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New research reveals 
strategies for blocking 
the molecular processes 
that lead to this memory-
destroying disease

By Michael S. Wolfe 

 T
he human brain is a remarkably complex organic com-
puter, taking in a wide variety of sensory experiences, 
processing and storing this information, and recalling 
and integrating selected bits at the right moments. The 
destruction caused by Alzheimer’s disease has been 

likened to the erasure of a hard drive, beginning with the most 
recent files and working backward. An initial sign of the disease 
is often the failure to recall events of the past few days—a phone 
conversation with a friend, a repairman’s visit to the house—

while recollections from long ago remain intact. As the illness 
progresses, however, the old as well as the new memories grad-
ually disappear until even loved ones are no longer recognized. 
The fear of Alzheimer’s stems not so much from anticipated 
physical pain and suffering but rather from the inexorable loss 
of a lifetime of memories that make up a person’s very identity.

Unfortunately, the computer analogy breaks down: one 
cannot simply reboot the human brain and reload the files and 
programs. The problem is that Alzheimer’s does not only erase 
information; it destroys the very hardware of the brain, which 
is composed of more than 100 billion nerve cells (neurons), 
with 100 trillion connections among them. Most current med-
ications for Alzheimer’s take advantage of the fact that many 
of the neurons lost to the disease release a type of chemical 

communicator (or neurotransmitter) called acetylcholine. Be-
cause these medicines block an enzyme responsible for the 
normal decomposition of acetylcholine, they increase the lev-
els of this otherwise depleted neurotransmitter. The result is 
stimulation of neurons and clearer thinking, but these drugs 
typically become ineffective within six months to a year be-
cause they cannot stop the relentless devastation of neurons. 
Another medication, called memantine, appears to slow the 
cognitive decline in patients with moderate to severe Alzheim-
er’s by blocking excessive activity of a different neurotransmit-
ter (glutamate), but investigators have not yet determined 
whether the drug’s effects last more than a year.

More than a decade ago few people were optimistic about 
the prospects for defeating Alzheimer’s. Scientists knew so little 
about the biology of the disease, and its origins and course were 
thought to be hopelessly complex. Recently, however, research-
ers have made tremendous progress toward understanding the 
molecular events that appear to trigger the illness, and they 
are now exploring a variety of strategies for slowing or halting 
these destructive processes. Perhaps one of these treatments, or 
a combination of them, could impede the degeneration of neu-
rons enough to stop Alzheimer’s disease in its tracks. Several 
candidate therapies are undergoing clinical trials and have 

Shutting Down 
ALZHEIMER’S

AL ZHEIMER’S DISE A SE gradually severs even one’s 
oldest memories, but scientists are working on 
promising treatments. Some therapies could clamp the 
molecular cutting that appears to initiate the disorder; 
others could prevent the harmful effects that follow.
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yielded some promising preliminary re-
sults. More and more researchers are 
feeling hope—a word not usually associ-
ated with Alzheimer’s.

The Amyloid Hypothesis
the t wo k ey features of the dis-
ease, first noted by German neurologist 
Alois Alzheimer 100 years ago, are 
plaques and tangles of proteins in the ce-
rebral cortex and limbic system, which 
are responsible for higher brain func-
tions. The plaques are deposits found 
outside the neurons and are composed 
primarily of a small protein called amy-
loid-beta, or A-beta. The tangles are lo-
cated inside neurons and their branch-
ing projections (axons and dendrites) 
and are made of filaments of a protein 

called tau. The observation of these 
anomalies started a debate that lasted 
throughout most of the 20th century: 
Are the plaques and tangles responsible 
for the degeneration of brain neurons, or 
are they merely markers of where neuro-
nal death has already occurred? In the 
past decade, the weight of evidence has 
shifted toward the amyloid-cascade hy-
pothesis, which posits that both A-beta 
and tau are intimately involved in caus-
ing Alzheimer’s disease, with A-beta 
providing the initial insult.

A-beta is a short peptide, or protein 
fragment, first isolated and characterized 
in 1984 by George G. Glenner and Cai’ne 
W. Wong, then at the University of Cali-
fornia, San Diego. This peptide is derived 
from a larger protein called the amyloid-
beta precursor protein, or APP. Mole-

cules of APP stick through the cellular 
membrane, with one part of the protein 
inside the cell and another part outside. 
Two protein-cutting enzymes, or prote-
ases—beta-secretase and gamma-secre-
tase—carve out A-beta from APP, a pro-
cess that occurs normally in virtually all 
cells in the body. The reason why cells 
make A-beta is unclear, but current evi-
dence suggests that the process is part of 
a signaling pathway. 

A portion of the A-beta region of APP 
is inside the membrane itself, between its 
outer and inner layers. Because mem-
branes are composed of water-repelling 
lipids, the regions of proteins that pass 
through membranes typically contain 
water-repelling amino acids. When A-
beta is cut out of APP by beta- and gam-

ma-secretase and released into the aque-
ous environment outside the membrane, 
the water-repelling regions of different 
A-beta molecules cling to one another, 
forming small soluble assemblies. In the 
early 1990s Peter T. Lansbury, Jr., now 
at Harvard Medical School, showed that 
at high enough concentrations, A-beta 
molecules in a test tube can assemble 
into fiberlike structures similar to those 
found in the plaques of Alzheimer’s dis-
ease. The soluble assemblies as well as 
the fibers of A-beta are toxic to neurons 
cultured in petri dishes, and the former 
can interfere with processes critical to 
learning and memory in mice.

These findings supported the amy-
loid-cascade hypothesis, but the stron-
gest evidence came from studies of fam-
ilies at especially high risk of getting 

Alzheimer’s. Members of these families 
carry rare genetic mutations that predes-
tine them for the disease at a relatively 
young age, typically before 60. In 1991 
John A. Hardy, now at the National In-
stitute on Aging, and his colleagues dis-
covered the first such mutations in the 
gene that encodes APP, specifically af-
fecting the areas of the protein in and 
around the A-beta region. Soon after-
ward, Dennis J. Selkoe of Harvard and 
Steven Younkin of the Mayo Clinic in 
Jacksonville, Fla., independently found 
that these mutations increase the forma-
tion of either A-beta in general or a par-
ticular type of A-beta that is highly prone 
to forming deposits. Moreover, people 
with Down syndrome, who carry three 
copies of chromosome 21 instead of the 
normal two copies, have a much higher 
incidence of Alzheimer’s in middle age. 
Because chromosome 21 contains the 
APP gene, people with Down syndrome 
produce higher levels of A-beta from 
birth, and amyloid deposits can be found 
in their brains as early as age 12.

Researchers soon discovered other 
connections between Alzheimer’s dis-
ease and the genes that regulate the pro-
duction of A-beta. In 1995 Peter St. 
George-Hyslop and his colleagues at the 
University of Toronto identified muta-
tions in two related genes dubbed presen-
ilin 1 and 2 that cause very early and 
aggressive forms of Alzheimer’s, typi-
cally appearing when the carrier is in his 
or her 30s or 40s. Further studies showed 
that these mutations increase the pro-
portion of A-beta that is prone to clump-
ing. We now know that the proteins en-
coded by the presenilin genes are part of 
the gamma-secretase enzyme.

Thus, of the three genes known to 
cause Alzheimer’s early in life, one en-
codes the precursor to A-beta and the 
other two specify components of a pro-
tease enzyme that helps to manufacture 
the harmful peptide. Furthermore, sci-
entists have found that people carrying 
a certain variation in the gene encoding 
apolipoprotein E—a protein that helps 
to bring together the A-beta peptides in 
assemblies and filaments—have a sub-
stantially elevated risk of developing 
Alzheimer’s later in life. A variety of ge-

■   Scientists have focused on the hypothesis that a peptide called amyloid-beta  
(A-beta) triggers the disruption and death of brain cells in Alzheimer’s patients.

■   Investigators are now developing drugs that could inhibit the production of  
A-beta and therapies that could stop the peptide from harming neurons.

■   Several drug candidates are already in clinical trials to determine if they can 
slow or halt the relentless mental decline caused by Alzheimer’s.

Overview/New Hope for the Old

Alzheimer’s disease destroys  
the very hardware of the brain.
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netic factors most likely play a role in 
the onset of the disease, with each con-
tributing in a small way, and mouse 
studies indicate that environmental fac-
tors may also affect the disease risk (ex-
ercise, for example, may lower it). 

Scientists still do not understand ex-
actly how the soluble assemblies and in-
soluble fi laments of A-beta disrupt and 
kill neurons. The evidence suggests, 
though, that aggregates of A-beta out-
side a neuron can initiate a cascade of 
events that include the alteration of the 
tau proteins inside the cell. In particular, 
the A-beta aggregates can ultimately 
change the cellular activity of enzymes 
called kinases that install phosphates 
onto proteins. The affected kinases add 
too many phosphates to tau, changing 
the proteins’ chemical properties and 
causing them to form twisted fi laments. 
The altered tau proteins somehow kill 
the neuron, perhaps because they dis-
rupt the microtubules that transport 
proteins and other large molecules along 
axons and dendrites. Mutations in the 
tau gene itself can also generate tau fi la-
ments and cause other types of neurode-
generative diseases besides Alzheimer’s. 
Thus, the formation of tau fi laments is 
apparently a more general event leading 
to neuronal death, whereas A-beta is the 
specifi c initiator in Alzheimer’s disease.

Clamping the 
Molecular Scissors
given the cr it ical role of A-beta 
in the disease process, the proteases that 
produce this peptide are obvious targets 
for potential drugs that could inhibit their 
activity. Protease inhibitors have proved 
very effective for treating other disorders 
such as AIDS and hypertension. The fi rst 
step in the formation of A-beta is initiat-
ed by beta-secretase, a protease that clips 
off the bulk of APP just outside the cel-
lular membrane. In 1999 fi ve different 
research groups independently discov-
ered this enzyme, which is particularly 
abundant in brain neurons. Although 
beta-secretase is tethered to the mem-
brane, it closely resembles a subset of pro-
teases found in the aqueous environments 
inside and outside cells. Members of this 
subset—which includes the protease in-

THE UNKINDEST CUT 
According to the amyloid-cascade hypothesis, Alzheimer’s begins with the 
excessive buildup of amyloid-beta (A-beta), which is carved from the amyloid-
beta precursor protein (APP). In the fi rst step (top), an enzyme called beta-
secretase cuts APP outside the cellular membrane with the help of aspartic acids 
that make water molecules more reactive. Then the presenilin protein, a 
component of the gamma-secretase enzyme, cuts the remaining stump inside the 
membrane, releasing A-beta (bottom). Some promising drugs inhibit the activity 
of gamma-secretase; others cause the enzyme to cut APP at a different location, 
producing a shorter, less harmful form of A-beta.
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UNCLOGGING THE BRAIN
One strategy for fi ghting Alzheimer’s is to clear toxic aggregates of A-beta from the brain.

volved in replicating HIV, the virus that 
causes AIDS—use aspartic acid, a type 
of amino acid, to catalyze the protein-
cutting reaction. All proteases use water 
to cut their respective proteins, and en-
zymes in the aspartyl protease family 
employ a pair of aspartic acids to acti-

vate a water molecule for this purpose.
Because beta-secretase clearly falls 

into this family, researchers were able to 
exploit the vast knowledge about these 
proteases, leading to a very detailed un-
derstanding of this enzyme and how it 
might be shut down. Indeed, investiga-

tors already know the three-dimension-
al structure of beta-secretase and have 
used it as a guide for computer-based 
drug design of potential inhibitors. Ge-
netic studies suggest that blocking the 
enzyme’s activity will not lead to harm-
ful side effects; deletion of the gene en-

A-beta

Assemblies

Filaments

Capillary

Endothelial cell

Neuron
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A promising approach involves inducing the 
patient to make antibodies that recognize A-beta 
or injecting similar antibodies produced in the lab 
(green arrow). These antibodies may prompt the 
brain’s immune cells, the microglia, to attack the 
A-beta aggregates. The antibodies may not even 
have to enter the brain; the elimination of A-beta 
in the rest of the body could cause the peptides to 
diffuse from high concentrations in the brain to 
lower ones elsewhere (purple arrow).

After A-beta is released into the aqueous 
environment between neurons, the peptides cling 
to one another, forming small soluble assemblies 
and long fi laments. Laboratory studies have shown 
that these assemblies and fi laments can kill 
neurons cultured in petri dishes and affect 
connections between neurons in mice. Researchers 
are now pursuing various strategies to slow or 
halt the aggregation of A-beta.
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coding beta-secretase in mice eliminated 
A-beta formation in the rodents’ brains 
without causing any apparent negative 
consequences. For the moment, however, 
beta-secretase inhibitors are not yet 
ready for clinical trials. The main chal-
lenge is to develop potent compounds 
that are small enough to effectively pen-
etrate the brain. Unlike blood vessels in 
other parts of the human body, capillar-
ies in the brain are lined with endothe-
lial cells that are very tightly packed. Be-
cause there are few gaps between the 
cells, the protease inhibitors must be 
able to pass through the cell membranes 
to reach the brain tissues beyond, and 

most large molecules cannot breach this 
so-called blood-brain barrier.

The enzyme called gamma-secretase 
performs the second step in the forma-
tion of A-beta, cutting the stump of APP 
remaining after the cleavage by beta-
secretase. Gamma-secretase accomplish-
es the unusual feat of using water to cut 
the protein inside the otherwise water-
hating environment of the cellular mem-
brane. Two important clues proved essen-
tial to our understanding of this protease. 
First, Bart De Strooper of the Catholic 
University of Louvain in Belgium found 
in 1998 that genetically deleting the pre-
senilin 1 gene in mice greatly reduced the 
cutting of APP by gamma-secretase, 
demonstrating that the protein encoded 
by the gene is essential to the enzyme’s 
function. Second, my laboratory, then at 
the University of Tennessee at Memphis, 
discovered that compounds in the same 
chemical category as the classical inhibi-
tors of aspartyl proteases could block 
gamma-secretase cleavage of APP in 
cells. This result suggested that gamma-
secretase, like beta-secretase, contains a 
pair of aspartic acids essential for cata-
lyzing the protein-cutting reaction.

Based on these observations, we hy-
pothesized that the presenilin protein 
might be an unusual aspartyl protease 
stitched into the fabric of cell membranes. 

While I was on sabbatical at Harvard in 
Selkoe’s lab and in collaboration with 
Weiming Xia, we identified two aspartic 
acids in presenilin predicted to lie within 
the membrane and demonstrated that 
they are both critical to the gamma-
secretase cleavage that produces A-beta. 
Subsequently, we and others showed that 
the inhibitors of gamma-secretase bind 
directly to presenilin and that three other 
membrane-embedded proteins must as-
semble with presenilin to allow it to cat-
alyze. Today gamma-secretase is recog-
nized as a founding member of a new 
class of proteases that apparently wield 
water within cellular membranes to ac-

complish their biochemical tasks. Better 
yet, the inhibitors of gamma-secretase 
are relatively small molecules that can 
pass through membranes, enabling them 
to penetrate the blood-brain barrier.

Two years ago I spoke to my youngest 
son’s fifth-grade class about the work in 
my lab, explaining about amyloid and 
how we hoped to block the responsible 
enzymes to discover new medicines for 
Alzheimer’s. One boy interrupted: “But 
what if that enzyme is doing something 
important? You could hurt somebody!” 
This concern, recognized by a 10-year-
old, is very real: the potential of gamma-
secretase as a therapeutic target is tem-
pered by the fact that this enzyme plays 
a critical role in the maturation of undif-
ferentiated precursor cells in various 
parts of the body, such as the stem cells 
in bone marrow that develop into red 
blood cells and lymphocytes. Specifically, 
gamma-secretase cuts a cell-surface pro-
tein called the Notch receptor; the piece 
of Notch released from the membrane 
inside the cell then sends a signal to  

the nucleus that controls the cell’s fate.
High doses of gamma-secretase in-

hibitors cause severe toxic effects in mice 
as a consequence of disrupting the Notch 
signal, raising serious concerns about 
this potential therapy. Nevertheless, a 
drug candidate developed by pharma-
ceutical maker Eli Lilly has passed safety 
tests in volunteers. (This kind of test is 
called a phase I clinical trial.) The com-
pound is now poised to enter the next 
level of testing (phase II) in patients with 
early Alzheimer’s. Moreover, research-
ers have identified molecules that modu-
late gamma-secretase so that A-beta 
production is blocked without affecting 
the cleavage of Notch. These molecules 
do not interact with gamma-secretase’s 
aspartic acids; instead they bind else-
where on the enzyme and alter its shape.

Some inhibitors can even specifically 
curtail the creation of the more aggrega-
tion-prone version of A-beta in favor of 
a shorter peptide that does not clump as 
easily. One such drug, Flurizan, identi-
fied by a research team headed by Ed-
ward Koo of the University of California, 
San Diego, and Todd Golde of the Mayo 
Clinic in Jacksonville, has shown con-
siderable promise in early-stage Alzhei-
mer’s patients and is already entering 
more advanced (phase III) clinical trials 
that will include more than 1,000 such 
subjects across the country.

Clearing the Cobwebs
a nother str ategy for combating 
Alzheimer’s is to clear the brain of toxic 
assemblies of A-beta after the peptide is 
produced. One approach is active immu-
nization, which involves recruiting the 
patient’s own immune system to attack 
A-beta. In 1999 Dale B. Schenk and his 
colleagues at Elan Corporation in South 
San Francisco made a groundbreaking 
discovery: injecting A-beta into mice ge-
netically engineered to develop amyloid 
plaques stimulated an immune response 
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basis of Alzheimer’s disease and identifying effective therapeutic strategies. He received 
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play a role in the onset of the disease.
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THE FATAL BLOW

Scientists are unsure how the assemblies and fi laments of 
A-beta disrupt and kill brain neurons, but the process most 
likely involves chemical reactions within the cell that change 
the tau protein. In healthy neurons, tau proteins bind and 
stabilize the microtubules that transport large molecules along 
the neuron’s axon and dendrites.

In Alzheimer’s patients, interactions between the A-beta 
aggregates and the neuron may release reactive molecules that 
alter the cell’s chemistry. Enzymes called kinases add too many 
phosphates to the tau proteins, causing them to detach from 
the microtubules and form twisted fi laments and tangles that 
clog the neuron’s axon and dendrites.  Researchers are 
investigating agents that could inhibit the kinase activity.

Researchers are also studying ways to block the later stages of the amyloid cascade in Alzheimer’s patients.

that prevented the plaques from forming 
in the brains of young mice and cleared 
plaques already present in older mice. 
The mice produced antibodies that rec-
ognized A-beta, and these antibodies ap-
parently prompted the brain’s immune 
cells—the microglia—to attack aggre-

gates of the peptide [see box on page 76]. 
The positive results in mice, which in-
cluded improvements in learning and 
memory, quickly led to human trials.

Unfortunately, although the injection 
of A-beta passed initial safety trials, sev-
eral patients in the phase II tests devel-

oped encephalitis—infl ammation of the 
brain—forcing a premature halt to the 
study in 2002. Follow-up research indi-
cated that the therapy might have caused 
the infl ammation by prompting the T 
cells of the immune system to make over-
aggressive attacks on the A-beta deposits. 
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Nevertheless, the investigation confirmed 
that many patients produced antibodies 
against A-beta and that those who did 
showed subtle signs of improved memory 
and concentration.

The safety concerns about active im-
munization led some researchers to try 
passive immunization, which aims to 
clear the peptide by injecting antibodies 
into patients. These antibodies, pro-
duced in mouse cells and genetically en-
gineered to prevent rejection in humans, 
would not be likely to cause encephalitis, 
because they should not trigger a harm-
ful T cell response in the brain. A passive 
immunization treatment developed by 
Elan Corporation has already advanced 
to phase II clinical trials.

How active or passive immunization 
can remove A-beta from the brain is 
somewhat mysterious, because it is un-
clear how effectively the antibodies can 

cross the blood-brain barrier. Some evi-
dence suggests that entry into the brain 
may not be required: sopping up A-beta 
in the rest of the body may lead to an 
exodus of the peptide from the brain, be-
cause molecules tend to move from high 
concentrations to lower ones. Although 
passive immunization now seems to hold 
the most promise, active immunization 
is not out of the running. Preliminary 
studies headed by my Harvard colleague 
Cynthia Lemere show that immuniza-
tion with selected parts of A-beta, in-
stead of the entire peptide, can stimulate 
the antibody-producing B cells of the im-
mune system without triggering the T 
cells responsible for the encephalitis.

Other researchers are pursuing non-
immunological strategies to stop the ag-
gregation of A-beta. Several companies 
have identified compounds that interact 
directly with A-beta to keep the peptide 
dissolved in the fluid outside brain neu-
rons, preventing the formation of harm-
ful clumps. Neurochem in Quebec is 
developing Alzhemed, a small molecule 
that apparently mimics heparin, the nat-

ural anticoagulant. In blood, heparin 
prevents platelets from gathering into 
clots, but when this polysaccharide binds 
to A-beta, it makes the peptide more like-
ly to form deposits. Because Alzhemed 
binds to the same sites on A-beta, it blocks 
the heparin activity and hence reduces 
peptide aggregation. The compound has 
shown little or no toxicity even at very 
high doses, and the treatment has result-
ed in some cognitive improvement in pa-
tients with mild Alzheimer’s. Phase III 
clinical trials for this drug candidate are 
already well under way. 

Targeting Tau
a m y l oi d,  how e v e r ,  is just one 
half of the Alzheimer’s equation. The 
other half, the tau filaments that cause 
neuronal tangles, is also considered a 
promising target for preventing the de-
generation of brain neurons. In particu-

lar, researchers are focused on designing 
inhibitors that could block the kinases 
that place an excessive amount of phos-
phates onto tau, which is an essential 
step in filament formation. These efforts 
have not yet resulted in candidate drugs 
for clinical trials, but the hope is that 
such agents might ultimately work syn-
ergistically with those targeting A-beta.

Investigators are also exploring 
whether the cholesterol-lowering drugs 
called statins, which are widely used to 
cut the risk of heart disease, could be-
come a treatment for Alzheimer’s as well. 
Epidemiological studies suggest that 
people taking statins have a lower risk of 
acquiring Alzheimer’s. The reason for 
this correlation is not entirely clear; by 
lowering cholesterol levels, these drugs 
may reduce the production of APP, or 

perhaps they directly affect the creation 
of A-beta by inhibiting the activity of the 
responsible secretases. Phase III trials 
are trying to establish whether statins 
such as Pfizer’s Lipitor can truly prevent 
Alzheimer’s.

Another exciting recent development 
involves cell therapy. Mark Tuszynski 
and his colleagues at U.C.S.D. took skin 
biopsies from patients with mild Alz-
heimer’s and inserted the gene encoding 
nerve growth factor (NGF) into these 
cells. The genetically modified cells 
were then surgically placed into the 
forebrains of these patients. The idea 
was that the implanted cells would pro-
duce and secrete NGF, preventing the 
loss of acetylcholine-producing neurons 
and improving memory. The cell-based 
therapy was a clever strategy for deliver-
ing NGF, a large protein that could not 
otherwise penetrate the brain. Although 
this study included only a handful of 
subjects and lacked important controls, 
follow-up research showed a slowing of 
cognitive decline in the patients. The re-
sults were good enough to warrant fur-
ther clinical trials.

Although some of these potential 
therapies may not fulfill their promise, 
scientists hope to find at least one agent 
that can effectively slow or stop the 
gradual loss of neurons in the brain. 
Such a breakthrough could save millions 
of people from the inexorable decline of 
Alzheimer’s disease and set the stage for 
regenerative medicine to restore lost 
mental functions. 

Targeting A-beta may block the on-
set of Alzheimer’s or retard it early in its 
course, but whether this strategy will 
treat or cure those with more advanced 
stages of the disease remains unclear. 
Still, researchers have good reason for 
cautious optimism. The recent spate of 
discoveries has convinced many of us 
that our quest for ways to prevent and 
treat Alzheimer’s will not be in vain.  
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Researchers are feeling hope—a word 
not usually associated with Alzheimer’s.
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