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Reelin signaling through apolipoprotein
E (ApoE) receptors activates a signaling
cascade that protects against amyloid-
beta (Ab) at the level of N-methyl-D-
aspartate receptor (NMDAR) endocy-
tosis, actin polymerization, and tau
phosphorylation.

ApoE4 induces neuronal resistance to
Reelin by impairing the recycling of
vesicles containing ApoE receptors,
which results in reduced surface
expression of the receptors.

ApoE receptors on the presynaptic
neuron affect spontaneous vesicle
release by increasing the mobilization
of vesicle-associated membrane pro-
tein 7 (VAMP7)-containing vesicles.

Astrocytes express ApoE receptors,
which may play a role in gliotransmis-
sion and synaptic pruning.
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As the population ages, neurodegenerative diseases such as Alzheimer's dis-
ease (AD) are becoming a significant burden on patients, their families, and
health-care systems. Neurodegenerative processes may start up to 15 years
before outward signs and symptoms of AD, as evidenced by data from AD
patients and mouse models. A major genetic risk factor for late-onset AD is the
e4 isoform of apolipoprotein E (ApoE4), which is present in almost 20% of the
population. In this reviewwe discuss the contribution of ApoE receptor signaling
to the function of each component of the tripartite synapse – the axon terminal,
the postsynaptic dendritic spine, and the astrocyte – and examine how these
systems fail in the context of ApoE4 and AD.

ApoE and the Low-Density Lipoprotein (LDL) Receptor Family
The LDL receptor family is an evolutionarily ancient and highly conserved receptor family initially
identified for its role in carrying lipoprotein particles. The LDL receptor family comprises seven
core members: the low-density lipoprotein receptor (LDLR), LDLR-related protein 1 (LRP1), the
very-low-density lipoprotein receptor (VLDLR), megalin (LRP2), apolipoprotein E receptor 2
(Apoer2 or LRP8), LRP4, and LRP1b [1]. They share a conserved structure: a short intercellular
domain containing one to three NPXY motifs that mediates signal transduction and trafficking; a
transmembrane domain; and a large extracellular domain with a varying number of epidermal
growth factor (EGF) precursor homology domains and complement-type repeats that are
responsible for ligand binding and pH-dependent ligand release [1]. All LDL receptor family
members share the structural properties that allow them to interact with ApoE; hence, the terms
‘LDL receptor family’ and ‘ApoE receptors’ are used synonymously throughout this review.

The first identified member of the LDL receptor family, LDLR, is expressed on the cell surface of
hepatocytes and binds LDL particles through ApoB; similarly, LDLR and LRP1 bind ApoE on
chylomicron remnants and VLDL particles [2]. This process mediates the uptake of lipid and
cholesterol-laden particles into the cell. As key components of cholesterol homeostasis, defi-
ciency of either ApoE or LDLR in humans leads to severe hypercholesterolemia and premature
atherosclerosis [3].

In the central nervous system (CNS), cholesterol and phospholipids produced by glia are vital for
the formation and maintenance of healthy synapses [4]. Most cholesterol is released by
astrocytes in the form of ApoE-containing ‘high-density lipoprotein (HDL)-like’ particles [5].
Complete genetic deficiency of ApoE, or deficiency limited to the CNS, results in a reduction of
synapse number that is at least partially due to loss of astrocyte-derived particles [6]. In the brain
ApoE binds numerous receptors, including Ldlr, Lrp1, Apoer2, and Vldlr, and these receptors
play a variety of roles outside of lipid trafficking and metabolism, including synaptic transmission,
modulation of spine structure, and astrocyte function [1].
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ApoE, ApoE Receptors, and AD
AD affects over 30million people worldwide and one in nine people over 65 years of age [7]. AD is
characterized clinically by brain shrinkage accompanied by progressive memory loss and
cognitive decline as well as personality changes later in the disease course. Pathologically
AD is characterized by the progressive accumulation of neuritic plaques of amyloid-beta (Ab)
followed by neurofibrillary tangles of hyperphosphorylated tau[2_TD$DIFF] (t). Overt clinical symptoms
typically do not appear until the underlying pathology is well developed [8]; however, functional
imaging studies suggest that changes in synaptic function occur several years before outward
signs of the disease are apparent [9]. Moreover, rising Ab levels may in part be responsible for the
subtle, but also progressive, reduction in cognitive ability that occurs during normal aging, and
patients with ‘subjective cognitive decline’ (i.e., patients who perform normally on standardized
memory tests but nevertheless report subjective memory impairment) have generally higher
levels of Ab deposition on positron emission tomography (PET) [10,11].

Over two decades ago, ApoE4 was identified as amajor genetic risk factor for late-onset AD (i.e.,
after 60 years of age) [12]. Possession of one copy of ApoE4 triples the risk of developing AD,
while individuals with two copies have a 90% lifetime risk of developing the disease. The allele
frequency of ApoE4 is 15–20%, with some variation in incidence between populations [13].
Conversely, ApoE2 is considered to be protective against AD, while ApoE3 is considered risk
neutral because it is by far the most common of the three isoforms and thus is considered the
standard for the general population [13].

Since its identification as an important risk factor, great strides have beenmade in understanding
the role that ApoE4 plays in synapse function and AD. One important role of ApoE is the
clearance of Ab, with ApoE4 hindering Ab clearance significantly over ApoE3 and ApoE2 [14]
and thus directly increasing amyloid pathology. Additional roles for ApoE4 have been indicated
by noninvasive imaging studies, which have shown that older individuals who are ApoE4 carriers
have structural and functional alterations in AD-affected areas in the absence of cognitive
dysfunction [15]. Moreover, some of these changes are present much earlier in life [16],
indicating a role for ApoE in neuronal function before amyloid deposition. There is an enormous
literature exploring the interaction between ApoE4 and Ab, which has been reviewed in depth
recently [1,17,18]; therefore, this review focuses on the roles of ApoE and its receptors at the
synapse.

We divide our discussion based on the three components of the tripartite synapse – the
postsynaptic spine, the axon terminal, and the astrocyte – and delineate the newly discovered
roles of ApoE receptor signaling at each of these compartments (Figure 1).

Reelin, ApoE receptors, and Glutamate Signaling
Several ApoE receptors have been identified in the postsynaptic density, most notably Lrp1,
Apoer2, and Vldlr, where they interact with key synaptic components. For example, Lrp1
interacts with the N-methyl-D-aspartate receptor (NMDAR) promoting endocytosis of the
NMDAR from the cell surface [19]. Additionally, loss of Lrp1 hinders some elements of NMDAR
signaling such as internalization of GluA1 and degradation of PSD-95 [20].

Similar to Lrp1, the ApoE receptors Apoer2/Lrp8 and Vldlr form a complex with scaffolding
proteins, such as PSD-95, and the glutamate receptors [21]. The primary ligand for these
receptors in the CNS is not ApoE but rather the glycoprotein Reelin [22]. Reelin is a large,
secreted extracellular protein with numerous roles in the CNS. During development Reelin is
secreted by Cajal–Retzius cells of the marginal zone and dentate gyrus as well as cerebellar
granule cells, where it is required for appropriate migration of newly generated neurons and
neuronal layering. Mice that are deficient in Reelin (reeler) mice, have abnormal neuronal layering,
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Figure 1. The Tripartite Synapse and Apolipoprotein E (ApoE) Receptor Signaling. The classicmodel of a synapse
–with the axon terminal of one neuron synapsing onto the dendritic spine of another neuron – has been expanded to include
support and signaling from the perisynaptic astrocyte, which has cell processes in close proximity to the synaptic cleft. ApoE
receptor signaling affects all three components of the synapse. (A) Electron microscopy image of a mouse hippocampal
synapse. By courtesy of Bret Evers. (B) Schematic rendition of the synapse in (A). Numbers indicate parts of the synapse
shown in greater detail in Figures 2–5.
severe ataxia, and learning impairment and typically die at an early age [23]. In the adult brain,
Reelin secretion by Cajal–Retzius neurons declines as they are replaced by a subset of
GABAergic interneurons that populate the cortex by tangential migration emanating from the
medial ganglionic eminence and by glutamatergic neurons within layer II of the entorhinal cortex,
a region that is affected early in AD [23,24].

When Apoer2/Lrp8 and Vldlr are bound by Reelin, they cluster and induce phosphorylation of
the adaptor protein Disabled-1 (Dab1), which has several important consequences [25,26].
First, Dab1-mediated activation of Src and Fyn leads to tyrosine phosphorylation of the NR2
subunits of NMDARs,which causes increasedCa2+ [1_TD$DIFF] influxwhen the receptors are activated and
also reduces NMDAR endocytosis [27,28] thereby producing a large net influx of Ca2+ into the
dendrite. Accordingly,whenReelin is applied to hippocampal slices, greater Ca2+ influx through
opened NMDARs leads to increased long-term potentiation (LTP) [29]. This effect is mirrored in
vivo by the finding that intraventricular injection of Reelin in mice improves learning andmemory
[30]. Second, Dab1 activates phosphoinositol-3 (PI3) kinase and subsequently Akt, which
phosphorylates glycogen synthase kinase 3b (GSK3b) at its inhibitory Ser-9 phosphorylation
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site. This reduces the phosphorylation of numerous targets of GSK3b, the most relevant of
which in the context of AD is the microtubule-associated protein t [25].

In opposition to Reelin, Ab oligomers have antagonistic effects at the postsynaptic spine. Ab
binds to /7 nicotinic acetylcholine receptors (nAChRs) and to metabotropic glutamate recep-
tors, in particular mGluR5 [31–33]. A common consequence of these interactions is the
activation of calcineurin (PP2B) [28]. PP2B regulates the levels and activity of striatal-enriched
protein tyrosine phosphatase (STEP) [34]. Some of the targets of STEP are the same tyrosine
residues on NMDAR that are phosphorylated by Reelin–Apoer2 signaling [35]. Thus, Ab-
mediated activation of STEP leads to excessive internalization of NMDARs [28,35]. This effect
is specific to oligomeric, not monomeric, Ab. STEP additionally dephosphorylates and deac-
tivates Fyn, enhancing the overall effect of STEP on NMDAR endocytosis [36].

Similarly, Ab activates GSK3b through a signaling cascade involving caspase-3 and Akt [37]. The
receptor for this pathway remains unidentified, although there are numerous potential receptors
for Ab (PrPc, /7 nAChRs, and PirB among others [33,38]). GSK3b activation reduces synaptic
LTP and provides a potential biochemical mechanism by which Ab can induce t hyperphos-
phorylation [39]. As a result of these two mechanisms, activated GSK3b and increased
calcineurin and STEP activation, Ab oligomers reduce LTP [40]. Importantly, application of
Reelin to hippocampal slices prevents the reduction in LTP induced by Ab [41].

Alterations in Reelin signaling in the adult brain have been implicated in numerous neuro-
developmental disorders including schizophrenia, autism, and mood disorders [42]. With
age, Reelin levels are reduced in the brain, and in AD Reelin levels are particularly reduced
in the entorhinal cortex [43]. Some SNPs in the Reelin gene have been identified as being
protective against AD and are hypothesized to increase Reelin levels in the presence of AD
pathology [44]; however, definitive studies showing a protective effect of Reelin in humans are
largely lacking. Intriguingly, although Reelin is vital for brain development another ApoE receptor
ligand, ApoE, is not, as patients who are completely ApoE deficient have broadly normal
cognition [3]. This is partially due to the fact that ApoE expression, in both mice and humans,
begins relatively late in development [45,46]. Additionally, adult loss of Reelin and ApoE receptor
signaling in mice is well tolerated in the absence of amyloid pathology, which is likely to be due to
homeostatic regulation and compensation by other neuromodulatory mechanisms [47].

Taken together these findings provide a rational concept of Reelin and ApoE receptor signaling
whereby Reelin protects the synapse against the deleterious effects of Ab through a complex
signaling cascade to maintain the balance of kinase and phosphatase activity (Figure 2).
Previously, it was difficult to examine this protective role of Reelin in vivo due to the necessity
for Reelin in brain development; however, a conditional knockout mouse was recently developed
to overcome these challenges. It was found that while adult loss of Reelin does not cause
significant cognitive impairment – suggesting an ability of the healthy CNS to homeostatically
compensate for Reelin loss – overexpression of Ab in Reelin-deficient mice leaves them heavily
impaired in the Morris Water Maze task of learning and memory [47]. These findings highlight the
important role for Reelin and ApoE receptor signaling in protecting the synapse from Ab-induced
suppression.

Calcium Dysregulation and ApoE Receptors
One intensely discussed mechanism for how Ab causes synaptic dysfunction early in disease is
dysregulation of Ca2+ homeostasis. Ca2+ flux forms the basis of the regulation of synaptic
strength: changes in Ca2+ levels in the right context trigger LTP and long-term depression
(LTD), respectively. Briefly, a large Ca2+ influx through NMDARs stimulates Ca2+/calmodulin-
dependent protein kinase II (CaMKII) activity and G proteins, ultimately resulting in the insertion of
4 Trends in Endocrinology & Metabolism, Month Year, Vol. xx, No. yy
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Figure 2. Apolipoprotein E (ApoE) Receptors, Reelin, and Amyloid-Beta (Ab) at the Postsynaptic Neuron.
Reelin binding to ApoE receptor 2 (Apoer2) and the very-low-density lipoprotein receptor (Vldlr) clusters the receptors and
initiates a downstream signaling cascade via Disabled-1 (Dab1) that counteracts Ab signaling at several sites, including N-
methyl-D-aspartate receptor (NMDAR) phosphorylation and endocytosis, tau phosphorylation, and cofilin-mediated actin
depolymerization and spine remodeling.
/-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and growth of the
spine [48,49]. This process underlies part of the molecular basis leading to LTP, in which the
synapse respondsmore robustly to incoming synaptic stimulation. Conversely, lower levels of Ca2
+ influx preferentially activate the phosphatase calcineurin, which in turn activates protein phos-
phatase 1 (PP1) and STEP resulting in the dephosphorylation of AMPARs and their removal from
and LTD of the synapse [50].

In AD Ca2+ homeostasis inclines toward a higher level of resting Ca2+ [51]. This has been shown
in ADmouse models, particularly in the area surrounding amyloid plaques, and application of Ab
to hippocampal slices elevates resting Ca2+ levels [52,53]. Several mechanisms have been
Trends in Endocrinology & Metabolism, Month Year, Vol. xx, No. yy 5
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proposed for the effect of Ab on resting Ca2+ levels. First, Ab may directly enhance Ca2+ entry
through receptors. This may involve extrasynaptic NMDARs, which do not participate directly in
synaptic transmission but rather contribute background noise to the otherwise ordered network
function coordinated by synaptic transmission [54–56]. Alternatively, Ab oligomers have been
proposed to themselves act as calcium leak channels [57].

Intracellular calcium stores play a vital role in calcium homeostasis and are disrupted in AD.
According to this concept, presenilin 1 (PS1) – which is more commonly known in AD for
regulating amyloid precursor protein (APP) cleavage to Ab – plays a role in the endoplasmic
reticulum (ER) as a regulator of Ca2+ release through interaction with inositol trisphosphate
receptors (InsP3Rs) (or ryanodine receptors) and as a direct mediator of Ca2+ release as a Ca2+

leak channel. In general terms there is an important role for presenilins in intracellular Ca2+ stores,
which has been discussed in depth in other reviews [58].

Finally, tight control of Ca2+ homeostasis is vital to ensure efficient synaptic transmission and
maintain a balance between the storage and elimination of amemory trace (i.e., LTP versus LTD).
To maintain tight control, there are Ca2+-buffering and Ca2+-sensing systems present in the
cytoplasm, such as calbindin D-28k (CB) and calmodulin. CB contains four Ca2+-binding sites, is
present in high concentrations in neurons, and acts as a Ca2+ buffer. Levels of CB are reduced
with age and in AD. Conversely, expression of CB prevents some of the elevation in resting Ca2+

levels induced by Ab [59]. Additionally, there are other Ca2+-sensing molecules, like calmodulin,
which regulates the activity of both Ca2+-sensitive kinases (CaMKII) and phosphatases (calci-
neurin) and whose levels are also disrupted in AD [51]. Impairments of this buffering system
together with enhanced Ca2+ leakage from the intracellular and extracellular pools leads to
further disruption of Ca2+ homeostasis and synaptic transmission.

The main effect of higher resting levels of Ca2+ appears to be to tip the balance of synaptic
plasticity toward LTD. The net result of this would be memory trace erasure and loss of
synapses. Importantly, the ApoE receptors activated by Reelin are essential in maintaining
signal strength over the noise of rising Ca2+ levels induced by AD-promoting mechanisms. This
mechanism affords protection to the synapse by maintaining synaptic strength during the early
stages of AD until Ab and t accumulate to such levels that the system breaks down and synaptic
loss ensues.

Postsynaptic Actin Polymerization
Maintaining Ca2+ homeostasis is essential for the regulation of postsynaptic signaling, which is
important for the growth and maintenance, and alternatively the shrinkage, of dendritic spines.
Dendritic spines are the central sites of postsynaptic transmission and the formation and
elimination of spines is a dynamic process that continues throughout life and is dependent
on many extraneuronal and intraneuronal signals [60]. Here, Reelin and ApoE receptors play a
role in directing dendritic complexity through the control of actin polymerization. Briefly, Reelin
signaling activates PI3 kinase as described above [61]. In turn, PI3 kinase initiates a signaling
pathway that induces phosphorylation of LIM kinase-1 (LIMK-1), which in turn phosphorylates
cofilin at an inhibitory site blocking the actin-depolymerizing activity of cofilin [62,63]. As a result,
actin polymerization and dendritic spine growth exhibit a net increase in the presence of Reelin
and mice that overexpress Reelin have higher spine density and increased spine complexity
[64,65].

Conversely, Ab has the opposite effect on actin microfilament dynamics. Ab oligomers reduce
the activity of LIMK, which in turns leads to dephosphorylated, active cofilin, depolymerization of
actin filaments, and the generation of actin rods [66]. While direct opposition of Reelin and Ab at
the level of actin polymerization, or an effect of ApoE on this process, remains to be definitively
6 Trends in Endocrinology & Metabolism, Month Year, Vol. xx, No. yy
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shown, it is important to point out that ApoE4 targeted-replacement (TR) mice display reduced
dendritic spine complexity, a finding that is mirrored in human ApoE4 carriers [67]. Overall,
however, it is clear that the ApoE receptors play an important role at the postsynaptic neuron
separate from modulation of synaptic plasticity by regulating structural changes to the dendritic
spine itself.

ApoE and Endocytic Trafficking
We have so far reviewed the role of ApoE receptors and Reelin in the maintenance of synaptic
plasticity and actin polymerization. As ligands for ApoE receptors, ApoE isoforms have differ-
ential effects on these processes. ApoE binds the receptors at a different site from Reelin and
thus does not directly affect receptor signaling by hindering Reelin engagement; however, the
ApoE isoforms do affect receptor trafficking.

ApoE exists in the human population in three isoforms, which differ at only two residues, 112 and
158. ApoE2 has a cysteine at both positions, ApoE3 has a cysteine at position 112 and an
arginine at position 158, and ApoE4 has arginines at both positions [68]. ApoE has two structural
domains: an N-terminal domain, which is responsible for interaction with ApoE receptors, and a
C-terminal domain, which is responsible for lipoprotein binding [68]. The presence of an arginine
at position 112 promotes the formation of a salt bridge between Arg-61 and Glu-255 leading to a
‘domain interaction’ between the N and C termini. As a result, ApoE4 has a greater tendency to
form molten globules over the other ApoE isoforms as well as a greater propensity to aggregate
at 37 8C [69,70].

The different structural properties of ApoE4 have an important effect on its role in ligand delivery
and receptor trafficking. Under normal conditions ApoE-containing particles are internalized by
ApoE receptors, the lipoprotein particles then begin to disengage from their receptors in the early
endosome, and the receptors are finally recycled through recycling endosomes back to the cell
surface. However, when ApoE4 is present the final recycling step is delayed and the process is
stalled in the endosome, presumably due to the propensity of ApoE4 to form molten globules at
the lower pH of the endosome [69,71]. Thus, in the presence of ApoE4 the recycling of the Reelin
receptors and the glutamate receptors trapped in the same vesicle back to the synapse is
stalled, Reelin signaling is blunted, and glutamate receptor homeostasis is impaired [72]
(Figure 3). As a result, Reelin is compromised in its ability to effectively balance the inhibitory
effect of Ab on LTP (see above) when ApoE4 is present [72]. In this way ApoE4 induces a state of
‘Reelin resistance’ that is likely to affect more than synaptic plasticity (e.g., Ca2+ homeostasis,
spine remodeling, the presynaptic and astrocytic roles described below).

Presynaptic Roles of ApoE Receptors
Most work on synaptic ApoE receptors has focused on their postsynaptic roles. However,
emerging data indicate that ApoE receptors have a similarly important role in regulating
presynaptic vesicle release [73]. It was previously thought that LDL receptor family members
were mainly expressed in the postsynaptic density; however, recent studies have shown that the
ApoE receptors Apoer2 and Vldlr are also expressed at the presynaptic membrane. Briefly,
Reelin signaling through Apoer2 and Vldlr on the presynaptic membrane leads to transient
elevation of intracellular Ca2+ [73]. This Ca2+ elevation specifically increases the fusion of vesicles
containing vesicle-associated membrane protein 7 (VAMP7), an alternative ‘soluble N-ethyl-
maleimide-sensitive factor attachment-protein receptor’ (SNARE) protein that participates in
spontaneous vesicle release [74]. Reelin does not affect other SNARE protein-mediated signal-
ing [73] (Figure 4). An effect of ApoE isoform on these presynaptic changes remains to be
determined, although, given what we know about the postsynaptic mechanisms by which
ApoE4 impairs ApoE receptor function, this is likely to occur at the presynaptic side of the
synapse as well.
Trends in Endocrinology & Metabolism, Month Year, Vol. xx, No. yy 7
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Figure 3. The e4 Isoform of Apolipoprotein E (ApoE4) Impairs Endocytic Vesicle Recycling. ApoE receptors are
constitutively recycled to and from the surface. ApoE4 is predisposed to form molten globules as the pH drops in the early
endosome, which leads to impaired vesicle recycling and reduction of surface levels of ApoE receptors and glutamate
receptors.
Another presynaptic role for ApoE receptors may involve the production of glutamate. Studies in
ApoE4 TR mice have shown decreased levels of glutamate, increased levels of glutamine (the
precursor of glutamate), and a late increase in vesicular glutamate transporter 1 (vglut1),
suggesting a reduced ability of presynaptic ApoE4 neurons to convert glutamine to glutamate
and a compensatory increase in vesicular glutamate loading [75]. Follow-up studies are required
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Figure 4. Reelin Signaling Modulates Spontaneous Synaptic Vesicle Release. Reelin signaling through apoli-
poprotein E receptor 2 (Apoer2)/very-low-density lipoprotein receptor (Vldlr) on the presynaptic neuron stimulates influx of
Ca2+, which specifically increases the spontaneous release of vesicle-associated membrane protein 7 (VAMP7)-containing
vesicles.
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to determine what impact this altered glutamate production has in vivo and what effect, if any, it
may have on AD.

Astrocytes
Most ApoE in the brain is expressed by astrocytes. Astrocyte-derived ApoE is important for
cholesterol transport through ApoE-containing HDL-like particles, which play an important role
in synaptic development and maintenance [1,4,5]. Interestingly, recent data support the
hypothesis that ApoE and the ApoE receptors mediate processes in the astrocyte outside lipid
trafficking.

One role of ApoE receptor signaling in astrocytes may be modulation of synaptic pruning.
Astrocytes actively partake in synaptic pruning by phagocytosing synaptosomes and ApoE
isoforms differentially affect this process, with ApoE4 limiting the ability of astrocytes to prune
synapses [76,77]. Lrp1 is highly expressed in astrocytes, where it is responsible for phagocy-
tosis of degraded myelin [78,79]. It is likely, although it remains to be demonstrated, that Lrp1
mediates at least in part the effect of ApoE isoforms on synaptic pruning.

In addition to their role in synaptic pruning, the importance of astrocytes for effective synaptic
transmission is rapidly becoming appreciated. Astrocytes are capable of detecting synaptic
activity through glutamatergic receptors [80]. Ion flow through these receptors causes alter-
ations in intracellular Ca2+ stores that trigger the release of various substances from the
astrocyte, including glutamate, D-serine, and ATP, which can then affect synaptic transmission
[81]. This process is termed ‘gliotransmission’, which has complex effects (thoroughly reviewed
in [82]), and this is a rapidly growing field within neuroscience.

A role for Lrp4 in gliotransmission was recently described. Lrp4 is more commonly known as the
gene defective in Cenani–Lenz syndrome [83–86] and for its role in neuromuscular junction
(NMJ) development and in the maintenance of the adult NMJ, which is highlighted clinically by
the role of anti-Lrp4 and anti-muscle-specific kinase (MuSK) antibodies in myasthenia gravis
[87]. Briefly, at the NMJ Lrp4, APP, andMuSK form a complex to prepattern the muscle [88–90].
Agrin is released from the motor neuron and signals through APP, MuSK, and Lrp4 to recruit
nAChRs. Importantly, the absolute requirement for Lrp4 for NMJ development in mice, but
intriguingly not in humans [86] or cattle [91], means that mice that are completely deficient in Lrp4
die perinatally, which until recently has precluded effective study of the role of Lrp4 in the CNS
[92]. A recent study used a mouse model in which Lrp4 is expressed in the muscle on an Lrp4
knockout background permitting survival into adulthood. Importantly, these mice display
reduced synaptic transmission and LTP [93], and this finding is mimicked in mice carrying a
hypomorphic allele for Lrp4 [94]. A further study refined the role of Lrp4, inasmuch as it now
appears that it is not neuronally expressed Lrp4 but, rather, astrocytic Lrp4 that mediates this
process. In the astrocyte Agrin signaling through Lrp4 leads to increased release of ATP, which is
subsequently broken down into adenosine in the extracellular milieu [95]. Adenosine signaling
through adenosine A1 (A1A) receptors at the presynaptic membrane leads to a reduced
probability of release of glutamate-containing vesicles and thus reduced glutamatergic trans-
mission [96] (Figure 5). The mechanism by which Agrin–Lrp4 signaling regulates ATP release
from astrocytes remains unclear. It is additionally unknown whether other LDL receptor family
members participate in gliotransmission or whether ApoE isoforms affect this gliotransmission.

When discussing the effects of ApoE receptor signaling on the astrocyte, it is important to point
out that glial activation is affected by ApoE isoform, with ApoE4 causing the greatest activation
[97]. Although it is beyond the scope of this review, glial activation is an indication of proin-
flammatory changes that is commonly found in AD brains, which has been thoroughly discussed
by other groups [98].
Trends in Endocrinology & Metabolism, Month Year, Vol. xx, No. yy 9
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Figure 5. Apolipoprotein E (ApoE) Receptor Signaling at the Astrocyte. Agrin stimulates low-density lipoprotein
receptor-related protein 4 (Lrp4)/muscle-specific kinase (MuSK) complexes on astrocytes to induce the release of ATP. In
the extracellular space, ATP is metabolized to adenosine, which then acts on presynaptic A1 receptors to decrease
glutamatergic vesicle release. Lrp1 on astrocytes mediates phagocytic uptake of particles, potentially including synapto-
somes. ApoE isoforms differentially affect synaptosome uptake.

Outstanding Questions
What are the mechanisms by which
Reelin signaling changes postsynaptic
protein translation to alter the glutamate
receptor composition of the synapse?

How do healthy neurons compensate
for loss of Reelin signaling?

Does ApoE4 represent a gain or loss of
function?

Do ApoE isoforms affect presynaptic
function, in particular VAMP7 vesicle
mobilization?

Through what mechanism does ApoE
affect synaptic pruning by astrocytes?

How does Lrp4 increase ATP release
from astrocytes?

What molecular mechanisms could be
targeted to ameliorate the effects of
ApoE4 on endocytic recycling?

Would increasing or decreasing ApoE
levels be a good therapeutic target?
Overall, the astrocyte has been a long-neglected part of the synapse. As the field becomes more
aware of the role of the astrocyte at the tripartite synapse, and the fact that ApoE receptors are
actively involved in shaping its functions, more studies will emerge to evaluate these new roles in
neurodegeneration.

Concluding Remarks and Future Perspectives
ApoE receptors have a central role as regulators of the synapse at both at pre- and postsynaptic
sites as well as at the perisynaptic astrocyte. These functions, which are essential for the
maintenance of proper synaptic strength, are differentially affected by ApoE isoforms, with
ApoE4 most severely disrupting the neuromodulatory roles of ApoE receptors. Thus, ApoE4
promotes neuronal dysfunction at the earliest stages of the pathology, leading to the clinical
manifestation of AD by two distinct mechanisms: impairment of the turnover of Ab, thereby
accelerating amyloid deposition; and weakening of the ability of Reelin and ApoE receptor
signaling to protect against the deleterious effects of Ab on the synapse. Many facets of ApoE
receptor signaling remain unknown and are outlined in the Outstanding Questions, from
mechanistic explanations of Reelin signaling effects on presynaptic transmission to defining
the role of ApoE in astrocytic function. Novel pharmacological interventions targeting the effect of
ApoE4 on endosomal trafficking would have potential clinical impact by reducing the risk for late-
onset AD that the ApoE4 allele poses.
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