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Living with the enemy: a physiological role for the
b-amyloid peptide
José A. Esteban
Department of Pharmacology, University of Michigan Medical School, Ann Arbor, MI 48109-0632, USA

The Ab peptide, which is derived from the processing
of the amyloid precursor protein APP, is the principal
agent responsible for the pathogenesis of Alzheimer’s
disease. In a recent study by Kamenetz et al., Ab
is shown to mediate a physiological homeostatic
mechanism that reduces excitatory transmission in
response to neuronal activity. Failure of this autoregulatory feedback could lead to the neuropathology of
Alzheimer’s disease.
Alzheimer’s disease is the most common form of senile
dementia, affecting 10% of individuals .65 years of age
and nearly half of those .85. The pathophysiology of this
illness has been associated with a variety of factors,
including the deposition of b-amyloid plaques, accumulation of intracellular neurofibrillary tangles, oxidative
neuronal damage and inflammatory cascades [1]. However, it is now widely believed that an increase in the
production of the b-amyloid peptide (Ab, the main component of the b amyloid plaques) is central to the pathogenesis of Alzheimer’s disease [2 –4]. Since the first
description of the neurotoxic properties of the Ab peptide
[5], an enormous number of studies have investigated the
cellular and molecular pathology triggered by Ab. Nevertheless, it is still far from clear how the accumulation of
this peptide leads to the cognitive decline that is characteristic of Alzheimer’s disease patients. More importantly,
it has remained uncertain whether Ab had any normal
physiological role in the brain. This picture could change
after a recent report by Kamenetz, Malinow and colleagues
[6]. By using an elegant combination of genetics, pharmacology and electrophysiology on brain tissue, these authors
have described a physiological role for Ab in modulating
neuronal activity. Furthermore, they propose a model for
the neuronal dysfunction that accompanies the excessive
production of Ab.
A homeostatic role for Ab in modulation of neuronal
activity
The Ab peptide is formed upon proteolytic processing of the
amyloid precursor protein (APP) by b- and g-secretases.
Unprocessed, full-length APP has been proposed to have a
role in axonal transport of membrane-associated cargo [7].
In addition, the intracellular C-terminal fragment that
results from APP processing by g-secretase functions in
gene expression as a transcription factor [8,9]. By contrast,
the Ab peptide was commonly considered as a dangerous,
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unfortunate byproduct of APP processing, despite the fact
that Ab is present in the cerebrospinal fluid and plasma
of healthy individuals throughout life [10]. It had been
previously proposed that Ab might act as a physiological
regulator of ion channel function in neurons, based on
studies using exogenously added Ab peptides and neuronal primary cultures [11,12]. However, it remained to be
proven whether endogenous Ab secreted by neurons had
any physiological role in the brain. Perhaps the most
important contribution of the work by Kamenetz et al. [6]
to the Alzheimer’s disease research field are the observations that Ab is secreted from healthy neurons in
response to activity and that Ab, in turn, downregulates
excitatory synaptic transmission. This negative feedback
loop, in which neuronal activity promotes Ab production
and Ab decreases synaptic activity, would provide a
physiological homeostatic mechanism to maintain the
levels of neuronal activity in check (Figure 1). This article
describes the implications of this link between Ab production and synaptic transmission.
Neuronal activity promotes Ab formation
It had been previously reported that neuronal depolarization [13], as well as a variety of neurotransmitters,
growth factors and hormone receptors [14], modulate
the generation of APP secretory products. Nevertheless,
neither the mechanisms involved nor the functional
relevance of this regulation was clear. The study by
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Figure 1. Model for homeostatic control of neuronal activity by the b-amyloid
peptide, Ab. Ab is formed from amyloid precursor protein (APP) by the action of
b- and g-secretases. Neuronal activity increases b-secretase function, leading to
enhanced secretion of Ab. Ab, in turn, depresses excitatory transmission, which
will result in a reduction of neuronal activity. The regulatory feedback loop
between neuronal activity and Ab production is broken in Alzheimer’s disease
patients, resulting in unchecked accumulation of Ab and neurotoxicity.
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Kamenetz et al. now reveals that spontaneous neuronal
activity enhances the b-secretase-mediated cleavage of
APP, leading to an enhanced secretion of the Ab peptide.
The regulatory effect of Ab requires NMDA receptor
activation. Therefore, it seems reasonable to speculate
that NMDA receptor opening, with the concomitant entry
of Ca2þ into the postsynaptic terminal, triggers the signaling cascade that results in enhanced b-secretase activity.
However, the molecular details that mediate this regulatory cascade remain to be elucidated.
Importantly, neuronal activity was shown to regulate
both the low-level basal secretion of endogenous Ab and
the enhanced secretion produced by the Swedish mutation
of APP (this mutation is linked to some forms of familial
Alzheimer’s disease and has been shown to increase production of Ab). These results have potential therapeutic
relevance because they indicate that production of Ab can
be slowed by reducing neuronal activity. Interestingly, two
recent clinical studies support this interpretation: benzodiazepines, which enhance inhibitory transmission (thus
reducing excitatory drive), and memantine, an NMDA
receptor antagonist, protected against cognitive decline in
Alzheimer’s disease patients [15,16].

Ab secretion downregulates excitatory synaptic
transmission and plasticity
There have been numerous studies on the effect of Ab on
neuronal function. These investigations usually involved
the addition of exogenous Ab peptides to neuronal
preparations, with the concomitant uncertainties concerning peptide aggregation state and access to subcellular
compartments. Alternatively, animal models expressing
mutated proteins associated with familial Alzheimer’s
disease have been very valuable for behavioral and physiological studies. However, these models are often subject to
potential developmental alterations. Kamenetz and colleagues have taken advantage of an organotypic slice
culture system from hippocampus, which combines the
versatility of in vitro preparations with the physiological
power of a semi-intact system. This allowed them to
express wild-type APP or different APP derivatives acutely
under several pharmacological situations and study the
effects of endogenously produced Ab on synaptic function
and plasticity. The central conclusion of this extensive
series of experiments is that the Ab depresses fast
excitatory synaptic transmission (mediated by AMPA
and NMDA receptors) but not inhibitory transmission
(mediated by GABA receptors). This effect is exerted by
removing functional synapses, because electrophysiological parameters that reflect separately presynaptic or
postsynaptic function were not affected by enhanced Ab
production. In agreement with previous studies using
exogenously added peptides, Kamenetz et al. showed that
Ab acts in a non-cell-autonomous manner – that is, it
affects both the neuron producing Ab and its neighboring
cells. Although the mechanisms by which Ab leads to
synaptic removal remain unknown, it is worth noting
that soluble, non-aggregated Ab enhances Ca2þ [12,17]
and Kþ [11] channel activity, which could result in altered
synaptic function.
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The study by Kamenetz et al. also showed that
Ab production impairs long-term potentiation (LTP), a
paradigmatic form of synaptic plasticity that is widely
accepted as a cellular correlate for learning and memory.
Obviously, these results are very important for understanding the cognitive decline and memory deficits associated with Alzheimer’s disease. Interestingly, the effects
of Ab on synaptic transmission and plasticity were apparent at levels of Ab production well below those necessary
for plaque formation. These results reinforce the growing
opinion that the initial stages of cognitive decline in
Alzheimer’s disease patients could be due to early disruptions of synaptic function mediated by Ab before plaque
formation or neuronal cell death [18]. It is also important
to mention that the effects of Ab on synaptic function were
reversible. This result offers hope for therapeutic interventions designed to slow down or block the production
of Ab, because these might revert early pathological stages
of the disease.
Concluding remarks and unresolved questions
The proposal of a physiological role for Ab has been
supported by a very recent report showing that production
of Ab is important for neuronal viability in primary
cultures [19]. Still, this interpretation is not free from
controversy. For instance, the knockout of the Ab precursor, APP, causes only minor neurological defects [20],
although it presents enhanced sensitivity to kainateinduced seizures [21]. Also, mouse knockouts of the primary b-secretase, b-site APP-cleaving enzyme 1 (BACE1),
have no detectable behavioral or neurological deficits,
despite the fact that production of Ab in these animals is
virtually abolished [22,23]. In this sense, it should be kept
in mind that rodent brain contains very low levels of
endogenous Ab, and rodent Ab is considered to be nonamyloidogenic [24]. Obviously, these are important issues
when evaluating the physiological relevance of studies
involving the overexpression of human Ab in rats or mice.
However, in support of a physiological role for Ab in
neurons, Kamenetz et al. showed that pharmacological
blockade of endogenous rodent Ab production leads to
enhanced spontaneous neuronal activity and synaptic plasticity [6]. This issue is likely to stir further investigations.
The work by Kamenetz and colleagues has provided a
solid framework for the elucidation of the mechanisms by
which Ab impairs synaptic transmission. Further studies
can now concentrate on understanding how Ab leads to the
removal of excitatory synaptic connections. In addition, it
will be important to identify the signaling cascade that
leads to the enhanced processing of APP upon opening
of NMDA receptors. Obviously, the central question that
remains unanswered is why the regulatory feedback loop
between neuronal activity and Ab production is broken
in Alzheimer’s disease patients, resulting in unchecked
accumulation of Ab and neurotoxicity. Kamenetz et al.
propose two possible scenarios. On the one hand, neurons
might fail to be depressed by Ab, leading to a gradual
build-up of neuronal activity and further Ab secretion. On
the other hand, the machinery for Ab production might
become constitutive – that is, independent from neuronal
activity. It is possible that different causes will underlie the
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different forms of familial Alzheimer’s disease and the
more prevalent sporadic form of this illness. Future
studies will hopefully clarify these issues.
Although multiple mechanistic questions remain open,
the study by Kamenetz and colleagues has furthered our
understanding of the pathological processes leading to
Alzheimer’s disease. But perhaps more importantly, this
work has challenged our traditional perception of the
b-amyloid peptide. Originally thought of as a toxic waste
product, it is now been revealed as an endogenous regulator of neuronal activity. We can only hope that this new
knowledge will help us to design better therapeutic strategies for when the time comes to fight the enemy within.
References
1 DeKosky, S.T. (2003) Pathology and pathways of Alzheimer’s disease
with an update on new developments in treatment. J. Am. Geriatr. Soc.
51 (Suppl. 5), S314 – S320
2 Price, D.L. and Sisodia, S.S. (1998) Mutant genes in familial
Alzheimer’s disease and transgenic models. Annu. Rev. Neurosci. 21,
479 – 505
3 Rowan, M.J. et al. (2003) Synaptic plasticity in animal models of early
Alzheimer’s disease. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358,
821 – 828
4 Selkoe, D.J. (2001) Alzheimer’s disease: genes, proteins, and therapy.
Physiol. Rev. 81, 741 – 766
5 Yankner, B.A. et al. (1989) Neurotoxicity of a fragment of the amyloid
precursor associated with Alzheimer’s disease. Science 245, 417– 420
6 Kamenetz, F. et al. (2003) APP processing and synaptic function.
Neuron 37, 925 – 937
7 Kamal, A. et al. (2001) Kinesin-mediated axonal transport of a
membrane compartment containing b-secretase and presenilin-1
requires APP. Nature 414, 643– 648
8 Cao, X. and Sudhof, T.C. (2001) A transcriptionally [correction of
transcriptively] active complex of APP with Fe65 and histone
acetyltransferase Tip60. Science 293, 115 – 120
9 Kimberly, W.T. et al. (2001) The intracellular domain of the b-amyloid
precursor protein is stabilized by Fe65 and translocates to the nucleus
in a notch-like manner. J. Biol. Chem. 276, 40288 – 40292
10 Seubert, P. et al. (1992) Isolation and quantification of soluble
Alzheimer’s b-peptide from biological fluids. Nature 359, 325– 327

3

11 Ramsden, M. et al. (2001) Differential effects of unaggregated and
aggregated amyloid b protein (1 – 40) on Kþ channel currents in
primary cultures of rat cerebellar granule and cortical neurones.
J. Neurochem. 79, 699 – 712
12 Ramsden, M. et al. (2002) Modulation of Ca2þ channel currents in
primary cultures of rat cortical neurones by amyloid b protein (1 – 40)
is dependent on solubility status. Brain Res. 956, 254– 261
13 Nitsch, R.M. et al. (1993) Release of amyloid b-protein precursor
derivatives by electrical depolarization of rat hippocampal slices. Proc.
Natl. Acad. Sci. U. S. A. 90, 5191 – 5193
14 Mills, J. and Reiner, P.B. (1999) Regulation of amyloid precursor
protein cleavage. J. Neurochem. 72, 443– 460
15 Fastbom, J. et al. (1998) Benzodiazepines may have protective effects
against Alzheimer disease. Alzheimer Dis. Assoc. Disord. 12, 14 – 17
16 Winblad, B. and Poritis, N. (1999) Memantine in severe dementia:
results of the 9M-Best study (Benefit and efficacy in severely demented
patients during treatment with memantine). Int. J. Geriatr. Psychiatry
14, 135 – 146
17 Price, S.A. et al. (1998) Amyloid b protein increases Ca2þ currents in
rat cerebellar granule neurones. NeuroReport 9, 539 – 545
18 Selkoe, D.J. (2002) Alzheimer’s disease is a synaptic failure. Science
298, 789 – 791
19 Plant, L.D. et al. (2003) The production of amyloid b peptide is a critical
requirement for the viability of central neurons. J. Neurosci. 23,
5531– 5535
20 Zheng, H. et al. (1995) b-Amyloid precursor protein-deficient mice
show reactive gliosis and decreased locomotor activity. Cell 81,
525– 531
21 Steinbach, J.P. et al. (1998) Hypersensitivity to seizures in b-amyloid
precursor protein deficient mice. Cell Death Differ. 5, 858– 866
22 Luo, Y. et al. (2001) Mice deficient in BACE1, the Alzheimer’s
beta-secretase, have normal phenotype and abolished b-amyloid
generation. Nat. Neurosci. 4, 231– 232
23 Roberds, S.L. et al. (2001) BACE knockout mice are healthy despite
lacking the primary b-secretase activity in brain: implications for
Alzheimer’s disease therapeutics. Hum. Mol. Genet. 10, 1317 – 1324
24 De Strooper, B. et al. (1995) Production of intracellular amyloidcontaining fragments in hippocampal neurons expressing human
amyloid precursor protein and protection against amyloidogenesis by
subtle amino acid substitutions in the rodent sequence. EMBO J. 14,
4932– 4938
0166-2236/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tins.2003.10.008

Deconstructing the axon: Wallerian degeneration and
the ubiquitin – proteasome system
Michael D. Ehlers
Department of Neurobiology, Duke University Medical Center, Box 3209, Durham, NC 27710, USA

The active process by which axons degenerate has
been shown to require the ubiquitin –proteasome system. A new study reveals potential linkage between the
cellular protein degradation machinery and axon loss in
neurodegeneration and injury.
Separated by millimeters (or even meters) from the cell
body, axons seem to have a life of their own. When severed
from the soma, axons can persist and remain viable for
days before ultimately succumbing to degeneration [1].
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When it ensues, axon degeneration is rapid and occurs
independently of classic apoptotic cascades [2]. Termed
Wallerian degeneration [3], this process of axon disintegration occurs in a variety of chronic neurological diseases
as well as upon traumatic, toxic or ischemic injury [4,5],
leading frequently to profound neurological deficits.
Classically (and logically), axon loss has been thought to
result from deprivation of required nutrients, proteins,
and other biosynthetic material from the cell body.
However, this notion has been upended in recent years
by the discovery of the spontaneous mouse mutant strain
WldS, whose transected axons live and thrive for weeks

