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Differential Effects of Apolipoproteins E3 and E4
on Neuronal Growth in Vitro

B. P. Nathan, S. Bellosta, D. A. Sanan, K. H. Weisgraber,
R. W. Mahley, R. E. Pitas*

Apolipoprotein E4 (apoE4), one of the three common isoforms of apoE, has been impli-
cated in Alzheimer’s disease. The effects of apoE on neuronal growth were determined in
cultures of dorsal root ganglion neurons. In the presence of B-migrating very low density
lipoproteins (B-VLDL), apoE3 increased neurite outgrowth, whereas apoE4 decreased
outgrowth. The effects of apoE3 or apoE4 in the presence of B-VLDL were prevented by
incubation with a monoclonal antibody to apoE or by reductive methylation of apoE, both
of which block the ability of apoE to interact with lipoprotein receptors. The data suggest
that receptor-mediated binding or internalization (or both) of apoE-enriched p-VLDL leads
to isoform-specific differences in interactions with cellular proteins that affect neurite out-

growth.

Apolipoprotein E (apoE) is a 34-kD pro-
tein that mediates the binding of lipopro-
teins to the low density lipoprotein (LDL)
receptor and to the LDL receptor—related
protein (LRP) (I, 2). In the nervous sys-
tem, apoE is synthesized and secreted pri-
marily by astrocytes (3, 4) and macrophages
(5). It is a major apolipoprotein in the brain
(6) and in cerebrospinal fluid (7). Apart
from its role in maintaining plasma choles-
terol homeostasis, apoE is thought to par-
ticipate in the mobilization and redistribu-
tion of lipids during normal development of
the nervous system (4) and in the regener-
ation of peripheral nerves after injury (8).
Three major isoforms of apoE (apoE2,
apoE3, and apoE4) are products of three
alleles (€2, €3, and €4, respectively) at a
single gene locus on chromosome 19 (9).
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The most common isoform is apoE3, which
contains cysteine and arginine at positions
112 and 158, respectively. Both positions
contain cysteine in apoE2 and arginine in
apoE4.

The €4 allele is specifically associated
with both familial late-onset and sporadic
Alzheimer’s disease (AD), and the gene
dose of €4 is a major risk factor for the
disease (10). Accumulated apoE is found in
the senile plaques and neurofibrillary tan-
gles seen in postmortem examinations of
the brains of AD patients (11). Alzheimer’s
disease patients who are homozygous for the
€4 allele exhibit more highly developed
senile plaques at autopsy than other AD
patients (12). Thus, apoE4 may contribute
to the pathogenesis of AD. Because neu-
ronal pathology is a characteristic of AD,
we examined the effect of human apoE on
neurite outgrowth. Here we demonstrate
that human apoE4 and apoE3 have different
effects on the outgrowth of neurites from
dorsal root ganglion (DRG) neurons in
culture.

Rabbit DRG neurons were used as a
model system to study the effects of lipids
and apoE on neurite outgrowth. Previously,
rabbit B-migrating very low density lipopro-
teins (B-VLDL), which are cholesterol-rich
lipoproteins, have been shown to stimulate




neurite branching (13). The addition of
rabbit apoE (which is structurally related to
human apoE3, as it contains cysteine in a
location equivalent to position 112) to the
cells with B-VLDL reduced neurite branch-
ing and increased neurite extension (13).

The B-VLDL served as lipid-rich particles

that transported apoE and allowed its inter-
action with the LDL receptor and with the
LRP expressed by the neurons (13, 14).
This study compared the effects of human
apoE3 and apoE4 on neurite outgrowth.
Cultures of DRG neurons (15) were
incubated for 18 to 20 hours in serum-free

Fig. 1. Photomicrographs of representative DRG neurons grown (A) in N2 medium alone, (B) with
B-VLDL (40 pg of cholesterol per milliliter), (C) with apoE3 (30 png/ml) and B-VLDL (40 pg/ml) or (D)
with apoE4 (30 ng/ml) and B-VLDL (40 ng/ml). Cells were nonspecifically stained with Dil (13).

Scale bar, 100 pm.
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medium (N2 medium) alone, in N2 medi-
um containing B-VLDL, or in N2 medium
containing purified human plasma apoE3 or
apoE4 alone or together with rabbit
B-VLDL (16). Incubation with B-VLDL
alone enhanced neurite growth, especially
neurite branching (Fig. 1B), as compared
with neurite growth observed in N2 medi-
um alone (Fig. 1A). Human apoE3 with
B-VLDL altered the growth pattern, result-
ing in an increase in neurite extension and
a decrease in branching (Fig. 1C). In con-
trast to apoE3, human apoE4 with B-VLDL
reduced both neurite extension and branch-
ing (Fig. 1D). Compared with B-VLDL
alone, addition of as little as 0.6 pg/ml of
apoE4 decreased neurite branching and ex-
tension (P < 0.001) (Fig. 2). On the other
hand, apoE3 increased neurite extension
and decreased branching (0.6 pg/ml, P <
0.001), as compared with B-VLDL alone.
Thus, apoE3 may promote targeted neu-
ronal growth in regeneration, whereas
apoE4 may inhibit this process.

The inhibitory effect of apoE4 with
B-VLDL on neurite growth was reversible.
The removal of the apoE4 and B-VLDL
from the cells in culture and the addition of
apoE3 with B-VLDL or nerve growth factor
promoted neurite outgrowth. In addition,
the apoE4 effects on growth were dominant
when the DRG neurons were simultaneous-
ly incubated with apoE3 (30 wg/ml), apoE4
(30 pg/ml), and B-VLDL (40 pg/ml) (Fig.

Extension

0ﬁ-VLDL apoE Methyl- IgG  1D7
apoE

Branching

200
150
100 f--

50

Percent of value obtained with N2 medium

0
B-VLDL

apoE Methyl- IgG  1D7
apoE

Fig. 3. The effect of apoE3 (30 pg/ml) (solid
bars) or apoE4 (30 ng/ml) (open bars) in the
presence of B-VLDL (40 pg of cholesterol per
milliliter) on (A) neurite extension and (B)
branching in the presence of the monoclonal
antibody 1D7 (30 pg/ml), nonimmune mouse
immunoglobulin G (IgG) (30 pg/ml), or apoE
that had undergone reductive methylation

described (15), and the data were calculated as the percent difference between each treatment
group and the matched control (N2 medium alone) for each experiment. The percent differences for
the different experiments were then averaged. The value for the N2 medium alone was set at 100%
(dashed line). Data are presented as the mean + SEM. Approximately 15 to 20% of the neurons did sured and analyzed as in Fig. 2. The value for
not respond to the treatments and were similar to control neurons. These cells may represent a the N2 medium alone was set at 100% (dashed
neuronal subclass or injured neurons (27). line).

(methyl-apoE, 30 ng/ml). The effect of B-VLDL
alone is also shown (diagonally striped bars).
For each variable, 20 to 30 neurons were mea-
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2). These results demonstrate an isoform-
specific, neuronal growth-regulatory func-
tion for apoE.

Apolipoprotein - E-enriched B-VLDL
bind to and are internalized by neurons in
DRG cultures through LDL receptor— and
LRP-mediated endocytosis (13). Apolipo-
protein E is a ligand for these receptors
only when it is present on lipoproteins (I,
2). To determine if apoE binding to lipo-
protein receptors is required for modula-
tion. of neurite outgrowth, we incubated
the DRG neurons with apoE3 or apoE4
without B-VLDL. Neither apoE3 nor
apoE4 by itself had an effect on neurite
branching or extension (17). Monoclonal
antibody 1D7, which inhibits apoE bind-
ing to lipoprotein receptors (18), and
reductive methylation of apoE, which
modifies lysine residues and also inhibits
receptor interaction (19), were tested for
their abilities to alter the effects of apoE3
and apoE4 on neurite growth. Both anti-
body 1D7 and reductive methylation of
apoE abolished the differential effects of
apoE3 and apoE4 with B-VLDL on neurite
extension and branching (Fig. 3), whereas
nonspecific immunoglobulin G did not
(20). Thus, the effects of apoE are most
likely mediated through receptor interac-
tion with the cultured DRG cells.

Support for the idea that the different
isoforms of apoE have a direct effect on
neurite outgrowth comes from studies of a
murine neuroblastoma cell line (Neuro-2a)
that has been stably transfected with hu-
man apoE3 or apoE4 (21). When these
transfected ‘cells, which secrete nanogram
quantities of human apoE, were incubated
with B-VLDL, they displayed the same

differential growth pattern as DRG neurons
" incubated with exogenous human apoE3 or
apoE4 and B-VLDL. v

The mechanism underlying the iso-
- form-specific growth-regulatory effect of
apoE may require the interaction of apoE
with the LDL receptor, with LRP, or with
other cell-surface molecules [such as
heparan sulfate proteoglycans, which are
known to bind apoE-enriched lipoprotein
(22)]. Binding of specific isoforms of apoE
to cell-surface receptors may signal intra-
cellular events. On the other hand, inter-
nalized apoE3 or apoE4 may differentially
affect intracellular processes that are re-
sponsible for the regulation of neurite
extension and branching patterns. The
presence of apoE has been demonstrated
in a variety of intracellular locations, in-
cluding endosomes, peroxisomes, and cy-
toplasm (23). Several isoform-specific in-
teractions of apoE with cellular proteins,
including proteins implicated in AD, have
also been demonstrated (24-26). Apolipo-
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protein E4 interacts more readily than
apoE3 with the amyloidogenic fragment of
the amyloid precursor protein (24). In
contrast, apoE4 does not bind to the
microtubule-associated protein tau, a ma-
jor component of neurofibrillary tangles,
whereas apoE3 binds strongly (26). Bind-
ing of apoE3 to tau has been postulated to
affect tau metabolism, possibly influencing
tau phosphorylation and the formation of
paired helical filaments present in neu-
rofibrillary tangles (26). Because tau pro-
motes microtubule assembly and stabilizes
microtubules, differential isoform-specific
interactions of apoE3 and apoE4 with tau
may account for their differential effects
on neurite outgrowth. The data suggest
that isoform-specific effects of apoE with
tau or other cellular proteins may play a
role in the development of AD.
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