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It is conceivable that the processes involved
in embryogenesis and early development of
the nervous system could be affected in
some way so as to contribute to the
degradation seen in nervous system
degeneration. As we further our
understanding of the underlying mechanisms
of these two processes individually, we find

that it is indeed the case that there are some
overlaps. Here, one particular molecule,
apolipoprotein E is discussed. The actions of
this molecule are fundamental to brain
development, and recent work has
uncovered a link between the ε4 allele and
the onset and development of Alzheimer’s
disease, the major cause of dementia in the
elderly. This review will present the current
lines of thought as to how apoE and its
receptors modulate brain development, and
how these processes may contribute to the
development of the underlying pathology of
Alzheimer’s disease.
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______________________________________________________________________________

What is apolipoprotein E?

In 1973, Shore and Shore discovered a new
arginine-rich component of very low-density
lipoproteins, which was later designated as
apolipoprotein E (apoE) (Utermann et al. 1975).
ApoE is a protein of ~34kDa in size, and is a
component of several lipoproteins including very
low-density lipoprotein (VLDL), some high-
density lipoproteins (HDL), and intestinally
synthesised chylomicrons. These are all essential
for the absorption or transport of lipids, which
are needed for many cellular processes including
membrane biosynthesis, hormone production,
and signal transduction.

The distribution of apoE around the body

Produced in most organs and tissues around the
body, particularly the liver, brain, spleen, lung,
and adrenals (Mahley et al. 1988), apoE is not
produced by the epithelium of the intestines.
Measurements of apoE mRNA around the body
have shown the liver to be its major source,
followed by the brain (approximately one-third

that in the liver) (Elshourbagy et al. 1985).
However, because the blood-brain barrier
prevents the passage of apoE from the periphery,
the brain must have its own method of synthesis
and secretion of apoE. This was proved
conclusively by the analysis of apoE in patients
who had undergone liver transplants. These
studies showed that the apoE isoform in the
periphery changed to that of the donor, whereas
the isoform in the CSF remained the same (Pitas
et al. 1998), demonstrating that apoE from the
periphery does not traverse to the brain. Within
the brain itself, apoE transcripts have been
localised by in situ hybridisation (Beffert et al.
1998) to astrocytes, and microglia. In
conjunction with this, apoE was shown to be
synthesised and secreted primarily by glial cells,
but not by neurons. It was further shown to be a
ligand for low-density lipoprotein receptor
(LDLR) family, found abundantly on neurons
(Herz et al. 2000). These receptors will be
discussed in due course.



Pages 1-17
Impulse: The Premier Journal for Undergraduate Publications in the Neurosciences

June 2004, 1 (1): 1-58

The polymorphic nature of apoE

In humans, apoE exists in three common
isoforms, apoE2, apoE3, and apoE4. These were
first described using isoelectric focussing
(Utermann et al. 1980), since the three isoforms
differ only in charge (Poirier et al. 2000). Zannis
and Breslow confirmed the findings using 2-D
gel electrophoresis (Zannis et al. 1981). The
isoforms are encoded by three different alleles
_2, _3, and _4 with prevalence rates of 7%, 78%,
and 15% respectively within the population
(Roses et al. 1996). After it’s discovery, apoE
was studied extensively in the periphery, and
only in the 1990s was a role for apoE discovered
in the brain, at the same time as it was linked to
Alzheimer’s disease (AD).

What is Alzheimer’s disease?

AD is the most common cause of dementia in
the elderly (~55% of cases), affecting 1 in 20
people over the age of 60, and 1 in 5 of those
over 80. In the UK alone, it affects
approximately 1 in 120 people, that is 700 000+
individuals (‘The Alzheimer Society’ 2003). For
this reason, together with the genetic link with
apoE, this review will focus on AD as a type of
dementia.

Histology

1) Neurofibrillary tangles – These are bundles
of filaments in the cytoplasm of the neurons
that displace or encircle the nucleus. They
are mainly composed of paired helical
filaments consisting of a large amount of
hyperphosphorylated tau protein. In the
normal neuron, tau is a microtubule-
associated protein found mainly in the
axons. By promoting the polymerisation of
tubulin, it stabilises microtubule structures.
However, when hyperphosphorylated it has
a lowered affinity for microtubule structures,
and so actually destabilises them. This
disrupts vital cellular processes including
axonal transport, and contributes further to
degeneration.

2) Amyloid plaques – These are focal
collections of dilated and dystrophic
neurites, surrounding a central core of
amyloid. The dominant amyloid component
is amyloid-β, a peptide of 40-43 amino acid
residues, that is derived from a larger
molecule, amyloid precursor protein (APP).

Figure 1 An illustration of the APP processing
pathway with the formation of amyloid-β

APP is synthesised with a single
transmembrane domain and expressed on the
cell surface. A soluble form of APP can be
released from the cell surface by proteolytic
cleavage, and these molecules do not give
rise to amyloid-β. But, surface APP can be
endocytosed and processed to create
amylo id -β  fragments. So, in AD this
pathway must be affected in some way such
that more amyloid-β is created i.e. more
APP is endocytosed than in the normal
individual.

3) Loss of synapses and neurons – particularly
a loss of synaptic plasticity.

Genetics

Genetic linkage studies of AD families have
identified specific genes predisposing
individuals to developing the disease (see table
1). However, more genes are being identified
that are linked to AD, and the genes in this table
do not account for all cases of AD.

So far as apoE is concerned, these genetic
studies found linkage to chromosome 19, and
subsequently to the apoE gene (Pericak-Vance et
al. 1991, Saunders et al. 1993). Since this initial
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link was made, studies have found that carriers
of the _4 allele are at greater risk of developing
the disease (including Schmechel et al. 1993).
Indeed, patients with AD are more likely to carry
one or more ε4 alleles than the general
population (Weiner et al. 1999, Corder et al.
1993). This allele is associated with earlier onset
of clinical symptoms (Corder et al. 1995), and
the more extensive pathology of tangles and
plaques (Ohm et al. 1999).

With this link established, the major task facing
researchers is to explain how and why. How can
a lipid transport molecule contribute to the onset
and development of complex intracellular
pathological changes? Does apoE play a role in
development, and are the mechanisms also
involved in neurodegeneration? This review will
address these issues.

Figure 2 Slides illustrating the two main pathological
features of AD – neurofibrillary tangle (top), amyloid
plaque (bottom). © Copyright UAB and the UAB Research
Foundation, and Slice of Life 1999-2000. All rights
reserved.

Disease onset Gene product
Early Amyloid precursor protein (APP)

Presenilin 1 (PS1)
Presenilin 2 (PS2)

Late Apolipoprotein E (apoE)
LDL receptor-related protein (LRP)
α2-macroglobulin (_2M)
FE65
Chromosome 12 gene product distinct from LRP and _2M

Table 1 Genes associated with the onset of Alzheimer’s disease (adapted from Herz et al. 2000)

The receptors of apoE – the LDL
family

In order to comprehend the mechanisms by
which apoE contributes to development, and
subsequently to AD, it is vital to have some
knowledge of the receptors through which apoE
acts. As mentioned earlier, this is the LDL
receptor family. In mammals, there are seven
receptors in this family: LDL receptor (LDLR),
LDL receptor-related protein (LRP1), VLDL
receptor (VLDLR), apoE receptor-2 (apoER2),
megalin, LRP1b, and a multiple epidermal
growth factor (MEGF7), and these have different
effects on nervous system development.
However, all have the basic function of

mediating endocytosis of substances into the
cell, especially apoE-containing lipoproteins and
their associated lipids.

LDLR

Mutations in the LDLR itself have not only been
found in humans, but also in the Watanabe strain
of rabbit (Herz et al. 2002), and in some strains
of knockout mice (Kita et al. 1982). However, it
appears from experimental studies on these
animals, and clinical studies in humans, that
mutations in this receptor do not have a
detrimental effect on development. This is
unusual since the other four receptors within this
family for which knockouts have been created
do have effects on development. This begs the
question, why does the LDLR have no
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observable effect whilst the others do? The
answer is not yet known, but it may be that there
is a certain amount of redundancy within the
receptor family, and that mutations in this
receptor can be compensated for. Alternatively,
the LDLR may simply not have a critical role in
the nervous system.

LRP1 and megalin receptor

Similar to the LDLR, LRP1 binds apoE-
containing lipoproteins and mediates their
endocytosis. This receptor also binds many other
ligands including proteases, α2M, and APP. This
multifunctionality may explain why LRP1
knockout mice die during various stages of
gestation, often exhibiting severely malformed
brain vesicles (Ishibashi et al. 1993). Clearly
then, there is a critical role for LRP1 in
embryogenesis. This receptor may also provide a
link with AD through its interactions with APP.
These have been shown to be both direct and
indirect (Kounnas et al. 1995, Herz et al. 2001a),
and can influence both the production and
clearance of amyloid-β.

LRP1 binds to forms of APP containing a
Kunitz-type proteinase inhibitor (KPI), and this
alters APP processing causing increased
production of amyloid-β  (Herz et al. 2001b).
Furthermore, amyloid-β  can bind to certain
LRP1 ligands including α2M, and as the receptor
clears these ligands out of the brain, it also clears

amyloid-β, and so acts to prevent its build up
within the central nervous system. More
credibility to this idea has come from the
association of a polymorphism in the LRP1 gene
itself that is linked to AD (Herz et al. 2000).
With decreased expression of this receptor at
clearance sites, there may be decreased ability to
remove amyloid-β, and thus enhance its
deposition.

Knockout mice for megalin have also shown
neurological defects, specifically with cranial
midline defects including cleft palate and
holoprosencephaly (failure of the forebrain to
divide into lobes) (Willnow et al. 1996).

ApoER2 and VLDLR

It has been shown that male knockout mice for
apoER2 are virtually sterile (Herz et al. 2002). It
is unknown whether this arises from an effect on
hormonal signalling from the brain to the testes,
or a direct effect on the testes themselves.

However, apoER2 has a much more critical role
in embryonic development, and together with
VLDLR, is involved in the regulation of
neuronal migration and layering in the
developing cortex. Specifically, VLDL receptor
knockouts exhibit a dysplastic granule cell layer
in the cerebellar folia (Herz et al. 2000), and
apoER2 knockouts show effects on the
development of the neocortex (Herz et al. 2000,
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Figure 3 LRP1 and APP in Aβ production and clearance
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Trommsdorff et al. 1999). Most interesting
though is in the case of double knockouts, where
the cortical neuronal layers are inverted and
cerebellar development is halted (Trommsdorff
et al. 1999). Phenotypically and behaviourally,
the mice are indistinguishable from the strains of
mice called reeler (Falconer et al. 1951) and
scrambler  (Sweet et al. 1996), which carry
mutations for proteins Reelin and disabled-1
(Dab-1) respectively.

The Reelin pathway in the developing brain

The reeler strain of mice was first discovered in
Edinburgh, and is so called due to the reeling
ataxic patterns of movement resulting from the
lack of complete development of the cerebellum.
Investigation of these mice identified a protein
later termed Reelin as being mutated. These
mutations primarily affect the radial migration
and final positioning of neurons in the
developing neocortex, cerebellum, and spinal
cord (Yip et al. 2000), thus impairing the final
layering of neurons. This is similar to the
VLDLR/apoER2 knockouts. Recent research has
shown that Reelin also plays an important role in
the development of the visual system (Rice et al.
2001), so its effects on the nervous system may
be more widespread than currently thought.

Since reeler mice are behaviourally identical to
scrambler mice despite mutations in different
proteins, it could be proposed that Dab-1 is also
involved in the Reelin pathway. This idea is
strengthened by the knowledge that levels of
Dab-1 are higher in reeler mice than normal
mice.

How does Reelin influence Dab-1?

Reelin binds to the extracellular domains of the
VLDLR and apoER2, and promotes the
phosphorylation of Dab-1, an intracellular
adapter protein. This act of phosphorylation is
key in Reelin signalling, and the presence of
Dab-1 alone is not sufficient (Howell et al.
2000). In addition to mediating the signals of
Reelin, Dab-1 binds to the cytoplasmic part of
the amyloid precursor protein (APP)
(D’Arcangelo et al. 1999), the proteolytic
product of which is amyloid-_, the constituent of
the plaques seen in AD (figure 4).

How does the Reelin pathway impact on
neuronal development?

Despite years of research, it is still not
understood how Reelin exerts its actions. It is
known that Reelin is expressed at the developing
brain surface, and so it may act as a signal to
stop neurons that are migrating from the
ventricular zone when they reach the surface of
the brain (Trommsdorff et al. 1999). Credibility
for this hypothesis comes from the observation
that VLDLR and Dab-1 are selectively expressed
in the migrating neuron only when it nears
contact with Reelin, which implies that the
VLDLR may mediate the stop function of Reelin
(Trommsdorff et al. 1999). Recent research has
suggested that Reelin also interacts with the
extracellular matrix protein integrin, to detach
the migrating nerve from the guidance glial fibre
(Olson et al. 2002), perhaps further contributing

LDLR

APP
Reelin

ApoE

Dab1

cdk4

Amyloid deposition
and plaque formation

Hyperphosphorylated
tau and tangle
formation

Cytoskeletal
rearrangements

Figure 4 A model for Reelin signalling
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to the stop signal.

However, new research by Magdaleno et al.
(2002) has shown that Reelin, when expressed
ectopically in the ventricular zone of reeler
mice, can rescue some of the migratory defects
that are present, presumably by causing further
migration of neurons. Thus, Reelin may not be
just a simple stop signal and may be involved in
a chain of more complex positioning pathways.
Other models for its action include effects that
induce the cortical preplate to split into
constituent parts, and effects causing some
neurons to bypass others (Trommsdorff et al.
1999). The observations of Magdaleno et al.
strengthens the case for the latter model.

Whatever the mode of action, it is clear that
apoE plays a significant role in this pathway.
Indeed, the interaction between Reelin and
apoER2/VLDLR is diminished in the presence
of apoE-rich particles (Benhayon in press). This
implies that apoE must interfere in some way
with the binding of Reelin with the receptors,
either by direct competition, or by activating
degradation factors for Reelin. This observation
has been echoed by D’Arcangelo et al. (1999),
but they concede that further studies need to be
carried out to elucidate the mechanisms.

cdk5 is a downstream target of the Reelin
pathway

With the current knowledge of the receptors to
which Reelin binds, some of the downstream
targets have been elucidated, and these have also
shown links with AD.

The movement of the nucleus during neuronal
migration is enabled through the construction of
‘scaffolding’ to associate with microtubules.
Some components of this ‘scaffolding’ include
cdk5 (cyclin-dependent kinase 5), its activators
p35 and p39, dynein, and dynactin. Mutations in
cdk5 and its activators (Ohshima et al. 1996,
Chae et al. 1997, Gilmore et al. 1998, Kwon et
al. 2000) have demonstrated similar pathologies
in the layering of neurons as is seen in reeler,
scrambler, and apoER2/VLDLR mutations.
Either then, cdk5 is involved in the Reelin

signalling pathway, or it is involved with another
pathway that controls neuronal migration and
layering.

The current line of thought is that it is activated
downstream of Dab-1, and interacts with other
cytoplasmic proteins to regulate the
phosphorylation of tau (D’Arcangelo et al.
1999). It has also been shown that in reeler
mice, or in mice lacking VLDLR/apoER2, tau is
hyperphosphorylated at two cdk5 sites
(Hiesberger et al. 1999) which would promote
the formation of neurofibrillary tangles in AD.

Reelin in the postnatal brain

We have seen the role of the Reelin signalling
pathway in the developing brain, and its
potential influences on the pathology seen in
Alzheimer’s, but it could reasonably be proposed
that the pathway is not simply shut off at other
points of life. Work by Ikeda et al. (1997), and
Alcantara et al. (1998) has shown that Reelin is
expressed in high levels in the mouse postnatal
brain long after neuronal migration has
terminated. Particularly high levels are found in
the hippocampus, entorhinal cortex, cerebellum,
and olfactory bulb. These are all areas associated
with learning and therefore of synaptic plasticity
and neuronal remodelling, a feature that is lost in
AD. Supporting this is recent work by Larson et
al. (in press) that has shown that in heterozygous
reeler  mice, there is a deficit in olfactory
learning, suggesting that the Reelin pathway
does indeed impact upon learning through life.
Together with findings that VLDLR, apoER2,
and Dab-1 are all found in the postnatal brain
(D’Arcangelo et al. 1999), this suggests that the
Reelin signalling pathway also plays a
significant role in the growth and remodelling of
neuronal processes in the adult brain.

Summarising the roles of apoE receptors

It is clear from the work investigating the LDL
receptors that the family is critical to the
development of the nervous system. This is
especially obvious in the Reelin signalling
pathway, and its downstream components.
Figure 4 illustrates the supposed means by which
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the malfunctioning pathway may contribute to
AD, and also the means by which apoE itself
may interfere with VLDLR and apoER2.

However, the other LDL receptors, particularly
LRP1, may also play a role in the development
of AD. Although binding many ligands, this
receptor is relatively specific, and its loss is
critical to development. The association with
APP and its effects on modulating levels of
amyloid-β provide a means to conceptualise the
processes by which mutations in LRP1 or its
ligands that bind amyloid-β can contribute to
AD.

Although the receptors are important, one must
not lose sight of the fact that the main role of
apoE is as a lipid/cholesterol transporter.
Although cholesterol is not involved in the
Reelin pathway, there are other neuronal
signalling cascades that it mediates, including
the sonic hedgehog pathway that has effects on
transcription, and in the induction of the ventral
forebrain and spinal cord (Herz et al. 2001a).
But, apoE as a lipid transporter is involved in
more than just neuronal signalling.

ApoE, cholesterol, and the nervous
system

As has been outlined, the major role of apoE in
the healthy body is to transport lipids and
cholesterol. Indeed, it is only ever found
complexed to lipids. It would be logical
therefore to consider that many of its effects are
related to lipid homeostasis. Studies of the
response to injury of both peripheral and central
nervous systems have shed some light on this,
and on possible mechanisms of AD. The role of
apoE and cholesterol in AD is potentially hugely
revealing since hypercholesterolaemia is a major
risk factor for AD.

Peripheral nervous system repair

In 1983, Skene and Shooter described the
increased synthesis of an acidic 37kDa protein in
the denervated sheath cells of the distal portion
of the crushed rat sciatic nerve. Ignatius et al.

(1986) later demonstrated homology between
this 37kDa protein and plasma apoE.
Furthermore, Boyles et al. (1989) found that the
regenerating peripheral nerve possesses the
components of a cholesterol transfer system, and
so investigating a role for apoE and cholesterol
seemed logical.

A proposed mechanism of action of apoE in
peripheral nerve repair

Figure 5 clearly illustrates that in peripheral
nerve injury there is an increase in lipids and in
response to this, an increase in apoE. Not only
does this scavenging provide cholesterol for
axonal regeneration and remyelination, but also
for synapse development.

Of interest is that as the intracellular cholesterol
levels increase through scavenging, cholesterol
synthesis by the neurons themselves decreases
t h r o u g h  a  “ … r e c e p t o r - m e d i a t e d
downregulation…by lipoproteins…” (Goodrum
et al. 1990). This suggests that the regeneration
is indeed occurring through the use of apoE
scavenged cholesterol rather than de novo
cholesterol. In vitro experiments with a
phaeochromocytoma cell line PC12 have
demonstrated that apoE-containing lipoproteins
obtained from regenerating nerves are
internalised by a receptor-mediated mechanism
(Ignatius et al. 1987), suggesting the uptake and
use of scavenged cholesterol.

Central nervous system (CNS)

Similar to the peripheral nervous system, it has
been shown that apoE can distribute cholesterol
and lipids to neurons in the CNS after injury
(Poirier et al. 1994). As far back as 1986, Muller
et al. had shown that a protein of similar
molecular weight and charge to that found by
Skene and Shooter in the periphery was released
in response to the crushing of the rat optic nerve.
Since then, much research has gone into the
roles of apoE in cholesterol transport in the brain
itself.

It is accepted that the CNS as a whole is unable
to regenerate after injury. However, the
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phenomenon of reactive synaptogenesis, where
the presynaptic areas of nerves may extend to
compensate for the loss of specific input, has
been identified in the hippocampus in response
to entorhinal cortex lesions. This phenomenon is
important to understand since AD is
characterised partly by an early and extensive
loss of entorhinal cortex neurons (Poirier et al.
1994).

In mice with lesions of the entorhinal cortex,
there is abolition of much of the synaptic input
to the granule-cell layer of the hippocampus.
However it appears that this synaptic loss is only
transient and after only a few months, new
synapses form to replace the lost ones (Matthews
et al. 1976). These changes have been linked
with a simultaneous increase in expression of
apoE in the deafferented molecular layer, and
with increased LDL-binding activity in those
granule-cells which are regenerating and
undergoing reactive synaptogenesis (Poirier et
al. 1993). This suggests a critical role for apoE
in the remodelling process. Indeed, work by
Masliah et al. (1995) and Fagan et al. (1998)
showed that in apoE-deficient knockout mice,
there is an impairment in the ability of neurons
to undergo remodelling in response to damage to
the entorhinal cortex. Further to this, White et al.
(2001) have shown, in a mouse model of
entorhinal cortex lesion, that the ε4 allele is

associated with an impaired reparative capacity
as compared to the ε3 allele. The detrimental
role of the ε4 allele in brain injury has been
echoed by Horsburgh et al. (2000). It has also
been shown that there is less apoE released in
response to CNS injury with an increased copy
number of the ε4 allele (Poirier et al. 1994). This
lends itself as a further link with AD that might
go some way to explaining the decreased
synaptic plasticity observed.

Recent work indicates a critical role for glial
cholesterol in apoE repair

Since the initial findings that apoE plays a role
in the repair of nerves and synapses following
injury, Mauch et al. (2001) have suggested that
the formation of synapses is promoted by glia-
derived cholesterol. Since apoE is derived from
astrocytes and microglia in the brain, this finding
provides yet further support for the claim that
apoE is needed for effective synaptic
remodelling.

A possible role for glial cholesterol was
proposed previously by a series of studies on rat
retinal ganglion cells (RGCs) (Pfrieger et al.
1997, Nagler et al. 2001, Ullian et al. 2001).
These reports showed that, in the absence of glia,
neurons formed few and inefficient synapses.
But, in the presence of glial cells, it was shown

Peripheral nerve crush

Macrophages secrete
apoE to scavenge
cholesterol and lipids

Axonal regeneration and
remyelination (by Schwann
cells)

Change in distal
segment

Increased local
lipids

Myelin degradation and
membrane degeneration

Figure 5 A diagram illustrating a possible mechanism of action of apoE in peripheral nerve damage
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that the neurons were able to make more
numerous and more efficient synapses, without
affecting neuronal excitability or transmission.
Therefore, it was clear that a particular glial
factor was important but not essential for the
formation of synapses.

Mauch et al. cultured RGCs in various
chromatographic fractions of glial-conditioned
(i.e. with glia) media. Through this experiment,
they formed lines of evidence implicating
cholesterol as the glial factor, including:

1) “…Cholesterol alone strongly increased the
frequency of spontaneous synaptic
events…” (Mauch et al. 2001)

2) They found a close match between the size
of a glial lipoprotein and the synapse-
formation promoting factor

3) By using mevastatin (to lower cholesterol),
there was a decreased effect on synapse
formation

They also found that by blocking the uptake of
lipoproteins (including those containing apoE),
the effect of the glial-conditioned medium on
RGCs was diminished indicating the relevance
of apoE-containing lipoproteins to the process.
These results together suggest that neurons
themselves can innately produce enough
cholesterol to survive and form few and
inefficient synapses, but that to form many
efficient synapses, they require additional
cholesterol that is provided from apoE-
containing lipoproteins secreted by astrocytes.
This is consistent with the observations that
initially promoted Mauch and colleagues to do
this experiment.

Impact of these findings

These results, if accurate, would explain why the
greatest amount of synapse development in
embryogenesis and synapse remodelling occurs
after astrocytes have been laid down, and glial-
derived cholesterol is available (Pfrieger et al.
2002). However, cholesterol may not be the only
glial factor involved in promoting synapse
development. For instance, we know that
laminin is produced by astrocytes in response to
injury (Jucker et al. 1996), and that integrins and

other extracellular adhesion molecules have been
implicated in synaptogenesis (Nikonenko et al.
2003). It would be interesting to see if apoE has
an effect on these molecules in promoting
synapse remodelling.

The most obvious way to resolve this issue
would be to use live models. However, the
innate problem in investigating these hypotheses
in vivo is that destruction of astrocytes, or any
glial cell, results in neurodegeneration in living
animals. Hence, synapse development cannot be
assessed. So, transgenic animals must be used
that have defects in glial-derived cholesterol but
not glial cells themselves. This way, the effects
on both development in the womb and
development through adulthood can be assessed.
These animals are yet to be developed.

ApoE is needed for neurite outgrowth

In addition to the roles of apoE in delivering
cholesterol to neurons for synapse development,
apoE has also been linked to neurite outgrowth.
Nathan et al. (1994) used rabbit dorsal root
ganglion cells to test the effects of apoE
isoforms on neurite outgrowth. Their reasoning
for investigating this was the observation that
apoE had an effect on peripheral nerve repair.
Previous to their experiment, it had been shown
that _-VLDL induced neurite branching
(Handelmann et al. 1992). The same experiment
had shown that the addition of rabbit apoE
(similar to human apoE3) reduced neurite
branching, and increased neurite extension
(Handelmann et al. 1992). This occurred because
_-VLDL transported apoE to the VLDLR and
other LDL receptors. This included interaction
with LRP1 on the neurons themselves. Nathan et
al. took this one stage further, investigating the
differential effects of apoE3 and apoE4. They
concluded that the addition of increasing
amounts of apoE3 to β-VLDL resulted in neurite
extension, and the opposite with apoE4.

It is suggested that this was due to interactions
with tau that would affect outgrowth by
interfering with axonal transport (Nathan et al.
1994, Pitas et al. 1998). This provides a direct
link between the _4 genotype and the
development of tangles in AD.
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Further support for isoform-specific actions
in neurite outgrowth

Support for this isoform-specific finding has
come from studies with a specific murine
neuroblastoma cell line, Neuro-2a, transfected to
secrete either apoE3 or apoE4. Without added
lipoproteins there was no effect on outgrowth
(Pitas et al. 1998), but when _-VLDL was added,
it was shown that apoE3 promoted, and apoE4
inhibited, neurite outgrowth. Also, in a study on
trkA transfected neuronal cell lines (GR1),
apoE3 but not E4 increased neurite extension
(Holtzman et al. 1995). In addition to these
findings in cell lines, similar results have been
shown in embryonic cells. Sun et al. (1998)
showed that embryonic hippocampal neurons
from wildtype mice grown in the presence of
astrocytes derived from apoE3 transgenic mice
showed significantly greater neurite outgrowth
than those grown in the presence of astrocytes
from apoE4 transgenic mice. Recently, Nathan et
al. (2002) showed that there are isoform specific
effects of apoE on adult mouse cortical neurons
also, with the same results as for cell lines and
the embryonic brain.

Thus, not only is apoE important through its
effects on neuronal signalling through the Reelin
pathway, but also through its role as a lipid
transporter. Interestingly, in both cases, apoE
does not just affect development, rather it is
actively involved in the ongoing modification
and remodelling of axons and synapses, and this
in itself makes it a prime candidate for being
involved in degenerative disorders, especially
AD as we have seen.

The next section examines the roles of apoE on
the broader scale, looking at its roles in
observable cognitive deficits.

ApoE affects learning, memory, and
cognition

The major phenotypic presentation of AD
patients is of working memory loss. So far, apoE
has been shown to play an integral role in the

development of the brain, and the subsequent
remodelling of the limbic system, which would
implicate a role in learning and memory. To
investigate specifically the effects of the ε4
allele, studies have been carried out not only on
apoE deficient mice, but also on normal
individuals carrying one or two copies of the ε4
allele. In some, but not all of these studies, it has
been shown that ε4 does predispose to cognitive
decline even in healthy individuals without AD
(Feskens et al. 1994, Small et al. 2000, Berr et
al. 1996, Stewart et al. 2001). Indeed, a recent
study by Caselli et al. (2001) has suggested that
ε4 accelerates the ageing process in a dose-
dependent manner, and this may explain why
those with apoE-linked AD have a more marked
cognitive deficit as compared to age-matched
controls.

ApoE knockouts and cognition

Work with knockouts has demonstrated that
mice with apoE deficiency show working
memory deficits in the completion of the Morris
water maze (Gordon et al. 1995), a task that
involves finding and remembering the location
of a submerged platform in a large bath of water.
This task has been shown to be hippocampal
dependent. The impairment would be expected
since apoE is needed in hippocampal
remodelling for learning. Recent work by
Weeber et al. (2002) demonstrates that in mice
lacking VLDLR and apoER2, there are
pronounced deficits in memory formation and in
long-term potentiation. This is a particularly
interesting finding since it appears to link the
apoE receptor-mediated effects with those based
on its functions in lipid homeostasis and
remodelling of the hippocampal formation.

Links with the isoforms of apoE have also been
investigated, showing that apoE4 decreases the
synapse per neuron ratio in ageing to a much
greater extent than in apoE2/E3 carriers
(Cambon et al. 2000). So, it is proposed that
promotion of memory dysfunction by the ε4
allele may involve impairment in apoE-receptor
signalling pathways, and this might accelerate
synaptic loss and the onset of dementia. Not
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known yet is whether apoE4 affects the learning
of tasks, or their subsequent recall.

Conclusion

Brain development and injury are linked to brain
degeneration through apoE, and the pathological
features of AD (amyloid plaques and
neurofibrillary tangles) are influenced by apoE
as described. Further evidence for a role for
apoE in AD has come from research suggesting
it is needed for adequate amyloid clearance
(Schmechel et al. 1993, Strittmatter et al. 1993,
Yang et al. 1999), and in modulating oxidative
damage to neurons which is increased in AD
sufferers (Lauderback et al. 2002, Butterfield et
al. 2001). There is a line of research proposing
apoE as playing a role in reduced glucose
metabolism that may precede the observable
pathology of AD (Small et al. 1995, Reiman et
al. 1996, Saunders et al. 2000).

There is still much work to be done on this topic.
Since the LDL receptors seem to be integral to
much brain development, knockouts for those
receptors not yet investigated should be created,
and their effects assessed. It may be that some of
them have no observable effect (such as the LDL
receptor itself), but conversely, they may be as
important as LRP1 and such like. Alongside this,
I believe that further study of the downstream
targets in the Reelin pathway would provide
further information on possible mechanisms of
degeneration. Particularly, proteomics could be
used to see to what other proteins and receptors a
certain downstream component binds to. This
may suggest other pathways that are important in
development. Of course, any new information
gained may not act to back up current thought,
and it may transpire that the Reelin pathway is
not as integral as it appears at the moment.

One of the main issues that remains unanswered
is the specific influence of the _4 allele. Is it the
absence of the beneficial effects of apoE3, or the
detrimental effects of apoE4 that contribute to
the onset and further development of AD? It may
be possible to investigate this by creating animal
models of AD with the ε4 allele, and
subsequently treating them with injections of a

placebo or apoE3. Some mice would then have
both apoE3 and apoE4 in their systems. If there
was, comparatively, an improvement with the
apoE3 treatment, this may imply some
specifically beneficial role for apoE3. Also
interesting to investigate would be the effects of
apolipoproteins on other forms of dementia.

By understanding the contribution of apoE to
development and AD, it would be possible to
develop therapeutic strategies to combat both the
disease, and some developmental defects. These
may include gene therapy, and apoE3 drugs to
saturate apoE receptors and prevent apoE4
exerting harmful effects. If apoE could be used
as a means of identifying those individuals who
may develop AD as it would appear at present, it
may be possible to provide them and their
families with means of coping. Thus, it may yet
be possible to develop a cure for AD and other
degenerative disorders.
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