has a certain molecular shape that 
allows it to bind very specifically to receptor pro­
teins on the surface of neurons that require it for 
survival. There are many other families of tro­
phic factors, each pcoduced by different target 
cells and each acting on different neuronal popu­
lations. One type of neuron that responds to and 
requires NGF is the cholinergic neuron, which is 
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Right: Different 
families of trophic 
factors, such as NGF 
(nerve growth factor) 
and LlF (leukemia 
inhibitory factor) are 
secreted by different 
target cells. Each of 
the trophic factors 
has a particular mo­
lecular shape that 
allows it to bind speci­
fically to receptors on 
the surface of the 
neurons that need 
it to survive. 
Below: After inter­
vention with trophic 
faetors, neurons that 
have started to shrivel 
up and lose contact 
with their target cells 
(center) are restored 
and their contacts 
reconnected (bottom). 

Target Cell II 
Target Cell I 

among the most prominent cells that die in 
Alzheimer's disease. 

These findings raise the possibility that we 
could use such trophic factors to interact with the 
specific populations of neurons that die in various 
neurodegenerative diseases. If a neuron starts to 

shrivel up and lose contact with its target cell as 
the disea'ie progresses, we might potentially be 
able to intervene with the appropriate trophic 
factor that could restore this neuron to health, 
allow it to reattach its connections, and thereby 
ameliorate the problems (say, memory loss) that 
its dying was causing . 

One of the challenges in such a scheme is de­
livery: How can we deliver trophic factors ro a 
person's brain? The simplest and most direct 
way is ro implant surgically, in the appropriate 
part of the brain, a tube connected to a pump of 
NGF. This is, in fact, actually being tested in 
humans, and extensive animal research is also 
being conducted. Rats are one animal model 
because as they age, they can display deficits at 
certain learning and memory tasks that are 
correlated with a loss of cholinergic neurons, 
as happens in Alzheimer's patients. 

When tissue slices from rat brains are stained 
to reveal cholinergic neurons, the brains of 
healthy, young adult rats show numerous such 
neurons, but the brains of aged rats show very few 
because the neurons have shrunk and disappeared 
as they do in Alzheimer's brains. But in an aged 
rat brain that has been injected with NGF, rhe 
neurons are larger and more numerous. Corre­
sponding behavioral tests have shown that in 
many cases the administration ofNGF nm only 
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rescues these neurons from death but promotes 
the ability of these rats ro learn and remember 
new ta"ks. 

There are, as you might imagine, some poten­
tial problems with implanting tubes in people's 
heads. Over months or years it might cause an 
infection in the brain, or the rube might move 
slightly, sending the trophic facror ro the wrong 
place, and so on. Therefore, considerable work is 
focusing on alternative methods of delivery. One 
on which we are working is a biological merhod, 
that is, implanting living cells that secrete large 
amounts ofNGF directly into rhe brain. Skin 
cells are isolated from rats , grown in culture in 
large numbers, and then injected with the gene 
for NGF (or another trophic factor on which we 
are working called LIF , for leukemia inhibitory 
factor). Cells thar are producing high levels of 
the trophic factor are selected for use as a living 
graft of cells to be implanted into the part of the 
brain where the neuronal loss is occurring, 

In addition to aged animals, other models 
involve surgical lesions placed in very discrete 
locations in the brain. In one surgical model, 
nerve fibers of cholinergic neurons are cut on one 
side of the brain, leaving the other, intact, side as 
a conrrol. In this case, the genetically engineered 
cells producing NGF are grafted into the lesioned 
side of the brain and the results assessed days or 
weeks later. When the brains of these animals 
are examined histologically, the tissue sections 
reveal that the lesioned neurons survive far better 
when they are near a graft of cells secreting NGF 
-they are large and healthy, with many sprouts. 
When the same experiment is done and the 
behavior of the rats is tested using the water­
maze test that Erin described, the performance 
of a rat whose cholinergic neurons have been 
lesioned is very poor. It displays a very poor 
ability to remember where the platform is 
located. In contrast, lesioned rats that have 
received grafts ofNGF-secreting cells display a 
markedly improved spatial learning and memory 
performance. 

A variety of experiments from a number of 
different labs around the world have shown that 
NGF and other trophic factors have the capacity 
to rescue neurons under many differenr circum­
stances. It does not seem to make a difference 
how the neurons have been made to atrophy­
whether by aging, surgical lesions, or various 
toxins; survival and growth can be improved with 
trophic factor under many roxic conditions. This, 
of course, ha"i important implications for diseases 
for which we do not yet know the causes. In 
addition, some reports have indicated that 
administering NGF to normal, healthy rats 



In the Morris water­
maze test, a normal 
rat quickly learns to 
find its way directly to 
the platform (blue 
square) hidden just 
below the surface of a 
pool of water, remem­
bering where it is 
from clues in the 
surroundings. The 
pool is represented 
here by the circle, 
and the rat's path is 
shown in orange. A 
rat whose cholinergic 
neurons have been 
cut cannot, however, 
remember how to find 
the platform and 
swims around in 
circles (center). But 
such a rat that has 
had an NGF-contain­
ing graft implanted in 
its brain can find the 
platform pretty well 
(bottom)-not as well 
as the normal rat but 
a big Improvement 
over the one with the 
resioned brain. 

A variety of 
basic-science 
experiments on the 
normal embryo­
logical death of 
cells and the role 
of trophic factors 
provide results 
that have direct 
applicability to 
the clinical study 
of a number of 
neurodegenerative 
diseaseJ. 

Normal 

Lesioned 

Lesioned 

with ~ NGF 
graft 

improves their learni ng and memory capacity. 
T his may g ive hope to al l of us! 

A fi nal interes ting point concerns another 
feature of the grafted cells in the brain. An 
experiment thar we've done in coJJaborarjon wjth 
Fred Gage of UC San D iego involves placing 
grafts ofNGF-secreting cells at some distance 
from NGF-responsive cells in the brain. In spite 
of this distance, the NGF-tesponsive neurons wil l 
send processes d irectly mward the g raft, ulti ­
matel y surround ing and infest ing it. The nerve 
processes do not grow randomly, but d irectly 
mward the g raft . T his means that we can control 
the djrection of nerve outgrowth by where we 
place the graft . This is experimentall y very 
useful, but it also points out a potent ial problem 
in app lying this technique in humans. If one 
misplaces [he graft or [he cube of NGF even 
slig htly, nerve processes might grow to the 
wrong location , and rhe patient could be worse 
off [han before. 

Al[hough i[ is st ill [he early days of [his field , 
one can draw several condusions at this point: 
1) A variety of basic-science experiments on the 
normal embryolog ical death of cells and [he role 
of trophic faCtors provide results that have direct 
applicabil ity to the clinical study of a number of 
neurodegenerative disea<;es- not only Alzheim­
er's disease, but Parkinson 's and others. 2) The 
applicability of such trophic factors to si tuations 
in which we do not yet know the cause of the 
disease is potentially very impormnr. 3) Animal 
models are essential for the study of these 
diseases. 

Finally, current work in our lab and that of 
many others is aimed in several d ifferent direc­
tions. It is cri t ical to find the best form of 
delivery, and to extend the rodent work into 
primate disease models. W e are also looking for 
new trophic faCtors that wi ll work on other kinds 
of neurons in the brain. Many types of neurons 
die in tbese neurodegenerative diseases, including 
Alzheimer's, and we want to find trophic factOrs 
for each of them. Past success in these areas pro­
vides hope for currently untreatable neurological 
diseases. 

Panl Patterson has been profeHor of biology at Caltech 
since /983 and executive officer fot· neurobiology since 
1990. He received his BA f rom Grinnell College in 
1965 and his PhD from J ohns Hopkins University 
in 1970. Before coming to Caltech he was on tbe 
neurobiology famlty of Harvard Medical Scbool. 
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A progenitor cell is 
one that hasn't yet 
differentiated-that is, 
it hasn't yet decided 
what it wants to 
become. It divides 
and generates 
daughter cells, which 
do differentiate and 
assume different David .J. Anderson 
fonns and functions. Associate Professor of Biology, Caltech 

Perhaps the most revolutionary potential kind 
of therapy for brain diseases is cell-replacement 
therapy, that is, transplanting cells to replace the 
function of neurons that have died in diseases 
such as Alzheimer's disease. In order to develop 
such a therapy and take it from science flction to 

science fact, we need to know, first of all , which 
type of cell we need to transplant. Since neurons 
are dying, it would seem to make sense to replace 
them with more neurons. But another cell, called 
a progenitor cell, is also being studied as a trans­
plant candidate in my own lab and in others 
around the world. 

A progen itor cell is a cell that we originally 
thought existed only in the embryonic brain. It 's 
an undifferentiated cell, that is, it doesn' t have 
any particular function except to make more of 
itself by dividing and to generate other ceIls­
daughter cells-which then d ifferentiate, taking 
on the specialized form and function that they 
need, in th is case, to make the brain do what it 
does. Progenitor cells have enormous prolifera­
t ive capacity; they can divide, which makes them 
much easier to cultivate in the laboratory than 
neurons, which can 't divide. A part icular kind of 
progenitor ceU, called a stem cell, gives rise to the 
greatest number of daughter cells, and can be 
thought of as the most primitive of the progeni­
tor cells. Progenitor cells are also ea<;y to grow, 
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and because they are immacure, primitive cells, 
rhey can adapt more easily than neurons can to 

a new environment, such as the one they m,ight 
encounter if transplanted into a brain. Cells are 
like people: a, they get oldet, they tend to get 
more set in their ways. 

Bur before we think about transplanting these 
cells, we need to know more about them, speci­
fically whether there's a special progenitor cell 
for each type of neuron , or whether a generic type 
of progenitor cell can give rise to all the different 
types of neurons that die in various neurologic 
diseases and therefore can be used to treat them 
all . In order to determine how many different 
cell types a progenitor cell can give rise to, we can 
study them in the laboratOry in two basic ways. 
One is to study them in culture. W e put the 
progenitor cells in petri dishes, and to some of 
those we add one kind of hormone-----o r factor, or 
signal-and then to other petri dishes containing 
the same kind of cells, we add a different kind of 
signal. Then we ask whether the progenitor cells 
d ifferentiate into different cell types in the differ­
ent petri djshes. And it turns out that they do, 
and we can define the menu of possible fates 
available to a progenitor cell by these experi­
ments. We don't know ahead of time what 
conditions, or factors, to use to get the cells 
to differentiate, but we can use this as a system 
to search for such conditions. This has the side 
benefit that once we know the conditions that 
will turn a progenitor cell ioro, say, a cholinergic 
neuron, or a neuron that makes dopamine, we 
might be able to use that information down the 
road to supply those factors along with the 
progenitor cells when they're transplanted 
into the brain. 

Another way to find Out what progenitor cells 
can give rise to is to transplant the cells into ex­
perimental animals such as rats. We can trans­
plant these cells, labeled with a dye, into an 
embryo (or an adult brain), and then follow them 
to see where they go and what they become. 
Such transplant experiments in my lab (in collab­
oration with Fred Gage at UC San Diego) and in 
several other labs around the country have indi­
cated that these progenitor cells are quite plastic, 
that is , they have a wide range of developmental 
capacities, suggesting that they could be used for 
more than one type of disease. But we still don 't 
know whether there is one single generic progen­
itor that we could llse to treat aU neurodegenera­
tive diseases . This is a goal of much current 
research. 

We have two methods of growing progenitor 
cells for these experiments . One method manip­
ulates the cells from the outside by supplying 



Above: Progenitor 
cells can be isolated 
and studied in culture 
to determine what 
conditions cause 
them to differentiate 
into specific daughter 
cells-neurons, say, or 
glial cells. 
Below: An isolated 
progenitor cell before 
it has begun to differ~ 
entiate. After it had 
grown in culture for 
two weeks, it differen­
tiated into the hun­
dreds of neurons and 
glial cells seen on 
page 14. 

them with nutrient molecules called growth 
factors, which bind to receptors on the surface 
of the ceUs and stimulate them to divide. The 
alternative way is to manipulate the cell from 
within-provide the cells with a gene, called an 
oncogene, whose product increases ceU divis ion. 
Recent experiments with both of these tech­
niques have made it possible ro generate large 
quantities of progenitot cells in the laborarory, 
start ing wi th very small numbers of cells. 

As I said earlier, neural progenitor cells are 
found in developing embryos. Experiments with 
animal models have indicated that such fetal cells 
behave much better than do adult cells when 
grafted into an adult brain, probably because 
they're more ptimitive and, therefore, more 
plastic. But in order to treat human diseases, we 
need to start with human cells (animal cells wi ll 
be rejected by the immune system). In Sweden, 
where such experiments have been generating a 
lot of excitement recently, reports have indicated 
that human feral cells transplanted into the 
brains of aged human patients (in this case to 
treat Parkinson's disease) are actually able to 
survive, grow, and differentiate over a period of 
years. In this counery, there are moral, political, 
and practical barriers to doing research with 
human feral tissue, but these techniques that 
allow us to grow large quantities of progenitor 
cells in the laboratory couJd allow us to generate 
an essentially infinite supply from a small sample 
of human fetal cells obtained on a one-time-only 
basis. That is, a single sample of fetal tissue 
could provide a potentially inexhaustible supply 
of progeni tor cells. 

Does any of this 
have a prayer of 
working? 

New reseatch also shows that the adult human 
brain contains a small reservoir of these progeni­
tor cells or stem cells. This discovery overturned 
dogma that had been accepted in neurobiology 
for a century. The existence of stem cells in the 
adult human brain opens up the possibility that 
we might be able to transplant a patient's own 
stem ceHs from a healthy part of the brain inro 
the part that 's diseased. Current research is 
focusi ng on ways to accomplish this. 

Does any of this have a prayer of working? 
Although it's not yet clear whether this kind 
of cell-replacement therapy will work for Alz­
heimer's disease, dramatic progress has been 
made using it in Parkinson's disease. This is 
encouraging, but we're not going to know 
definitely whether this kind of therapy can work 
until we have gained more understanding of the 
fundamental properties of neural progenitor cells. 
This is the kind of research that we do here at 
Caltech . Even though it doesn't have a medical 
school, it's a place where biological research goes 
on that is relevant to human medicine and 
human disease. The concept of using replace­
ment cells in therapy for diseases such as Alzhe­
imer's and Parkinson's has emerged directly from 
the kind of basic research into the fundamental 
biology of t hese fascinating cells that we, and our 
colleagues in other institutions, carry out. 0 

David}. A nderson earned his AB from Harvard 
in 1978 and his PhD from Rockefeller University in 
1983. Following a postdoctoral appointment at 
Columbia University, he came to Caltech as assistant 
professor of biology in 1986 and was named associate 
professor in 1992. He is alJO an associate investigator 
of the Howard Hughes Medical Institute and an 
adjllnct assistant professor of anatomy and "ll biology 
at the University of So 11th ern California School of 
Medicine. 
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Detail from Still Life 
with Fruit and Vegeta· 
bles, Frans Snyders, 
Flemish (1579-1657); 
courtesy of the Norton 
Simon Foundation, 
Pasadena, California. 
Fiber isn't everything. 

The Yang of Nutrition 
The Yin of Food 

by Paul Saltman 

To begin my talk about the science of nutri­
tion and the metaphysics of food, I'll tell you a 
story. On graduation from Caltech in 1949 I 
had the opportunity to spend a year in graduate 
school in Paris. When I got this news I said to 
my girlfriend, "Barbara, when I get back from 
Paris, we'll work things out." She said, "Big boy, 
when you get back from Paris, you ain't going to 
find me here." So we figured out that night that 
we ought to get married, and I proudly came 
back to Cal tech that evening, because I hadn't 
quite finished yet, and announced to my col­
leagues in Fleming House that Barbara and I 
were going to get married and go to Paris. 
Dennis Long, who was a great guard on the 
football team that year, looked at me and said, 
"Paul, you know, getting married and going to 
Paris is like taking a ham sandwich to a ban­
quet." Well, as a Jewish kid who was a connois­
seur of ham sandwiches, I have to say it was the 
best thing that ever happened to me. 

That story could fall into the category of the 
metaphysics of food. There's also a scientific basis 
of human nutrition. It's an exact science, almost 
as good as that of the physicists and the astro­
physicists, better than that of the cosmologists. 
The title of this talk came to me recently when I 
was invi ted to the People's Republic of China to 
talk about national food policy for China. Their 
whole food policy has changed because of the 
enormous transformation in the productivity of 
agriculture and distribution of food in China, and 
they wanted me to talk about this in the context 
of nutrition and health. As I thought about what 
I would say, my mind focused on a symbol out of 

• • • 

We live in a 
world of fears 
and phobias­
good foods, bad 
foods; health 
foods, junk foods. 
Can't we be good 
to ourselves? 

the Chinese culture, the symbol of yang and yin. 
It symbolizes so many concepts, but essentially 
it's the notion of the synergy of the wholeness of 
opposites. The yang, the black section of the 
symbol, is in a sense the "maleness" of it-the 
rigidity, the firmness, the strength, the unambig­
uous aspects of the universe in which we live. To 
me that constitutes the scientific dimension of 
our lives-the boundary conditions established 
by the laws of nature, which we need to bring 
into harmony with the yin, what the Chinese 
consider the "feminine," the mystical, the meta­
physical, the emotional, the ambiguous, and, 
above all, the sensual aspects of our lives. 

I like to think of all this in the sense of the 
dimensions of human potential. As I see it, we 
move in a three-dimensional space, each one of us 
being at the focus of the three coordinates in the 
diagram on the following page. You come out 
with a certain set of DNA; that's a crapshoot at 
To-not a lot you can do about it. We've got 
faculty here and at UCSD who are cutting genes 
to measure, and someday, perhaps, we can be 
fitted for whatever genes we want. But for now 
our genetics is a given. Then we all have a 
physical and biological and chemical potential, 
which we don't brood much about either. The 
physical forces that can affect the genetic conse­
quences of our birth-the physical dimensions 
of our lives that compromise our DNA-include 
radiation of various kinds, various thermal gra­
dients, if you want to think of it that way, and, of 
course, things like running Ferraris into cement 
walls. The biological dimension can also affect 
the potential we're born with. All sorts of 
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Remember the 
first law 0/ 
thermodynamics, 
which says, if you 
eat it and you 
don't burn it, you 
sit on it. 

Of the three dimen­
sions of the human 
potential, genetics is 
the one you can't do 
anything about. But 
you can affect the 
physical, biological, 
and, especially, the 
chemical dimensions 
(the yang), and the 
sentient aspect (the 
yin). Sentient 

potentially cataclysmic biological phenomena can 
threaten us, from AIDS and the Ebola virus to 
the microorganisms that contaminate water and 
food. 

My talk mainly concerns the chemical dimen­
sions of our lives, not in the sense of, say, smog, 
which is caused by a chemical reaction and cer­
tainly does affect our lives, but rather in the sense 
of the chemical environment that nourishes us 
from that moment when we were a single ferti­
lized egg in our mother's womb. What essential 
nutrients did we receive-or not receive-that 
promoted or compromised our growth and devel­
opment? And after we were born, what nutrients 
fed us, nourished us, and allowed us to manifest 
our human potential as originally given to us in 
our DNA? 

Last, but not least, is the sentient aspect of our 
lives. What kinds of images, what kinds of pro­
jections address our brain from the five senses of 
our body that shape us as human beings? What 
do we taste? What do we smell? What do we 
hear, see, feel? We are all potentially limited or 
unlimited by those sentient potentials. 

I'll come back to the sentient-the yin-later, 
but first let me go back to the chemical dimen­
sion of the human potential and the notion of 
human nutrition. And I'm not going to give you 
the Saltman diet, but rather your own individual 
and unique diet in the sense that there is an 
infinite number of perfect diets for each of us. 
The most important issue in any diet is calories. 
I know a lot about calories; I got a D in thermo­
dynamics from Stuart Bates [professor of physical 
chemistry}. God, that was a miserable course! 
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Actually, it wasn't from Stuart Bates that I really 
understood calories. It probably came more from 
a literature course-with Paul Eaton or Harvey 
Eagleson-when we were reading the poetry of 
Gertrude Stein and I suddenly realized the 
importance of her great poem about how a calorie 
is a calorie is a calorie. I'll bet in your heart of 
hearts you don't believe that for a minute. You 
believe that fat calories are bad and carbohydrate 
calories are good and protein calories are OK. 
But I'm going to try to convince you that all of 
them are equal, and that some are not Orwellian­
ly more equal than others. We need a finite 
number of calories in our body-the number that 
it takes to maintain the body's energy at its basal 
metabolic rate, a few more to digest the food we 
eat, and the rest of the calories to run around, 
jump up and down, and go skiing and surfing 
and all those other metaphysical aspects of life. If 
you consume fewer calories than you are burning, 
you lose weight. If you consume more, you gain 
weight. Remember the first law of thermody­
namics, which says, if you eat it and you don't 
burn it, you sit on it. 

The number of calories you need is, of course, 
linked to genetics; we inherit our basal metabolic 
rate. There are fat rats and thin rats, and there 
are fat genes and thin genes. But don't wait for 
the gene fairy to come and give you a transplant. 
You can't control the situation, but you can rec­
ognize it. If you've got fat genes, that is, if your 
basal metabolic rate is very low, you have to eat 
less and run more. That's the first law revisited. 
I'm talking lifestyle here, exercise. I've done a lot 
of work with athletes, starting in myoId jock 



There iJ no stich 
thing aJ an emjJty 
calorie. 

days at Caltech. Some of the numbers freak me 
out-a Tour-de-France bike rider uses 10,000 
calories a day in the mountain runs. You can't 
eat 10,000 calories a day. They have to go 
through laborious efforts to get 10,000 calories 
into their bodies every day, or their bodies start 
to waste away and burn their own muscle. Your 
metabolic rate is also dependent on your age (it 
slows down as you grow older), your sex, your 
size, and whether you're pregnant. 

What does all this say aboUt nUtrients) You 
know, we're nothing more than applied biochem­
ical systems (sounds like a corporation~Applied 
Biochemical Systems), We need 44-,·coullt'em 
--44 chemicals, I can define everyone of them. 
give you its structure, talk about its function, and 
tell you if it's synthetic or natural (it doesn't 
matter). You need them in finite amounts, 
which are partly a function of your age, sex, and 
lifestyle. Where are you going to get them? 
Well, you should be getting them {j'om the food 
that has the calories and that is consonant with 
your lifestyle. This is the chemistry that Harry 
Gray should have taught you, or Linus Pauling, 
or Norm Davidson, or whoever taught you, 

Let me tell you another story, One night in 
1970, a woman named Judith Taylor came imo 
a Toronto hospital with abdominal pains. They 
opened her up and fiYLlIld she had gangrene 
tbroughout her ent ire intestinal tract; the sur­
geon bad to remove the whole thing. A young 
Indian physician, Dr. K. N. Jeejeebhoy, who was 
present that night, came up with an idea, and 
from then on, Judith Taylor and now tens of 
thousands of orhers of all ages have been sus­
tained on an imravenous solution called total 
parenteral nutrition, or TPN, containing 44 
chemicals in six major categories. All TPN bags 
are the same, in terms of having the same 44 
chemicals, but the amounts are a function of the 
age, sex, and lifestyle of the individual who 
requires those nutrients, 

First and foremost of the major categories is 
water. We are creamres in a biological world of 
water. I don't want ro go into all the details of it 
as a solvent, as an ionizing material, as a heat­
control mechanism. a chemical reactant-all sorts 
of beautiful things, You have to have water, 
eight glasses or its equivalent per day, What do I 
mean by "or its equivalent?" Does it have to be 
Evian or Perrier) Can it be Pasadena rap) Of 
course. Does il matter if it's coHee, beer, tea, or 
milk? No, How about Coke) Oh, but that's a 
junk food: won't it kill my kids, rot my brain) 
No; it's basically water and that's the important 
thing. The biggest problem with water as a 
nutrient is that frequently i[] underdeveloped 

nations of the world, it's the carrier of disease. 
Bur \I'e have to have it, 

The second component in the TPN bag is 
calories. Uh-oh; there's that dirty word again. 
Why, as the Jews would say, was that night in 
the Toronto hospital diHerent from all other 
nights? That was the night that Dr. Jeejeebhoy 
figured oUt how to use the technology that the 
Swedes had developed of putting lecithin, a 
phospholipid, into a stable suspension. He 
realized that he could put that suspension in a 
bag, so that an individual could get adequate 
numbers of calories to sListain life. You cannot 
put enough glucose or amino acids to provide a 
day's ration of calories into human beings 
without upsetting their electrolyte balance and 
killing them. But when you put lipids-fats­
into that bag, you can get adequate amounts of 
calories to sustain life and growth, 

In most total parenteraillutrition bags, 55 
percent of the calories come from fats, And what 
do the "croaker1>" tell you, the guys who wear the 
white COats with stethoscopes and little names 
over the pocket, the guys with the beards, the 
Dr. K()ops~ They tell you :30 percent, don't they? 
So how come all these people on TPN haven't 
dropped dead? The French get 45 percent of 
their calories from fat, and they have half the filte 
of coronary heart disease and half the rate of 
obesity that we have. But fat is bad, you say. 
We klllfll' that, don't we? There are guys running 
around Lip in San Francisco with bean sprouts in 
their ears telling us we have to get down to 10 
percent. 

Oh, you say, with the French it's the wine. 
No, it isn't, my fr.iends; it's the total calories. 
You want to know what the curse of£.'lt is) I'm 
going to tell you, even though I'm getting ahead 
of myself here. It's the metaphysics of the titt. 
Did you know fat had metaphysics? You bet 
your ass--literally and figuratively. Fat makes 
food taste good. Nobody has ever asked lor 
seconds on total parenteral nutrition. Fat makes 
fi)od ta~te good, and so we eat more food. And 
when we eat more food. we get more calories. 
Very simple. You don't have to have a PhD from 
Caltech. A simple bachelor's degree will do. 

What else in the bag gives you calories) 
Glucose. My God, that's a sligar! Sugar's bad. 
We know that, don't we? Sugar rotS your teeth; 
sugar causes hyperkinesis in little children; sugar 
causes homicidal tendencies in ex-city council­
men from San Francisco. Did you know that 
sugars-·glucose (or sucrose if you, unlike people 
on TPN, have a gut to digest it)··--or complex 
carbohydrates, are absolutely required for life? 
There is no such thing as an empty calorie. Sugar 
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is a precursor for pentose, and for oxaloacetic acid, 
which runs the Krebs cycle, the series of chemical 
reactions that oxidizes food to provide energy 
and release carbon dioxide and water as waste 
products. Diabetes is a fatal disease, in which the 
cells don't get adequate glucose. So don't talk to 
me about empty calories. 

Next on the list come minerals: sodium, po­
tassium, calcium, magnesium, sulfate, chloride, 
phosphate. Did I say sodium chloride? But we 
know that sodium chloride is bad for us, don't 
we? It causes hypertension. For everybody? No, 
only if your kidneys are rotten. If you've got 
lousy kidneys then the salt is very toxic. Fifteen 
percent of the population has lousy kidneys. So 
tell me, what the hell are the other 85 percent 
doing running around looking for pretzels with­
out salt? Bad kidneys are caused by bad genes, 
obesity, stress, smoking, or excessive amounts of 
alcohol. But salt doesn't cause bad kidneys; salt 
causes hypertension if you have bad kidneys. If 
you've got a problem, deal with your problem. 

Calcium is another mineral in the bag. I've 
published a lot of experiments on calcium; I'm a 
calcium guru. We were the first ones to show 
that bone loss in postmenopausal women can be 
reversed with 1,000 mg of calcium plus one 
RDA (recommended dietary allowance) of zinc, 
manganese, and copper. A thousand milligrams 
of calcium is a quart of milk. Even better is 
1,500 mg-a quart and a half of milk, a quart of 
yoghurt, or a quarter of a pound of cheese. But, 
you say, you eat a lot of dark-green, leafy vegeta­
bles. Do you eat four and a half pounds a day) 
It's chemistry, folks. It's Dr. Ernie Swift's 
analytical chemistry revisited. Most women in 
America get 500 mg of calcium a day on aver­
age-half of what they need. Is it any wonder 
that 30 percent of postmenopausal American 
women have osteoporosis? 

We need essential amino acids-I won't dwell 
on them. There are eight of them. We get them 
from the protein in our diets. Don't let people 
kid you that vegetarianism is God's own way. 
Maybe it is Her way, but if it is, you'd better be 
sure that you balance the grains and the legumes, 
because you're not going to get those eight essen­
tial ami nos if you don't. Most people who are on 
strict vegetarian diets never get the amount of 
essential amino acids for proper growth. 

Then come the 13 vitamins-4 fat soluble, 9 
water soluble. We know the structure and func­
tion of all of them. Does it matter whether 
they're synthetic or natural? No. Are there any 
data that say that megadosing does anything? 
No. Here I'm saying it in Linus's own palace. I 
love Linus, but he was wrong about vitamin C. 
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There are no data that support him on the claims 
that megadosing of any vitamin prevents or cures 
disease, antioxidants notwithstanding. (I work 
on antioxidants; I know about free radicals. In 
fact, I had to stop Angela Davis, then a student 
activist, from exploiting UCSD when I went 
there.) If you're having deficiency problems, 
that's something else. Or if you're pregnant. 
Birth defects and malnutrition among the poor 
are a big problem in this country. Too many 
young women give birth to premature babies 
because they don't have the vitamins and the 
minerals and the trace elements. Folic acid 
deficiency is directly linked to spina bifida, and 
any vitamin deficiency gives rise to malforma­
tions. It's damned tough to get 100 percent of 
the U.S. RDA if you're trying to do it in food off 
the shelf. Should you try to do it in food? Of 
course. But it makes no difference if you get 
what you need from vitamin supplements or 
fortified foods. It's in the bag. That's all that 
counts. 

Last come my favorites: the trace elements, all 
11 of them-including the iron, the copper, the 
zinc, the manganese, the fluoride, the iodine, the 
selenium. I got tenure on these elements. The 
biggest nutritional-deficiency disease in America 
is iron-deficiency anemia, and with it goes copper 
deficiency, and frequently manganese and zinc as 
well. In my classroom at UCSD I get very bright 
kids; the only kids brighter are the Caltech stu­
dents. I ask these wonderful kids in my class, 
"How many women in this room eat meat four or 
five times a week?" No hands go up. "How 
many eat it twice a week?" One or two hands go 



Left: Still life with 
Cooking Utensils, 
Jean.Baptiste Simeon 
Chardin, french, 
1699-1779; courtesy 
of the Norton Simon 
foundation, Pasade­
na, California, estate 
of Robert Ellis Simon, 
1969. 
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up. "How many don't eat meat!" All the rest of 
the hands go up. I say, "Where are you getting 
your iron!" "Oh, Dr. Saltman, don't worry about 
it," they say. "We love dark-green leafy vegeta­
bles." Do you know how much broccoli you have 
to eat to get one U.S. RDA of iron! Eight and a 
half pounds. You can get a lot of reading done 
on that kind of diet. Read my book; you'll get 
through it in one day. 

Some of you will say, "Oh, not to worry, doc; 
I eat fish and chicken." Do you eat three times as 
much fish and chicken as you would if you ate 
red meat) That's the analytical chemistry of how 
much iron, how much copper, how much zinc is 
in fish and chicken compared to red meat. If you 
still insist that red meat ruins your karma, I sug­
gest an iron supplement. 

That's the bag-the 44 chemicals. Now, what 
happens to them when they get into your body) 
let me review briefly the biochemistry that you 
have been studying lately as you get your chil­
dren through their eighth-grade biology class 
(because if I don't take you through this, you're 
still going to believe that filts arc different and all 
that other stuff). Complex carbohydrates (starch­
es) are broken down in our intestine into sugars 
and then absorbed. Proteins are broken down to 

polypeptides and then to the amino acids. Sugars 
and amino acids are interrelated; they are inter­
convertible in our cells, and they can be built up 
or down depending upon how the body needs to 
store them. We store complex carbos as glyco­
gen. You sometimes hear athletes talk about 
glycogen loading before a race. I'll tell you this: 
if you're not in the upper one half of one percent 

v 

of world-class triathlon or marathon people, don't 
even think about it because it's trivial. Only 
about half of one percent of our dry body weight 
is complex carbohydrate as glycogen. Most of the 
carbos in your body circulate as glucose. Ulti­
mately the sugars go into respiration in the Krebs 
cycle, and so do the amino acids. But fats, 
whether we eat the fat or make it by converting 
sugars or amino acids to fats, arc our primary 
form of stored energy. Fats cannot be converted 
effectively to amino acids or sugars. And here's 
where we get into the first law: if you have exces­
sive amounts of calories, which you eat but don't 
burn, whether it's from carbohydrates, amino 
acids, or fats, you store that excess as fat. 

This is actually good news. Fat is a marvelous 
high-test aviation fuel that we can call up, break 
down, and burn. At optimal performance, great 
athletes can burn 70 percent [,It and 30 percent 
carbos; that's the carburetion of a great athlete. 
If you're really in terrific shape, you've got the 
ability to metabolize the sugars to oxaloacetic 
acid, which is necessary to run the Krebs cycle 
and thus burn your fat, which is the best stored 
fuel that you can use, and be a champion. Thus 
fats metaphorically burn in the flame of sugars in 
all of our cells. The trained athlete is conditioned 
to have better oxygen delivery to muscle via bet­
ter lung capacity, more red cells, and increased 
myoglobin. Further, athletes have more mito­
chondria, site of the Krebs cycle and the burning 
of the fat. The "couch potato" will rely primarily 
on carbohydrate for energy and thus be less 
efficient in burning the stored fat. 

Remember how oxygen gets to your cells! It's 
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transported in the blood's hemoglobin, which 
contains most of the body's iron. Then it dumps 
onto myoglobin, another iron protein, and then it 
goes on to the mitochondria. All the chemicals 
in the bag are part of this process-all of the 
coenzymes that are made from the vitamins, all 
the trace elements that are required as cofactors, 
all of the mineral salts that are required for 
electrolyte balance. 

When the Dietary Guidelines for Americans 
-the McGovern Report (some of us are still 
Democrats despite Mr. McGovern)-came out 
in its first edition, it was considered government 
policy for a healthy America. They gave that up. 
Now, if the United States of America consulted 
with good scientists and physicians, and thought 
rationally about dietary matters, and then came 
up with this set of guidelines, is it any wonder 
that people go into the supermarkets wondering 
about the labels? Have you read the label on your 
favorite breakfast food lately? One of my stu­
dents told me this one: she went into a super­
market and was going to buy a low-cal chocolate 
pudding. She compared it with the regular 
chocolate pudding of the same brand and dis­
covered the low-cal was three times the price. 
But in reading the labels of the two packages 
she couldn't figure out how they were different. 
Then she discovered, in the directions for prep­
aration, how the one becomes low-cal, low-fat 
chocolate pudding: you make the low-cal 
pudding with skim milk. 

Let me go through our national guidelines one 
by one. "Eat a variety of foods." My grandmoth­
er knew that. But the variety my grandmother 
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served, based on her childhood in her gabernya of 
Bessarabia, was a hell of a lot different from that 
in the supermarkets of America. If you talk to 
little children in this country, it's a question of 
which flavors of ice cream constitute the variety. 

"Maintain a healthy weight." What's a 
healthy weight? Is the ideal weight that of a 
young woman who's anorexic? Ten percent of 
the women on my campus are anorexic or buli­
mic. Is it the weight in the Metropolitan Life 
Insurance tables? These height/weight tables tell 
you that if you're this age and this height and 
this sex, your chances of living one more year are 
enhanced if you're within this weight range. 
That's all. Another measure is body-mass index, 
which the National Institutes of Health advises 
using to assess health risks (you can read about it 
in my book). Assessing health risks is an impor­
tant admonition, because obesity is a disease. 
Don't talk to me about fat in your diet; talk to 
me about fat on your body. Conditions correlated 
with obesity include coronary heart disease, 
stroke, late-onset diabetes, some forms of cancer, 
hypertension, and gall-bladder disease. About 
the only morbidity activities left are guns, drugs, 
and driving Ferraris into cement walls. 

Getting back to our national guidelines, we 
come to: "Choose a diet low in fat, saturated fat, 
and cholesterol." Where did that come from? 
Why do you include cholesterol with fat) Well, 
it's a lipid, isn't it? And everyone knows that 
cholesterol is bad for you, don't they) Does 
Judith Taylor, the first person to derive all her 
nutrients from TPN, have cholesterol in her 
body? You bet. She has as much as you do; she 
makes it all herself. You make 85 percent of your 
cholesterol yourself; you can take or leave the 
other 15 percent. Some people make too much 
cholesterol because they've got lousy genes or are 
obese. And as for fat-is saturated fat different 
from unsaturated, monounsaturated, or polyun­
saturated fat? Recent studies show them all 
coming out about the same. A calorie is a calorie 
is a calorie. A lipid is a lipid is a lipid. Polyun­
saturated fatty acids are essential. That's what 
lecithin has in it. Why is the government telling 
us to avoid these things? 

"Choose a diet with plenty of vegetables, 
fruits, and grain products." Why? An apple a 
day is supposed to keep the doctor away. But 
what's in the apple that's in the bag? Water, 
sugar, a little bit of potassium, sodium, lO 
percent of the U.S. RDA of vitamin C. Where's 
the protein? Where's the calcium? Where's the 
iron? Where are the other vitamins? But it's got 
fiber! Did you see any fiber in the bag? Judith 
Taylor has no bowel. Judith Taylor has no bowel 
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movements. Bur if you have a bowel, you'd 
be((er have bowel movements, and you'd better 
have fiber. The real good news aboLJ[ fiber is chat 
YO Ll can 't diges t it; it fi lls you up so you don't eat 
so many calories and don't ge t fat. Do you want 
to know whac's the most n utrit iolls food in terms 
of its nutrient density that you can buy in a 
supermarket ? Pizza. I'm serious. All the nutri­
ents fro m rhe bag are in a well -made pizza. O f 
course everyone eats pizza because it's good fo r 
them, fight? And as a man er of face, i t is good 
fo r you-if you don't take roo many calories. So 
\Vh,H is t h is "vegetables, fruits, and grains" stuff 
all about? The g reatest th ing abom a vegecarian 
diet is that you can" t eat enough of it co make 
YOLI far. 

The next bit of pol icy tel ls us co use sugars 
moderately. Does that include polysaccharides 
and complex carbos? Ie doesn't say, bllC it 
implies that all sugars are bad . Do you know 
wbat food most p romotes tooth decay? Dried 
frui ts . T hey sti ck to your teeth and rot them. 
The next worst food is a "healthy" granola bar. 

T he next item~sal t and sodium-I've already 
discussed , and that brings us co the last point: "If 
you drink alcoholic beverages, do so in modera­
tion." Moderat ion in whose m ind's eye? Actual­
ly, the statistics are pretty cie-dr on rh is one, and I 
believe them and I praccice them , 1 d ri nk rwo 
g lasses of wine a day-for medicinal reasons only, 
of course. Wine does reduce coronary he-drt d is­
ease, stroke, and st ress. T hat's the good news. 
The bad news is that zinfandel has no calcium. 
I supplement calci um. 

W hen I spoke to [he Chinese, I told [hem: 

The Way You Hear It 
Is the Way You Sing 
It, .Ian Steen, Dutch, 
16~1679j The Royal 
Picture Gallery, 
Mauritshuis, The 
Hague. These three 
generations in one of 
Steen's many paint· 
ings of a "merry 
company" seem to be 
enjoying their wine 
and food quite merrily 
indeed. But the 
painting's title implies 
a warning not to lead 
the young into 
intemperate ways. 

Don't follow the American principles. Listen to 

me ins tead. J believe that any national food 
policy must beg in with an adeq uate food supply. 
In a day and age when we atgue about school 
lunch prog rams and food stamps, just remember 
that although many of us are well fed and obese, 
there are a lot of people who are not well fed. 
And in China it's a hell of a lot worse. Any 
Chinese food pol icy, and any U oS. food policy, 
must ensure that there's adequate food to be 
supplied and distributed. 

Second, we need to have adequate nutri tional 
knowledge, Probably maS[ of you didn't know 
about [he bag, didn't fully apprec iate [he 44 
chemical nu tr ients, and believed in the evils of fat 
and so on. Bur if you thi nk you're ignorant , you 
should look a[ [he m iddle school and high-school 
kids in America. The Uni ted Scates ranks 18[h 
nation in the world in elementary- and second­
ary-school math and science education . 1 fi nd 
elm appalling, Af[er [he sixth g rade, 70 percent 
of American ch ildren never take anOther math 
or science course. So we should get nutritional 
knowledge to the kids in elementary school, and 
they shouldn't be taught by some home econo­
m ist ru nn ing around with four basic food groups 
or pyramids . Teach them to understand chemis­
rry and biology so [hey can make intelligent 
decisions abou t theit lives based on that under­
stand ing. 

Next we need to address the special needs of 
pregnane women, the spec ial needs of children 
during growth , and the special needs of women as 
opposed to men, of young and old, and of people 
with diseases chat need to be treated. Don't try 
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co make one diet fit all. There is an infi nite 
numbet of diets that can be tailored for each 
person. 

We also need to exercise some personal respon­
sibility. W e've developed a docror cu lt in Ameri­
ca. Some of my best fr iends a[e physicians, bur I 
think they've done a terr ib le thi ng fo r them­
selves. T hey have convinced the people of this 
country that w hen they lay on hands d iseases go 
away, and thereby they absolve LIS of responsibili­
ty for ou r own health. We have come to believe 
that whatever dangerous excesses we indulge in, 
doCtors and medical science will take Care of LIS, 

W rong . In the first place, doc tors can't Cllre 
everything, and in the second place, with the 
H MO gatekeepers we' ll never get near them in 
the fm ure anyway. 

And last: celebrate foods and culture. H ere's 
where the yin comes in. We live in a world of 
fears and phobias-gexld foods, bad foods; heal d, 
foods. junk foods . Can't we be good to ourselves? 
Before I went to China .l saw a wonderful film 
called Eat Drink iVlan \'(/oman. It's a celebration 
of food as life and love. And it \Va, also very gexxi 
nmrition-the best Cantonese you'll ever see, and 
if YOll don ' t salivate through om the p icture, 
you're insensitive, Food is love. The 1963 film 
Tom Jones contains three and a half m inutes of the 
most ero tic sex I've ever seen on film in my life, 
(I show the scene to my nutri t ion class, because 
they're tOO you ng CO remember it.) T he man and 
woman in the scene are fully clmhed; they don't 
couch one another. The e roticism is all clone 
through food. Food is life. The Catholics don't 
do wafers and wi ne for nutri t ional value. And if 
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you th ink it's fu n e'dt ing Pesach d inners, you' re 
crazy. 

When my book, Tbe Ullit;ersily of Ca/ijomiCi 
San Diego Nlllritio1J Book, first came OUt, I went on 
a book tOur. 1 was in Cleveland, and there's this 
d isc jockey, a real tO ugh cookie, who was going 
to inte rview me. He'd read my book. I knew 
that because he'd underlined a lot of passages. (I 
ger very nervous when I see tha t . It means the 
kid 's been studying and I'm in t rouble.) So he 
starts off by asking me what I think of some 
currently popular life-extens ion dic[. 1 said, "My 
fri end , the issue isn' t extend ing life; as f.1 r as I' m 
concerned [he issue is [he quality of life." Then 
th is rasca l goes right for [he jugular. He says, 
"Dr. Saltman, would YOll define the quality of li fe 
for me." So I blurred out the follow ing defini­
tion, and I leave you wi th this: 

I said that for me, personally, it's to be sound 
of m ind and sound of bod y and free of pain. 
That's one quali[y. The second qUi.llity of life for 
me is to love and be loved . And the third qual ity 
is to share good wi ne and good food with people 
you love and who love you , and who are sound of 
mind, sound of body, and free of pain. May you 
be so blessed. -

011 Calted,s 1945-46 baJke/bal1 tealll. 6'5" 
freshlllan Paul (" The Goon lJ

) Saltlllall waJ the only 
civilian 011 an otherwise etll-Netvy sq/{elcl. He pla)'ed 
center forfonr years, and as team captain ill his senior 
year Ulas the leagmJs third highest saJre1". Playing 
basketball al Caltech IClllght him, he SclYS, holl' to lose: 
'·bllt 1 also learned thaI YOII play for the gClllle (emd the 
ones that you won were terrific) . so I J·/ef,yed in science. " 
He received hi.r /3S in (;hemiJtry in 1949, and, ajier 
Pelris, ,-ell/rmc! to Caltech to earn his PhD in biochem­
iSfl)' in J 953. After 14 yean 011 the familY of the 
USC School of Medicine. Saltll/an /!loved to UC Sail 
Diego in J 967. Illhere he is professor of biology. Cdl­
tech's DiJtingllished A IIf1Jlni Award of 1973 cOlmts 
among hir 1I/any awelrds. This Clrtic!e was adaiJted 
/t"Ot1l his general-JeJSion Jpeech at Seminetr Day laJt 
May, which in tun; was adapted from em address to 
the InternCltioJleli Sym/Josium on NlltritiOIl and Fitness 
in Beijing in October 1994. His Seminar Day talk: 
which tlklS extremely well received. precipilcl!ed lUI 

aillmlli 17m (011 the liMy to Lillich) 011 SaLt1Jlar/s book, 
T he University of California San Diego Nu[rition 
Book (cOtlftthorsJoel GlIrin and Ira i\1 othner; Little. 
Brown and Company, J 987, 1993). The Caltech 
Bookstore (Mail Code) -51, Pasadena. CA 9 J J 25: 
pbolle: 800-514-BOOK) has sillce restocked (Ind is 
willing to fill orden The book, which Science maga­
zine called "acmrelte and allthorilalive . .. /Jm to 
rea"''" costs 12.95; add $4.00 for h(mdlillg alld 
shippillg. 



Recollections 

Prompted by readingJudith Goodstein's 
history of Caltech, Millikan's School,Jack 
Allen wrote to the Goodsteim with some 
historical anecdotes of his own. Like his old 
friend David Goodstein, Allen was in low­
temperature physics. He came to Caltech in 
1934, where attempts to liquefy helium were 
not successful, whereupon he went on to 
Cambridge University, where he co-discovered 
supetfluidity in liquid helium. Before he 
retired, he was chairman of the physics 
department at St. Andrews University in 
Scotland. Along the way he encountered a 
number of the major jigttreJ in 20th century 
physics, including some of Caltech's best and 
brightest, whom he observed with a keen 
appreciation of the ab.rurd. He has graciouJly 
allowed E&S to publish some of hi.r recollec­
tiom, premming that none will invite legal 
objection. 

When R. A. Millikan was still in 
Chicago, he was working late one night 
and then walked home across the dark 
campus. On the way a chap bumped 
heavily into him. Millikan thought he 
was being mugged. He felt for his 
watch in his upper left waistcoat pocket 
and felt nothing. He grabbed the man, 
shook him till his teeth nearly fell out 
and shouted, "Give me that watch!" 
The chap, now terrified, gave him the 
watch and ran away. When Millikan 
got home, he found he had two watches. 

Another story about Millikan 
concerns his attempt to find out the 
nature of cosmic rays. He had a nice 

waterproof, gold-leaf electroscope and 
wanted to test the absorption of the rays 
by water at different latitudes. The 
farthest north was to be James Bay, part 
of Hudson Bay. On the way he stopped 
in Toronto and hired a rowboat to do a 
test in the Toronto harbor. Unknown to 
him, J.c. McLennan of the University of 
Toronto (who was there when I got my 
PhD at Toronto), was doing something 
similar; the nature and origin of cosmic 
rays was a hot subject in the early twen­
ties. McLennan also had a rowboat and 
an electroscope, and by chance they were 
both in their boats in the bay at the 
same time. They were both hot-headed 
and keen on priority. So, with neither 
telling the other what they were doing 
(although they knew perfectly well), 
they each proceeded to try to ram the 
other's boat. After one or two bumps 
they decided it was unrewarding to pur­
sue, so they parted, still saying nothing. 

* * * 
Theodore von Karman had a great 

sense of humor. He liked to show that 
the Karman street of alternately right­
and left-handed vortices is what makes 
flags wave in the breeze-among other 
things. He claimed to have the highest 
frequency of car collisions in California, 
and was of the opinion that the distance 
between successive collisions could be 
treated as a mean-free-path problem 
in kinetic theory. 

* * * 
Richard Tolman was chairman at a 

conference I once attended at Stanford. 
One speaker was of Chinese origin and 
had a name spelled something like 
H yem Hsieh. Richard looked at the 
paper, hesitated a minute, and then 
introduced him: "We will now have a 
paper on ... by, hmm, by Dr. YMCA." 

*** 
I only got to know Werner Heisen­

berg after the war when I got him to 
come and give us some lectures. At a 
celebration dinner at the end, he gave a 
little farewell speech, telling us how he 
became a physicist. He had intended to 
study math, and, in those days, to enroll 
in the University of Munich, one had to 
go to the professor and ask to be admit-

ted. He went to the math professor's 
office and sat across the desk from him. 
Unknown to Werner, the professor's dog 
came in each day and slept under the 
desk. Werner, changing position, 
moved his leg and caught the dog, who 
snarled and nipped his ankle. Werner 
jumped up in pain and ran from the 
room, chased by the dog. He sought 
refuge in the room of the professor of 
physics-that was his story. I liked him 
enormously and we kept up New Year's 
letters for years until he died. 

* * * 
Niels Bohr went to America in the 

early years of World War II. Once, 
when he was incognito, riding the ele­
vator to his secret office in a New York 
building, Bram Pais also happened to be 
in the elevator. He said, 'Tm pleased to 
see you, Professor Bohr." Bohr replied, 
'You must be mistaken; I am Mr. 
Black." Then he said, "You must be Dr. 
Pais," to which Bram replied, "You are 
mistaken; I am Mr. White." Then they 
chatted together. Another story about 
Bohr involves Rutherford's funeral. 
Bohr was an official mourner at the 
ceremony in Westminster Abbey and 
had to wear a top hat. He had a very 
large head, and it was only after a long 
search in London costumiers that a top 
hat big enough for him was found. 

* * * 
In about 1950 I attended a lecture 

given by Max Born in London. During 
the question period Maurice Pryce asked 
a rather impolite question (he was like 
that). He said something like, "If you 
had been born yesterday, I could have 
understood your statement about ... " 
Max replied, "I was Born yesterday; 
I have always been Born." 

*** 
Erwin Schrodinger gave the closing 

talk at the low-temperature conference 
in 1946 in Cambridge. He remarked 
that it was such a pleasure that everyone 
gave their papers in English. Why, even 
Walter Heitler and Fritz London (then 
both at De Valera's Dublin School of 
Advanced Studies, which aped Prince­
ton's) had refrained from using their 
native Erse. It brought the house down. 
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The Eocene ended 
with a major 
(the biggest since 
the death of the 
dinos)} but grad­
ual} extinction} 
notes Farley. 
U!t}s not like the 
KIT boundary} 
where everyone; 
happy one day 
and dead the 
next. }} 
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3He Tells Death Knells 
from the Seafloor 

If you can write your name in the 
dust on top of your piano, it's not your 
sloppy housekeeping that's to blame, 
but the fact that you're engaged in an 
unequal struggle with the universe. 
Every year, some 40,000 metric tons of 
interplanetary dust rains down on us­
from the tails of Earth-crossing comets, 
from asteroids grinding against one 
another, from Heaven knows what. Not 
all of this goes straight to your living 
room, of course-most of it falls in the 
ocean and eventually settles to the bot­
tom. Now Assistant Professor of Geo­
chemistry Ken Farley has found a way 
to measure the amount of extraterrestrial 
dust in seafloor sediments, and has 
discovered that it has varied by a factor 
of lO over the last 70 million years. 

Furthermore, the highest dust 
concentrations correspond with epoch­
ending extinctions. There's a dust spike 
66 million years ago at the end of the 
Cretaceous period-the so-called KIT 
boundary-when most scientists agree 
that an object nearly the diameter of the 

city of San Francisco walloped Earth and 
nuked the dinosaurs. Bur the most dra­
matic leap occurs near the end of the 
Eocene. The dust flux nearly triples in 
the interval between 37.6 and 36.3 mil­
lion years ago-a twinkling, in geologic 
time-and remains elevated for several 
million years thereafter. The Eocene 
ended with a major (the biggest since 
the death of the dinos), but gradual, 
extinction, notes Farley. "It's not like 
the KIT boundary, where everyone's 
happy one day and dead the next." The 
dust date coincides with the age of sev­
erallayers of tektites-glassy blobs 
believed to be melted ejecta from mete­
orite impacts-found around the world. 
The lingering dust cloud and the multi­
ple tektite layers suggest that Earth was 
hit by a flurry of dusty objects, possibly 
a comet shower, over an extended peri­
od. (This could happen if a comet whose 
orbit crosses Earth's began to disinte­
grate, leaving a thick trail of debris. 
As Earth swept along its orbit like a dust 
cloth, it could cross this trail millions of 
times, but it wouldn't collect a tektite 
layer until it had the bad fortune to run 
into one of the larger pieces.) The two 
million years leading up to the present 
are also very dusty, and-perhaps not 
coincidentally, Farley thinks-have been 
an era of extensive glaciation. 

Farley's samples come from a core 
pulled from the seabed some 1,100 
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The graph's top panel 
shows the measured 
concentration of 4He 
(solid line), in mil­
lionths of a cubic 
centimeter of gas at 
25° C and one atmo­
sphere of pressure 
per gram of sediment, 
compared with the 
amount expected to 
be produced (dotted 
line) based on the 
sediments' ages and 
their uranium and 
thorium contents. 

The bottom panel 
shows the concentra­
tion of 3He (solid line), 
in trillionths of a cubic 
centimeter of gas at 
25° C and one atmo­
sphere of pressure 
per gram of sediment, 
along the left vertical 
axis. The right 
vertical axis shows 
the number of 3He 
atoms per million 4He 
atoms (dotted line). 
In both plots, the 
analytical uncertainty 
is smaller than the 
symbols. 

kilometers north of Honolulu-as far 
from the continents as you can get-in 
order to minimize the amount of terres­
trial sediment. The core was taken by a 
Woods Hole Oceanographic Institution 
team with a piston corer-"it's like 
sticking a soda straw into pudding, 
then pulling the straw back up," Farley 
explains-and consists of very fine clay, 
reminiscent of talcum powder, laid 
down so painfully slowly that 20 meters' 
worth spans 70 million years. Even so, 
most of the material is homegrown. 
Farley estimates that only a few particles 
per million are outlanders. 

You can't tell the space aliens from 
the locals by looking at them, but the 
spacefarers have been tattooed with exot­
ic helium-3 nuclei. Helium comes in 
two varieties: 'He comes primarily from 
the hydrogen-fusion reactions that pow­
er the sun;iHe, which is heavier by one 
neutron, is created by the radioactive 
decay of uranium and thorium. Most of 
Earth's original stock of helium has been 
lost back to space over the last 4.5 
billion years, and since the world isn't 
fusion-powered, what little helium we 
have now comes almost exclusively from 
decaying elements in the planet's crust. 
(There are a million atoms of 'He for 
every atom of 'He in the air.) But 
beyond our atmosphere, the 'He-rich 
solar wind bombards interplanetary dust 
with such ferocity that 'He nuclei lodge 
in the particles' skin. The dust also has 
trapped "primordial" 'He-remnants of 
the gas from which the solar system 
formed. Thus, measuring the 3He 
reveals the amount of space dust in the 
sample. And, assuming the sedimenta­
tion rate is known, you can deduce the 
rate at which Earth wiped up the stuff. 

In principle, analyzing a core is a 
straightforward application of a standard 
lab technique. The extracted helium is 
ionized in a mass spectrometer, which 
sorts the ions by shooting them through 
a magnetic field. The lighter 3He" 
nuclei get pulled farther off course and 
emerge from the field at a very different 
angle than their pudgier brethren. But 
extraction entails cooking the sample at 
1100° C to melt the minerals that carry 
the helium, which also breaks down 
calcium carbonate-the vast bulk of 
many sediments-to calcium oxide and 

a huge exhalation of carbon dioxide. 
And if gas molecules and helium ions 
ricochet off one another willy-nilly in 
the mass spectrometer, the ions emerge 
from the magnetic field in random direc­
tions. So the system has twO cold traps 
to freeze out the carbon dioxide, and 
arrays of filters and chemical scavengers 
to remove other gases, before the sample 
reaches the instrument. Then there's the 
mathematics. The terrestrial 'He com­
ponent has to be subtracted out-small 
amounts of it are produced as byprod­
ucts of some radioactive decay processes. 
And the sedimentation rate really isn't 
constant, because the core site has trav­
eled thousands of miles in 70 million 
years-from the East Pacific Rise, some 
thousand kilometers south-southeast of 
Acapulco, to its current Hawaiian 
address. As the site passes under various 
ocean currents, and as its distance from 
land changes, the sedimentation rate 
varies. So Farley uses oceanographers' 
estimates of the changing sedimentation 
rates en route, to adjust the calculations. 

Although this core was taken in the 
early 1970s and has since been "studied 
to death," Farley says, no one had ever 
tried to use )He as an alien-dust tracer. 
Helium is such an accomplished escape 
artist that it wasn't expected to have 
lingered long-it diffuses through 
almost everything, according to Farley. 
In fact, "you can't use ordinary Pyrex 
vacuum lines to analyze it, because it 
just blows right through the walls." 
So within 10 million years at most after 
the splashdown of an alien dust mote, all 
its 'He should have snuck away and any 
helium found in the samples would be 
from the decay of radioactive elements in 
the sediment. In fact, Farley originally 
started these experiments to prove exact­
ly that. He expected that the older 
samples from lower in the core would 
contain decreasing amounts of 'He in a 
smoothly diminishing curve, while con­
taining increasing amounts of 4He as 
decay products accumulated. Instead, 
the 4He content declined as the samples 
got older, and both the absolute abun­
dance of 'He and the ratio oflHe to "He 
varied in sync with each other. "So these 
results are real," says Farley. "They can't 
be a loss phenomenon." 

The cores don't preserve short-term 
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Left: A piston-coring 
rig at sea. 
Right: The core library 
at Woods Hole. The 
core sections on the 
table in the fore­
ground aren't really 
curved, but have been 
distorted by the 
camera lens. 
Photos courtesy 
of the Woods Hole 
Oceanographic 
Institution. 

dribbles and spurts in the dust flux 
because marine worms, which have 
been around for longer than the cores are 
deep, constantly churn through rhe sedi­
ment 's top 20 or so centimeters as it's 
deposi ted. In this case, 20 centimeters 
represents up to 900,000 years, so the 
Hawaiian core has a very low rime reso­
lution. Bu t in locales where sedimenta­
t ion is faster, 20 cent imeters is a smaller 
slice of t ime. In principle, says Farley, 
such high-resolut ion cores might show 
details as fine as 900 years. BLI( faster 
sed imentation means fewer foreign 
particles per unit volume, so gett ing 
enough dust co analyze requires larger 
samples, which means that much more 
gas CO cope with. So tbe researchers are 
working on cleverer ways of extracting 
the helium. 

Farley and postdoc Desmond Patter­
son are now looking at a core from the 
North Atlantic, where sediment accu­
mulates 100-1,000 times fas ter. The 
preliminary results , JUSt presented at 
the International Astronomical Union's 
Conference on I nrerplanetary Dust, are 
from samples spanning 240,000 ro 
440,000 years ago at 20,OOO-year inter­
vals . The dusr rare seems to fluctuate 
in correlation with a p ronounced glacial 
cycle that recurs every 100,000 years. 
Most of the g lacial cycles are known co 
derive from changes in Earth's orbit that 
modulate the amount of sun light we 

PilOW b)· T . K icinJin« 

receive, but rhe 100,OOO-year cycle can­
not be so easily explai ned . 

But before cosmic dust can be linked 
to climate change, cores from sites 
around the wodd need to be exami ned. 
(Fortunately, the international Ocean 
Drilling Program, which provided the 
North Atlantic core, has been circum­
navigating the planer since 1968.) If all 
the cotes d isplay a similar pattern, then 
there's tru ly a global effect; if they don't , 
then the cores are record ing the infl u­
ence of winds, currents, or other £.1.ctors 
on the dust 's local accumulation rate. 

Farley plans co run both the hig h­
and low-resolurion records further back 
in time. He hopes to survey the last 
million years at high resolution, because, 
in geolog ic terms, 200,000 years is 
nothing-rhe 100,000-year cycle, 
for instance, only appears tw ice in 
the current data, and who knows what 
slower cycles remain to be discovered? 
And rhere's no rell ing bow far back rhe 
low-resolution technique can be pushed 
before the ~He peters out. All the other 
known extraterrestrial tracers, such as 
iridium , record the impaccs of large 
bod ies- rare events with spectacular 
conseq uences. But this incessant drizzle 
of dust, while admittedly less dramatic, 
may be more important in the shorr 
term as a herald of cl imate change. 
Are we on the brink of another Ice Age? 
There may be a way ro find OLIt . U - DS 



The solar maxi­
mum for this new 
cycle should occur 
in the year 2000 
or 2001. 

It)s the Dawn of a 
New S unspot Cycle 

The first sunspot in the new sunspot 
cycle was identified on Saturday, August 
12, by Professor of Astrophysics Harold 
Zirin and colleagues at Caltech's Big 
Bear Solar Observatory. The new sun­
spot marks the beginning of the end 
of the sun's current guiescent period. 

Sunspots are relatively dark spots 
on the sun's surface. They look dark 
because they're cooler than their sur­
roundings-a balmy 4,000 K in the 
umbra, or darker central region, com­
pared to the 6,000 K typical of the sun's 
visible surface, or photosphere. (The 
sunspot's penumbra, the not-guite-so­
dark region surrounding the umbra, 
generally runs around 5,700 K.) But 
if you could see a typical midsized 
sunspot-one whose umbra is about 
the diameter of Earth-in isolation, 
it would appear about as big as Saturn 
currently does in the night sky, yet shine 
as brightly as 50 full moons. 

Sunspots are associated with strong 
magnetic fields and with solar flares, and 
follow an approximately II-year cycle of 
activity, as measured from maxium to 
maxium or minumum to minimum. 
Early in the cycle, sunspots appear rarely 
and at relatively high solar latitudes 
around 20 to 30 degrees. Thereafter, 
their points of origin drift toward the 
solar eguator until the end of the cycle, 
although some spots may still appear at 
high latitudes. Simultaneously, sunspots 
increase in size and freguency until they 
reach "solar maximum." Solar flares and 
related phenomena also peak in intensity 
at this point. Then the number of sun­
spots (and the level of related activity) 
slowly declines until a relatively guiet 
phase called solar minimum is reached. 
The solar maximum for this new cycle 
should occur in the year 2000 or 2001. 

There is typically some overlap 
between successive sunspot cycles. 
As the last sunspots of one cycle appear 
near the eguator, at solar latitudes of 0 to 

10 degrees, the next cycle starts again 
with sunspots near 30 degrees. The 
magnetic polarity of the new spots, 
however, is reversed-a discovery made 
by Caltech's George Ellery Hale at the 
solar telescopes he built atop Mount 
Wilson, overlooking Pasadena. 

The sun has been at solar minimum 
through much of 1994 and this year, 
with a few spots showing up near the 
eguator. The new-cycle sunspot group 
appeared at a solar latitude of 21 
degrees, and its magnetic polarity 
is opposite to that seen over the last 
decade, thus identifYing it as the start of 
a new cycle-the 23rd since astronomers 
began keeping track. There were as 
many as five sunspots in the group, 
which remained visible for five days. 
After the sunspots vanished, the mag­
netically active region, or plage, 
remained observable until carried from 
view by the sun's rotation, says chief 
observer William Marguette. "We 
watched it for a week and a half, until 
it disappeared over the sun's west limb 
as a decaying magnetic structure." 

Sunspot polarity is a complex busi­
ness. Sunspots generally appear in pairs 
or in larger groups. Each spot maintains 
its relative position within the pair or 
group as the sun rotates. The two 
sunspots in a pair have opposite polarity 
and polarities within a group are even 
more complex, so by convention, solar 
astronomers use the leading spot (called 
the p-spot, for preceding spot) to deter­
mine the group's polarity. And once 
you cross the sun's eguator, the polarties 
reverse, so if the p-spots are negative in 
the northern hemisphere, as they are in 
the waning sunspot cycle, they'll be 
positive in the southern. The new-cycle 
sunspot region appeared in the south, 
and has a negative p-spot. (Negative, in 
this case, means a south magnetic pole.) 

You can't tell a sunspot's polarity just 
by looking at it. (Kids, don't try this at 
home!) But when light waves pass 
through a magnetic field, that portion of 
the field that's oriented along the waves' 
direction of travel gives them a little 
twist-what's called circular polariza­
tion. U npolarized light waves vibrate 
in all directions perpendicular to their 
direction of travel. Plane-polarized light 
waves (the kind that your polarized anti-
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Above: The first sun­
spot region of the new 
solar cycle is marked 
with a box in this full­
disk image of the sun, 
taken at the hydro­
gen-a wavelength on 
August 16. There are 
two old-cycle regions 
along the equator. 
North is to the top. 
Below: A close-up of 
the boxed area, as 
seen in hydrogen-a 
light. 

These images are 
available on the World 
Wide Web at http:// 
sundog.caltech.edu 
under "First New 
Solar Cycle Spot." 
Images courtesy of 
Anders .lohannesson 
and Bill Marquette, 
Big Bear Solar 
Observatory. 
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A magnetogram of the 
boxed area. The sun 
rotates from left to 
right in this image, 
so the leading sun­
spot is dark, indicat­
ing south, magnetic 
polarity-the opposite 
of the old cycle. 

glare sunglasses filter out) all vibrate 
in the same direction-vertically, say. 
Circularly polarized light waves still 
vibrate in random directions, but the 
direction in which they vibrate rotates 
in unison-either clockwise or counter­
clockwise-as the wave travels. This 
effect is so small, however, that it's only 
observable in monochromatic light­
light of a single wavelength. So the 
observer picks a wavelength of inter­
est-which isn't necessarily one at which 
hydrogen or helium emits light-and 
photographs (or, in this day and age, 
videotapes) the sun through an appropri­
ate filter. By setting the filter slightly to 
the blue, or shorter-wavelength, side of 
the observing wavelength, the counter­
clockwise-polarized component of the 
light shows up. (Counterclockwise 
polarization translates to negative polar­
ity, or a south magnetic pole.) Repeat­
ing the process with the filter set a bit 
to the red, or longer-wavelength, side 
reveals the areas of clockwise polariza­
tion. And finally, subtracting the two 
images from each other gives a magneto­
gram-an image in which the positive 
areas appear bright and negative areas 
appear dark in proportion to the field 
strength. 

This new sunspot appeared a bit 
earlier than astronomers expected. 
Typically, as a solar cycle comes to a 
close, late bursts of sunspot activity will 

The same area as 
seen in visible light. 
The larger sunspot is 
approximately 4,000 
kilometers in diame­
ter-somewhat bigger 
than the moon. 

appear near the equator before the new 
cycle starts. Scientists had seen such late 
pulses of sunspots in 1972 and 1984, 
but saw little late activity this time and 
therefore expected an early beginning to 
the new cycle, but not this early. 

Sunspots have effects far beyond the 
sun itself, so while solar astronomers 
are excited by this news, people in many 
other fields are keenly interested as well. 
Solar flares often occur above sunspots, 
spewing high-energy electrons, x-rays, 
and other particles that slam into Earth's 
ionosphere, disrupting radio communi­
cations, painting the polar skies with the 
aurora's colorful lights, and sometimes 
even causing widespread power outages. 
These high-energy collisions also heat 
the upper atmosphere, expanding it 
farther out into space where it can grab 
hold of low-orbiting satellites and slowly 
drag them down, or tug on their out­
stretched solar panels and set them 
spinning like pinwheels. The sudden 
onset of the new cycle means that the 
operators of these satellites may have 
to use their boosters-if they have any­
to loft them into higher orbits out of 
harm's way, while aging satellites whose 
fuel reserves are spent will wind up 
taking a fiery early retirement. And 
estimates of the useful lifetimes of 
satellites as yet un launched will need to 
be revised to account for the increased 
atmospheric drag. 



Random Walk 

Watson Lectures Set 
for Auturnn 

The Fall 1995-Winter 1996 Earnest 
C. Watson Lecture Series will span 35 
orders of magnitude, from the most 
distant quasars to the atom-sized world 
of nanotechnology. On the calendar: 
Friday. SejJtember 22 (note the unusual 
day-all the other Watson lectures 
will be on Wednesdays, as per custom): 
"Science with the Keck Telescope"-
S. George Djorgovski, associate professor 
of astronomy; October 11: "Heart Attack 
or Heartburn: New Chemical Diagnos­
tics that Make the Call" -Thomas ]. 
Meade, senior research fellow in biology; 
November 15: "The Caltech Electronic 
Nose Project"-Nathan S. Lewis (BS, 
MS '77), professor of chemistry;January 
10: "Global Climate, Mass Extinctions, 
and the Fallout of Extraterrestrial Matter 
to the Earth"-Kenneth Farley, assistant 
professor of geochemistry; andJanztary 
24: "The Hopes (Amidst the Hype) of 
Nanotechnology"-Michael 1. Roukes, 
associate professor of physics. 

All lectures are at 8:00 p.m. in 
Beckman Auditorium; admission is free. 

Calileo Update 

Galileo, the JPL spacecraft currently 
en route to Jupiter, has been busy lately. 
OnJuly 12, the spacecraft released a 
339-kilogram probe, which is now trav­
eling the remaining 82 million kilome­
ters to Jupiter on its own. Upon arrival, 
the probe will parachute down through 
the brightly colored cloud layers that 
form the planet's visible surface, while 
sampling the atmosphere's composition 
and measuring its winds and lightning 
storms. As much as 75 minutes' worth 
of data will be relayed to the spacecraft 
for transmission to Earth. Meanwhile, 
on July 27, Galileo fired its main engine 
to maneuver onto its own approach path. 
Since then, it has been traveling through 
the most intense interplanetary dust 
storm on record, with peak counts of 
up to 20,000 particles per day compared 
to the norm of one particle every three 
days. Both probe and orbiter are slated 
to arrive at their destinations this 
December 7. 

Simon Chairs Biology 

OnJuly 1, Mel Simon, the Biaggini 
Professor of Biological Sciences, became 
the chair of the biology division, 
succeeding John Abelson, the Beadle 
Professor of Biology, who is stepping 
down after six years of service. 

Simon, who earned his BS in chemis­
try from the City College of New York 
and his PhD in biochemistry from 
Brandeis University, studies how organ­
isms detect and respond to chemical 
changes in the environment-the 
mechanisms of sensory-cell function, 
and the biological circuits that process 
the resulting information. 
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A SunzmerJs Harvest o/Honors and Awards 

The 1995 ASCIT (Associated 
Students of Caltech) Teaching Awards, 
given for excellence in teaching at the 
undergraduate level, went to Paul 
Dimotakis, Northrup Professor of Aero­
nautics and Professor of Applied Physics; 
Barbara Imperiali, associate professor of 
chemistry; Jeremy Kahn, assistant pro­
fessor of mathematics; David Rutledge, 
professor of electrical engineering; and 
Jonas Zmuidzinas, assistant professor of 
physics. And this year for the first time, 
ASCIT also gave honorable mentions­
to Jim McCarthy, assistant professor of 
astronomy; Moshe Sluhovsky, instructor 
in history; and Alan Weinstein, associate 
professor of physics. 

The Graduate Student Council con­
sidered both classroom instruction and 
mentoring in presenting GSC Teaching 
Awards to Yaser Abu-Mostafa, professor 
of electrical engineering and computer 
science; Chris Brennen, professor and 
executive officer for mechanical engi­
neering; George Rossman, professor of 
mineralogy; and Edward Zukoski, pro­
fessor of jet propulsion and mechanical 
engineering, emeritus. Outstanding 
Teaching Assistant Awards went to 
Patrick Chuang of environmental engi­
neering and San joy Mahajan of physics. 

Professor of Geophysics Tom Ahrens 
(MS '58) will recieve the 1995 Arthur L. 
Day Medal and be given a life fellowship 
in the Geological Society of America, in 
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honor of his "outstanding contribution 
to geologic knowledge through the 
application of physics and chemistry 
to the solution of geologic problems." 

Pamela Bjorkman, associate professor 
of biology, and associate investigator for 
Howard Hughes Medical Institute, has 
won the Paul Ehrlich Prize for her 
research into cancer and AIDS, an award 
she is sharing with two other scientists. 

Thomas Caughey, Hayman Professor 
of Mechanical Engineering, has been 
named the 1995 recipient of the J. P. 
Den Hartog Award by the American 
Society of Mechanical Engineers for 
"lifetime contributions to the teaching 
and practice of vibration engineering." 

Professor of Computer Science Mani 
Chandy has been chosen to receive the 
1996 Koji Kobayashi Computers and 
Communications Award from the Insti­
tute of Electrical and Electronics Engi­
neers. 

William Johnson, Mettler Professor 
of Engineering and Applied Science, 
will receive the 1996 William Hume­
Rothery Award from the Minerals, 
Metals & Materials Society, in recogni­
tion of his contributions to the science 
of alloys. 

Professor of Physics Harvey Newman 
and an international team of physicists 
working with him on the MARK J 
experiment have been awarded a special 
prize by the Eutopean Physical Society 

"for establishing the existence of the 
gluon." Theirs was the first direct 
observation of gluons, the fundamental 
quanta responsible for binding together 
quarks (the basic building blocks of 
matter) within more complex particles 
such as pions, kaons, protons, and 
neutrons. 

Dinakar Ramakrishnan, professor 
of mathematics, has been inducted into 
the Johns Hopkins Society of Scholars. 
Ramakrishnan specializes in algebraic 
number theory and algebraic geometry. 

Assistant Professor of Biology Erin 
Schuman has been named a 1995 Pew 
Scholar by the Pew Scholars Program in 
the Biomedical Sciences. (See page 18 
for a description of Schuman's research.) 

Edward Stone, vice president, 
director of JPl, and Morrisroe Professor 
of Physics, has been awarded a NASA 
Outstanding leadership Medal. 

Professor of Electrical Engineering 
P. P. Vaidyanathan has been named the 
recipient of the 1995 Frederick Emmons 
Terman Award, sponsored by Hewlett­
Packard and presented by the American 
Society for Engineering Education. 

Ahmed Zewail, Pauling Professor 
of Chemical Physics and Professor of 
Physics, has received the Order of Merit, 
First Class, from Egyptian president M. 
Hosni Mubarak, an honor akin to 
knighthood in Britain. Zewail, born 
and educated in Egypt but now an 
American citizen, is the first nonresident 
of Egypt to be so honored. Zewail also 
won the leonardo da Vinci Award of 
Excellence, for achievements of great 
international significance. An interna­
tional juty selected him and two others 
for the award, which is sponsored by the 
Moet Hennessy-louis Vuitton Founda­
tion of France. 



The Northridge 
earthquake revealed 
how vulnerable our 
steel·frame buildings 
are, but some other 
types of modern 
construction didn't 
perform as well as 
expected, either. 
Seven parking struc· 
tures made of precast 
concrete, for exam· 
pie, suffered at least 
partial collapse. This 
three·story parking 
garage at the North· 
ridge Fashion Center 
became a split· level. 
Photo courtesy of the 
Earthquake Engineer­
ing Research 
Institute. 
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