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Abstract—Apolipoprotein E (apoE) alters the pathophysiol-
ogy of Alzheimer’s disease, but its mechanism is not fully
understood. We examined the effects of recombinant human
apoE3 and apoE4 on the neuronal calcium response to N-
methyl-p-aspartate (NMDA), and compared them to their tox-
icity. ApoE4 (100 nM) significantly increased the resting cal-
cium (by 70%) and the calcium response to NMDA (by 185%),
whereas similar changes were not obtained in apoE3-treated
neurons. ApoE4, but not apoE3, also significantly increased
neurotoxicity, as evidenced by enhanced lactate dehydroge-
nase release (by 53%) and reduced 3-(4,5-dimethylthiazol-2-
yl)-2,5,diphenyltetrazolium bromide levels (by 32%). ApoE4-
induced changes in the calcium response to NMDA and as-
sociated neurotoxicity were blocked by coincubation with
MK-801. Both the receptor-associated protein, which inhibits
interaction of apoE with members of the LDL receptor family,
including the low-density lipoprotein receptor-related protein
(LRP), and activated a2-macroglobulin, another LRP ligand,
prevented apoE4-induced enhancement of the calcium re-
sponse to NMDA, resting calcium levels, and neurotoxicity. A
tandem apoE peptide (100 nM) containing only the receptor
binding region residues also eliminated the enhanced cal-
cium signaling and neurotoxicity by apoE4.

Taken together, our data demonstrate that differential ef-
fects of apoE3 and apoE4 on the calcium signaling in neu-
rons correlate with their effect on neurotoxicity, which are
secondary to receptor binding. © 2003 IBRO. Published by
Elsevier Ltd. All rights reserved.
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Genetic studies have found an increased risk of Alzhei-
mer’s disease associated with inheritance of the apoli-
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poprotein E (apoE) €4 allele compared with the €2 and €3
alleles. Differential effects of apoE3 and apoE4 or related
peptides in vitro have been documented on neurite out-
growth (Crutcher et al., 1994; Holtzman et al., 1995; Narita
et al., 1997), formation of SDS-stable complexes with AR
(LaDu et al., 1995), facilitation of transcription of cAMP-
response element-binding protein (CREB)-dependent
genes (Ohkubo et al., 2001), cholesterol efflux (Michikawa
and Yanagisawa, 1999b), cytoskeletal assembly (Huang et
al., 2001), and neurotoxicity (Marques et al., 1996; Jordan
et al., 1998; Tolar et al., 1999). Many neuronal effects of
apoE isoforms are mediated by the apoE receptor, the
low-density lipoprotein receptor-related protein (LRP). In
general, apoE3 acts as a neurotrophic or neuroprotective
factor (Hashimoto et al., 2000), while apoE4 is associated
with neurotoxicity (Tolar et al., 1999), and both effects are
associated with the function of LRP.

LRP is a 600 kDa multifunctional cell surface receptor
(a member of the LDL receptor family), containing multiple
ligand sites and a high affinity calcium-binding site, which
is important for receptor conformation and ligand recogni-
tion (Strickland et al., 1991). LRP directs ligands, including
apoE, activated a2-macroglobulin («2M*), and lactoferrin
to degradation. LRP is expressed in the CNS (Rebeck et
al., 1993), and also in primary neurons (Holtzman et al.,
1995). Little is known about the differential effects of phys-
iological concentrations of apoE isoforms (5—10 pg/ml in
CSF) on intracellular calcium signaling. Calcium plays an
important role in both physiological and pathological pro-
cesses. Physiologically, calcium is an important intracellu-
lar second messenger and controls a variety of neuronal
functions. However, excessive intracellular calcium is as-
sociated with neurotoxicity (Gibbons et al., 1993; Lipton
and Rosenberg, 1994), and hyperphosphorylation of tau
(Yu and Fraser, 2001). Therefore, apoE induced changes
in calcium signaling could profoundly affect neuronal func-
tion in the CNS. We focused on the chronic effects of apoE
because the presence of apoE on plaques in the Alzhei-
mer’s disease (AD) brain could expose surrounding neu-
rons to plaque-associated protein for the life of the plaque.

In the current study, apoE isoforms’ effects were ex-
amined in cultured hippocampal neurons, which express
N-methyl-D-aspartate  (NMDA), «-amino-3-hydroxyl-5-
methyl-4-isoxazolepropionic acid, and kainate subtypes of
glutamate receptors. Glutamate is the main excitatory
transmitter in the CNS and is known to play an important
role in neuronal degeneration (Choi, 1992; Olney et al.,
1997). Calcium signaling elicited by activation of NMDA
receptors was assessed. ApoE4, but not apoE3, increased
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neurotoxicity as a consequence of the alteration of intra-
cellular calcium homeostasis, and enhancement of intra-
cellular calcium signals produced by NMDA receptor acti-
vation. These effects were blocked by the receptor-asso-
ciated protein (RAP), an antagonist of the LDL receptor
family, «2M*, an LRP ligand, and a tandem apoE peptide
containing the apoE receptor binding region. Thus the
differential effects of apoE isoforms are associated with
neurotoxicity, mediated by LRP.

EXPERIMENTAL PROCEDURES
Cell culture

Hippocampal neurons from 19-day-old embryonic Sprague—Daw-
ley rats were isolated by a standard enzyme treatment protocol
(Przewlocki et al., 1999; Qiu et al., 2002). Briefly, hippocampi were
dissociated in calcium-free saline and plated on poly-D-lysine
(Sigma Chemical Co., St. Louis, MO, USA) coated tissue culture
dishes at a density of 1.5x10° cells/ml. The neurons were grown
in MEM plus 5% horse serum and 5% fetal bovine serum supple-
mented with 30 mM glucose, and 25 uM penicillin—streptomycin.
Medium with 10% horse serum was replaced every 3 days. Treat-
ment with 5-fluoro-2'-deoxyuridine (20 wg/ml) on the third day
after plating minimized non-neuronal cell proliferation. The cul-
tures survive for about 20 days in a standard CO, incubator.

Treatment with apoE receptor ligands

Receptor ligands, including apoE3, apoE4, «2M*, and the tandem
apoE peptide, were added to primary neuronal cultures 6 or 8
days after plating, at which time the culture media was replaced
with medium containing 5% horse serum. Control cultures con-
sisted of sister cultures, which were untreated with receptor li-
gands. The neurons were observed throughout the first 10 days in
culture. The ligand-containing medium was removed before cal-
cium measurements were made. RAP was used as an LRP an-
tagonist. RAP, a2M*, and the tandem apoE were applied to the
cultures for 24—48 h (defined here as a “chronic” in vitro treat-
ment) in order to determine whether they would alter the apoE4
effects on calcium signaling and neurotoxicity. Control cultures
(sister cultures) were not treated with receptor ligands. The me-
dium was replaced by physiological saline before calcium mea-
surements were made. The composition of the physiological sa-
line was (in mM): 140 NaCl, 3.5 KCl, 0.4 KH,PO,, 0.33 Na,HPO,,
2 MgSQ,, 2.2 CaCl,, 10 glucose and 10 HEPES—NaOH, pH 7.3.

Intracellular calcium measurement

Intracellular calcium was determined for individual cells using
standard microscopic fluo-3 digital imaging (Minta et al., 1989; Qiu
et al., 2002). Briefly, hippocampal neurons were loaded with 1 uM
fluo-3/AM, and live video imagines of selected microscopic fields
were recorded with a photomultiplier (Hamamatsu Photonics,
Hamamatsu City, Japan) and digitized by computer with Bio-Rad
imaging time course software (Imaging Research Inc., St. Cathe-
rines, Ontario, Canada). The somata of approximately five to 10
cells in each microscopic field were individually measured. Intra-
cellular calcium levels were estimated by converting fluorescent
intensity to intracellular calcium concentration using the following
formula: [Ca?*]i=Ky(F—F;,)/(Fmax—F). Calibration was done in
vitro using fluo-3 salt (100 wM) in solutions of known calcium
concentration (Molecular Probes, Eugene, OR, USA), and in vivo
under saturating calcium concentrations facilitated by introducing
extracellular calcium into cells with the calcium ionophore A23187
(Molecular Probes). The calcium calibration in vivo was consistent
with calcium calibration in vitro, and the in vitro calibrations were

applied in the current study. All experiments were performed at
room temperature (approximately 23 °C).

Drug application

In calcium studies, cells were stimulated with micropressure ap-
plication of either NMDA (100 M) or selective agonists for the
NMDA receptor subtypes of glutamate receptors. The agonists
were dissolved in bath saline and applied by brief (1 sec) micro-
pressure pulse from drug pipettes (1-3 . tip) placed under visual
control near target neurons (Qiu et al., 1995). A dye was included
in the treatment solutions to monitor neuronal exposure, demon-
strating that the agonist was rapidly distributed over an area
sufficient to expose the target neurons. For NMDA stimulation the
cell bath and agonist solutions were magnesium-free physiologi-
cal saline containing 5 pM glycine. In some experiments the
neurons were exposed to drugs by bath exchange, such as
MK-801.

Chemicals

Recombinant human apoE3 and apoE4 from Panvera (Madison,
WI, USA) were used in this study, and we found that the apoE
isoforms from CalBiochem (San Diego, CA, USA) produced sim-
ilar results in the calcium studies. Recombinant human LRP RAP
was prepared from a glutathione S-transferase fusion protein as
described (Williams et al., 1992). Recombinant human «2 M
(Sigma Chemical Co.) was activated in methylamine at 10 mg/ml
as stock solution and stored at —20 °C for no more than 2-3
weeks. NMDA was obtained from Tocris Neuramin, UK, and
stored as stock solutions at concentrations of 50 mM. MK-801
(Sigma Chemical Co.) was dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 10 mM as a stock solution. The final
concentration of DMSO is not more than 0.05% in the cell bath
solution. In control experiments DMSO had no effects by itself.
Synthetic tandem apoE peptide E(141-149)2, consisted of a dou-
ble sequence of apoE amino acids 141 through 149 (Tolar et al.,
1997).

Neurotoxicity assay

Neuronal toxicity was assessed using a standard lactate dehydro-
genase assay (LDH kit; Boehringer Mannheim; Koh and Choi,
1987; Qiu et al., 1998) and by the MTT assay (3-(4,5-dimethyl-
thiazol-2-yl)-2,5, diphenyltetrazolium bromide; Sigma Chemical
Co.; Ankarcrona et al., 1995). For studies involving LRP ligands
the primary hippocampal neurons were studied using the same
paradigm mentioned above. For studies involving NMDA toxicity,
delayed toxicity was measured (Koh and Choi, 1987). The hip-
pocampal neurons were challenged with NMDA for 5 min, and the
NMDA solution was replaced with the same low serum media as
mentioned above and the cultures returned to the incubator. On
the next day (18—-24 h), toxicity was assessed by measurement of
LDH release and by the MTT assay. For both the MTT and LDH
assays, results from each culture set were normalized to the
appropriate control values for the culture set and then the results
were combined.

Data analysis

For calcium studies, intracellular calcium responses were quanti-
fied by measurement of the peak amplitude. Resting calcium
levels were subtracted from all peak amplitude values on an
individual cell basis (Qiu et al., 2002). Each protocol consists of
two or three culture sets of hippocampal neurons, in which five to
15 hippocampal neuronal somata in each field were measured. In
both calcium studies and neurotoxicity assays, data from several
cultures were pooled for statistical analyses. Values are ex-
pressed as mean=S.E.M. Two-way analysis of variance followed
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Fig. 1. Differential effects of apoE3 and apoE4 on intracellular calcium signals evoked in cultured hippocampal neurons by NMDA stimulation. Panels
A and B show representative recordings of intracellular calcium signals evoked by brief (1 s) application of NMDA (at the arrow) from a micropipette
in both control and apoE treated neurons. Estimated intracellular calcium are plotted vs. time for representative cells under control condition (open
circles in panels A and B) and either apoE4 (panel A) or apoE3 (panel B) treated conditions (filled circle in panels A and B). Panels C and D show
mean values (mean=S.E.M.) for the population of neurons studied for control neurons (open bars) and either apoE4- (panel C) or apoE3- (panel D)
treated neurons (filled bars). Averaged data include resting calcium levels and peak calcium amplitude, in which the resting levels have been
subtracted. Results are pooled from two to three sets of cultures, and each culture includes two or three fields, containing seven to 12 cells per field.

* P<0.05.

by the Fisher post hoc test for multiple comparisons determined
statistical significance. P<0.05 was considered statistically
significant.

RESULTS

Differential effects of apoE3 and apoE4 on calcium
signaling correlate with their effects on neurotoxicity

In the current study the effects of chronic exposures
(1-2 days) of apoE isofoms on neuronal intracellular
calcium signaling have been investigated in vitro. Fig. 1
shows the effects of 100 nM apoE3 and apoE4 on
calcium signaling evoked in cultured hippocampal neu-
rons by NMDA stimulation. The typical intracellular cal-
cium recordings from the control or apoE treated neu-
rons at 8 DIV are shown in Fig. 1A for apoE4 and Fig. 1B
for apoE3. NMDA was applied as indicated by an arrow.
NMDA stimulation produced an increase in intracellular
calcium, which was characterized by an initial peak and
slow recovery phase in both control and apoE-treated
cultures. ApoE4 treatment dramatically increased the
calcium response to NMDA stimulation in the cultured
hippocampal neurons, in which the peak calcium ampli-
tudes were enhanced by 185%, and the resting calcium
levels were increased by 70% (Fig. 1C). In contrast to

apoE4, apoE3 treatment significantly reduced the peak
amplitude of calcium response to NMDA, and decreased
resting calcium levels as shown in panel D. No intracel-
lular calcium changes were obtained immediately after
challenge of the neurons with recombinant human
apoE4 alone (“acute” treatments, data not shown).
Thus, chronic treatment of neurons with apoE3 and
apoE4 had differential effects on intracellular calcium
signaling.

Excessive calcium influx is a component of some neu-
ronal loss. The profound increases in intracellular calcium
levels and calcium response to NMDA in apoE4-treated
neurons indicated that apoE4 might potentially induce cal-
cium overload, leading to neuronal damage. To determine
if the effects of apoE on calcium signaling correlated with
their effects on neurotoxicity, we examined the effects of
apoE3 and apoE4 using the LDH and MTT assays. Fig. 2
shows the average effects of chronic apoE4 and apoE3
treatments on neurotoxicity in cultured hippocampal neu-
rons. ApoE4 (100 nM) significantly increased toxicity by
enhancing LDH release by 52% and reducing the MTT
levels by 32% (panel A), whereas similar effects were not
obtained by apoE3 (100 nM) treatment (panel B). These
results show that differential neurotoxicities of apoE3 and
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Fig. 2. Differential neurotoxic effects induced by apoE3 and apoE4 in hippocampal neuronal cultures. The neurotoxicity was estimated using standard
MTT and LDH assays in apoE-treated hippocampal neuronal culture. Mean values (mean*S.E.M.) are recorded for MTT and LDH in control (open
bars), 100 nM apoE4- (filled bars, panel A), and 100 nM apoE3- (filled bars, panel B) treated cultures (normalized to control values). Dose-dependent
changes of LDH (panel C) and MTT (panel D) are recorded after treatment of neurons with apoE4 from 100 nM to 200 nM for 48 h. Time-dependent
changes of 100 nM apoE4 on neurotoxicity are summarized in panel E and F. Data are analyzed from eight to 12 sets of experiments. Significant
differences (P<0.05) between control and apoE-treated neurons are indicated by asterisks ().

apoE4 correlate with their effects on the calcium response
to NMDA, and suggest that intracellular calcium signaling
plays an important role in the isoform-specific effects of
apoE.

The concentration of apoE in CSF is in the range of
100—200 nM (Riemenschneider et al., 2002). It is likely that
the neuronal impairment varies depending on the intensity of
insult around the neurons, such as the dose and the duration
of apoE4 exposure. Thus, it was of interest to determine if
apoE4 was toxic at physiologically relevant doses and in a

dose- and time-dependent manner. Fig. 2C and 2D show the
summarized effects of apoE4 at the concentrations of 100 nM
and 200 nM on toxicity using LDH assay and MTT assay. We
found that apoE4’s effects were dose-dependent, and
100 nM apoE4 did not cause the maximum neurotoxicity.
Further study showed that significant neurotoxicity was not
detected until 24 h after apoE4 treatment, and continued to
increase up to 72 h after treatment (Fig. 2E and 2F). Thus,
apoE4 contributed to cytotoxicity in a dose-dependent and
time-dependent manner.
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Fig. 3. MK-801 abolishes apoE4-induced increases in intracellular calcium and neurotoxicity. The effect of MK-801 (10 wM), an NMDA receptor
noncompetitive antagonist, was tested to determine if activation of the NMDA receptor was involved in the intracellular calcium signaling to NMDA and
neurotoxicity in apoE4-treated neurons. Panels A and B show representative recordings of intracellular calcium signals evoked by brief (1 s) application
of NMDA at the concentration of 100 wM (at the arrow) from a micropipette in both control (panel A) and apoE4-treated neurons (panel B) in the
absence of MK-801 (filled circles in panels A and B) and in the presence of MK-801 (open circles in panels A and B). Panels C and D show mean
values (mean=S.E.M.) for the population of neurons studied for control, apoE4, MK-801, and apoE4/MK-801-treated neurons. Averaged data show
the neurotoxicity detected by the MTT assay (panel C) and the LDH assay (panel D), which are normalized to control values. To determine if apoE4
altered the dose-response relationships for the neurotoxicity, hippocampal neurons were challenged with NMDA at concentrations ranging from 10 nM
to 1 mM. Neurotoxicity was determined using the MTT assay (panel E) and the LDH assay (panel F). Control (open circles) and apoE4-treated neurons
(filled circles) were exposed to the indicated concentrations of NMDA for 5 min as mentioned in the methods. Data are analyzed from six to eight
experiments. Significant differences (P<0.05) between control and apoE-treated neurons are indicated by asterisks (*).

NMDA receptor-mediated alteration of calcium receptor antagonist, was tested in order to determine if
signaling and apoE4 toxicity activation of NMDA receptor was involved in the neuronal

damage in apoE4-treated neurons. Fig. 3 shows the ef-
Glutamate receptor-mediated excitotoxicity results from in- fects of MK-801 on the intracellular calcium response to
creased calcium influx leading to toxic intracellular calcium NMDA and neurotoxicity in apoE-treated neurons. Figs. 3A
overload, with the NMDA receptor subtype primarily asso- and 3B are representative intracellular calcium recordings

ciated with calcium flux. The effect of MK-801, a NMDA from the control and apoE-treated neurons in the absence
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and presence of 10 pM MK-801. MK801 eliminated the
NMDA-induced intracellular calcium signaling in both con-
trol and apoE4 treated neurons. Furthermore, MK801 abol-
ished the substantial increase in neuronal death by apoE4
in both assays (Figs. 3C and 3D). MK801 alone did not
alter MTT levels (Fig. 3C), but did slightly decrease LDH
release (Fig. 3D), which could be due to the MK-801
blocking effects of endogenous glutamate on primary neu-
rons. These results demonstrate that the alteration in in-
tracellular calcium response to NMDA and neurotoxicity by
apoE4 were specifically induced by NMDA receptor
activation.

In the calcium signaling studies outlined above, NMDA
was tested at a standard dose of 100 wM. In vivo, it is likely
that the amplitude of the synaptic response to NMDA
varies depending on the intensity of the synaptic input.
Thus, it was important to determine if apoE4 altered the
dose-response relationships for the neurotoxicity subse-
quent to the intracellular calcium signal to NMDA. NMDA
concentrations from 10 nM to 1 mM were tested. Control
and apoE4-treated neurons were exposed to the indicated
concentrations of NMDA for 5 min as mentioned in the
Experimental Procedures. Neurotoxicity was determined
using the MTT assay (Fig. 3E) and LDH assay (Fig. 3F). In
control neurons, neuronal damage was enhanced with
increasing NMDA dose. ApoE4 treatment enhanced toxic-
ity at most doses of NMDA (0.01 pM to 100 wM), but did
not cause neurotoxicity at dramatically lower concentra-
tions of NMDA (Fig. 3E and 3F). Take together, our data
indicate that interactions between NMDA and apoE4 can
occur that lead to enhanced cell damage, and this en-
hanced damage is likely through the activation of NMDA
receptor-mediated calcium influx, since MK-801 could
abolish the toxicity (Fig. 3A, 3B and 3C). However, apoE4
did not dramatically increase the sensitivity of neurons to
NMDA, suggesting that the effects of apoE4 on NMDA
receptor is likely through the alteration of the calcium per-
meability rather than the density of NMDA receptors on the
neuronal surface.

ApoE isoforms alter calcium signaling and
neurotoxicity via an apoE receptor

LRP is strongly expressed on neurons in vivo and in vitro
(Rebeck et al., 1993; Holtzman et al.,, 1995). RAP is a
protein that facilitates the proper folding and trafficking of
LRP and other apoE receptors within the early secretory
pathway (Zheng et al., 1994), and antagonizes the binding
of all known ligands to these receptors in vitro (Battey et
al., 1994). To test if the tremendous increase in calcium
responses to NMDA by apoE4 was due to a receptor-
mediated pathway, we co-incubated cultures with RAP
(500 nM). The effects of RAP on apoE4-induced changes
in calcium signaling and neuronal toxicity are summarized
in Fig. 4, which shows representative recordings (Fig. 4A),
average resting calcium (Fig. 4B), and peak calcium am-
plitude in response to NMDA stimulation (Fig. 4C). RAP
reduced the apoE4-induced enhancement in resting cal-
cium levels, but did not eliminate the increases in resting
calcium levels by apoE4 treatment (Fig. 4B), suggesting

that an apoE receptor-mediated effect and a non-apoE
receptor-mediated effect were involved. However, the
apoE4-induced substantial increases in calcium response
to NMDA were abolished by co-incubation with RAP. RAP
alone did not alter the resting or the peak calcium re-
sponses to NMDA (data not shown). RAP also diminished
the small but significant alterations of the intracellular cal-
cium signaling induced by apoE3 (Fig. 1B and 1D; data not
shown). Importantly, RAP also prevented apoE4-induced
neurotoxicity as detected in both MTT and LDH assays
(Fig. 4D). ApoE3 treatment and RAP alone did not cause
neurotoxicity as determined by levels of MTT and LDH
(Fig. 4E). Our data indicate that apoE4 alters calcium
signaling via an apoE receptor, and that the receptor-
mediated alterations of intracellular calcium levels are
likely involved in altered neuronal viability. Additional ex-
periments were carried out to identify the mechanisms
mediating the effects of apoE isoforms via apoE receptors
on NMDA-stimulated responses.

a2M* prevents apoE4-induced alterations in calcium
signaling and neurotoxicity

LRP binds multiple ligands. One approach to identify the
mechanisms mediating the effects of apoE isoforms via
LRP on NMDA-stimulated responses is to determine
whether the effects of apoE4 can be reversed by other
LRP ligands. Among the diverse ligands for LRP, a2M* is
of particular interest due to its reported association with AD
(Rebeck et al., 1995; Qiu et al., 1999, 2001; Blacker et al.,
1998). We co-incubated cultures with «2M* at the concen-
tration of 500 nM, which is known to reduce NMDA calcium
signaling (Qiu et al., 2002). The effects of «2M* on apoE4-
induced alterations in calcium signaling and neurotoxicity
are shown in Fig. 5 (representative recordings in Fig. 5A,
average resting calcium in Fig. 5B, and peak calcium
amplitudes in response to NMDA stimulation in Fig. 5C).
a2M* eliminated the apoE4-induced increases in the cal-
cium response to NMDA stimulation in the cultured neu-
rons. The average data show that chronic treatment with
«2M* prevented the enhancement of resting calcium levels
and calcium response to NMDA by apoE4. These results
suggest that LRP is involved in the apoE4-induced intra-
cellular calcium homeostasis and intracellular calcium sig-
naling to NMDA. Chronic treatment of neurons with a2M*
also prevented apoE4-induced neurotoxicity as shown by
changes in MTT and LDH assays (Fig. 5D and 5E). «a2M*
completely antagonized apoE4-induced reduction of cell
survival detected in the MTT assay, and partially prevented
cell damage detected in the LDH assay. a2M* alone
showed a non-significant trend to improve neuronal sur-
vival (panel D).

Tandem apoE peptide also eliminates the
intracellular calcium signaling and neurotoxicity of
apoE4

Our results suggested that apoE isoforms exert their dif-
ferential effects on calcium signaling and neuronal toxicity
by an apoE receptor such as LRP. To clarify the role of this
receptor in the effects of apoE on calcium signaling and
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amplitude, in which the resting levels have been subtracted. Results are pooled from two to three sets of cultures, and each culture includes two or
three fields, containing seven to 12 cells per field. Asterisks (*) indicate significant differences (P<0.05) from control. Crosses (+) in panel B indicate
significant differences (P<0.05) from apoE4. Panels D and E show mean values (mean+S.E.M.) for the population of neurons of apoE4-, and
apoE3-treated groups. Averaged data show the neurotoxicity detected by the MTT assay (filled squares) and the LDH assay (open squares), which
are normalized to control values. Data are analyzed from six to eight experiments. Significant differences (P<0.05) from control are indicated by

asterisks (*).

toxicity, we used a tandem apoE peptide containing only to NMDA (Fig. 6C and 6D). It has been reported that this

the receptor binding domain, which is identical in both
apoE3 and apoE4. The synthetic tandem apoE peptide
consists of a double sequence of apoE amino acids 141
through 149 [E(141-149),]. To characterize the function of
the tandem apoE peptide, we first tested its effects on the
viability of hippocampal neurons (Fig. 6A), and secondly,
we tested its effects on the intracellular calcium response

peptide substantially increases neurotoxicity when used at
micromolar levels (Crutcher et al., 1994; Tolar et al., 1997).
However, we found that the tandem apoE peptide pro-
tected neurons in a dose-dependent manner when used at
concentrations from 100 nM to 700 nM (Fig. 6A), evi-
denced as decreased LDH release by 20—-25% without
significant changes in MTT levels. The neuroprotective
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Fig. 5. «2M* prevents apoE4-induced alterations in calcium signaling and neurotoxicity. We co-incubated cultures with «2M* at a concentration of
50 nM, which is known to reduce calcium signaling to NMDA. The typical intracellular calcium recordings (panel A) represent calcium signaling from
control, «2M*-, apoE4-, and apoE4/a2M*-treated neurons. NMDA was applied at the point indicated by an arrow. Averaged data include resting
calcium levels (panel B) and peak calcium amplitude (panel C), in which the resting levels have been subtracted, in control, «2M*-, apoE4-, and
apoE4/a2M*-treated neurons. Results are pooled from two to three sets of cultures, and each culture includes two or three fields, containing seven
to 12 cells per field. Asterisks (*) indicate significant differences (P<<0.05) from control. Numbers (#) indicate significant differences (P<0.05) from
«2M*. Crosses (+) indicate significant differences (P<0.05) from apoE4/a2M*. Panels D and E show mean percent changes (mean*=S.E.M.) of MTT
and LDH assays after treatment with apoE4, «2M* and apoE4. Data are analyzed from six to eight experiments. Asterisks (*) indicate significant
differences (P<0.05) from control. Numbers (#) indicate significant differences (P<0.05) from a2M*. Crosses (+) indicate significant differences

(P<0.05) from apoE4/a2M*.

effects of tandem apoE peptide occurred in a RAP-block-
able manner as shown in Fig. 6B. No obvious neurotoxicity
was obtained from hippocampal neurons treated with tan-
dem apoE peptide, although there was an increase in LDH
release at the highest concentration tested (1 wM). Similar
to a2M* and apoE3, the tandem apoE peptide substantially
decreased the intracellular calcium response to NMDA in
hippocampal neurons without significantly altering resting
calcium levels (Fig. 6C and 6D). These data suggest that
the neuroprotection of the tandem apoE peptide is also
associated with its effects on the intracellular calcium re-
sponse to NMDA. This peptide may be a convenient re-
agent for investigating the connection between LRP and
the NMDA receptor.

Since apoE4 and this tandem apoE peptide both bind
to apoE receptors with dramatically different cellular ef-
fects, we tested whether the tandem apoE peptide could

inhibit the toxic effects of apoE4. The tandem apoE peptide
blocked apoE4-induced increases in the calcium response
to NMDA stimulation of the cultured hippocampal neurons
(Fig. 7A). However, apoE peptide was not able to eliminate
the enhancement of resting calcium levels by apoE4 (Fig.
7A). Tandem apoE peptide treatment also significantly
antagonized apoE4-induced reduction of cell survival and
this effect was associated with decreased MTT levels (Fig.
7B) and increased levels of LDH (Fig. 7C). These data
further demonstrate that apoE4 exerts its effects on the
calcium signaling through receptor binding and that such
calcium overload effects correlate with its neurotoxicity.
Interestingly, neither the tandem apoE peptide (Fig. 7D)
nor RAP (Fig. 4B) prevents the apoE4 increase in resting
calcium, suggesting that apoE4 may have cellular effects
independent of its interaction with members of the LDL
receptor family.
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Fig. 6. Characterization of the function of tandem apoE peptide. Panel A shows the dose-response effects of tandem apoE peptide on neuronal
survival. To determine if apoE peptide altered the neuronal viability, hippocampal neurons were challenged with apoE peptide at the concentrations
from 100 nM to 1 uM. Neurotoxicity was determined using the MTT (filled circles) and LDH assays (open circles). Control neurons were exposed to
the indicated concentrations of apoE peptide for 24—48 h. Data are analyzed from six to eight experiments. Significant differences (P<0.05) are
indicated by asterisks (*). We co-cultured the hippocampal neurons with RAP at 500 nM, and tested the effects of apoE peptide at a concentration
of 100 nM in panel B. RAP at the concentration of 500 nM blocked the neuroprotective effects of 100 nM apoE peptide by decreasing LDH release.
Panels C and D show that the neuroprotection of tandem apoE peptide is associated with its effects on calcium signaling. The typical intracellular
calcium recordings (panel C) represent calcium signaling from control (open circles) and apoE peptide (filled circles)-treated neurons. NMDA was
applied as indicated by an arrow. Averaged data (panel D) include resting calcium levels and peak calcium amplitude, in which the resting levels have
been subtracted in control (open bars) and apoE peptide- (filled bars) treated neurons. Results are pooled from two to three sets of cultures, and each
culture includes two or three fields, containing seven to 12 cells per field. Asterisks (*) indicate significant differences (P<<0.05) from control.

DISCUSSION pathophysiology of apoE. The 48 h treatment of apoE at
a concentration of 100 nM produced a sensitive, reliable,
and consistent change in both calcium signals and neu-
ronal damage (Fig. 2). The time-dependent neurotoxic
effects by apoE isoforms are consistent with the apoE4
toxicity measured by Trypan Blue exclusion (Hashimoto
et al., 2000) and by vital dye (Marques et al., 1997; Tolar
et al.,, 1999). Our analysis of the differential effects of
apoE isoforms on hippocampal neurons in culture may
apply to in vivo conditions for several reasons. First, the
concentration of apoE in the CSF is between 100 nM
and 200 nM (Riemenschneider et al., 2002). Second,
48 h treatment provided enough time for the recombi-
nant apoE to interact with lipoproteins or other cofactors
in the media. Third, apoE4 caused intracellular calcium
signaling via a receptor-mediated process. Finally, the

ApoE has numerous effects on CNS cells, and many of
these effects are altered between apoE isoforms. In the
present study, we found that chronic exposure of cultured
rat hippocampal neurons to apoE3 or apoE4 changed
intracellular calcium homeostasis and calcium signaling to
NMDA, which correlated with neuronal toxicity. Activation
of NMDA receptors was specifically involved in the effects
of apoE4 on intracellular calcium signaling and subsequent
neurotoxicity. We found that RAP prevented apoE-induced
alteration of calcium responses to NMDA and eliminated
apoE4-induced neurotoxicity, suggesting that an apoE re-
ceptor is involved in these effects of apoE. Simultaneous
exposure of neurons to other LRP ligands, «2M* or tandem
apoE peptide, abolished the apoE4-induced intracellular
calcium response to NMDA and associated neurotoxicity.

These differential effects of apoE isoforms demonstrate chronic treatment paradigm may imitate the deteriora-
the potential for apoE receptors to alter important aspects tive process of AD in which apoE may be present on
of neuronal function in the brain. amyloid deposits for a long period of time. These find-

Neurons obtained from the rat hippocampus chroni- ings suggest that neuronal signaling may differ in brains
cally treated with recombinant human apoE showed dis- of humans or transgenic mice of APOE €4 genotype.
tinctive isoform-specific changes in intracellular calcium These situations would reflect a more chronic exposure
signaling (Fig. 1) and neuronal toxicity as assessed by of cells to apoE isoforms than in our in vitro study; future
both LDH release and MTT levels (Fig. 2), thus providing studies of NMDA receptor signaling in APOE transgenic

an accessible in vitro model to investigate the neuro- mice could address these issues in vivo.
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Fig. 7. Tandem apoE peptide blocks the enhanced intracellular calcium response to NMDA and neurotoxicity by apoE4. To differentiate the function
of apoE’s receptor binding site, we co-cultured the hippocampal neurons with apoE4. Averaged data include resting calcium levels and peak calcium
amplitude (panel A), in which the resting levels have been subtracted, in control, apoE peptide-, apoE4-, and apoE4/apoE peptide-treated neurons.
Results are pooled from two to three sets of cultures, and each culture includes two or three fields, containing seven to 12 cells per field. Asterisks
(*) indicate significant differences (P<0.05) from control. The tandem apoE peptide blocked apoE4-induced dramatic increases in the calcium
response to NMDA stimulation in the cultured hippocampal neurons as shown in panel A. However, apoE peptide was not able to eliminate the
enhancement of resting calcium levels by apoE4. Panels B and C show mean values (mean=S.E.M.) of chronic treatment with apoE4, apoE peptide
and apoE4/apoE peptide on the neurotoxic effects in cultured hippocampal neurons. The effects of apoE peptide on apoE4-induced neurotoxicity were
assessed by using the MTT assay (panel B), and the LDH assay (panel C), which are normalized to control values. Data are analyzed from six to eight
experiments. Asterisks (*) indicate significant differences (P<0.05) from control.

ApoE exists in different conformations depending on
whether it is lipid-free, or present on lipoproteins of different
densities (Weisgraber, 1994). The recombinant human apoE
proteins (lipid free) used here may bind to the lipoproteins in
the serum or conditioned media, suggesting that apoE may
exist in several conformations under our experimental condi-
tions. In normal CNS, apoE is secreted from astrocytes and
microglia in association with a very high density lipoprotein,
which likely accumulate lipids to become the larger lipopro-
teins found in the CSF. In AD CNS, apoE is also present on
AB deposits, and the conformation of apoE on an AR deposit
is unknown. No immediate effects of recombinant human
apoE4 on intracellular calcium signaling were observed even
when it was preincubated with lipoproteins, HDL and 3-VLDL
(data not shown), indicating that apoE isoforms interacting
with lipoprotein requires either a certain time or some co-
factors secreted from the cells. ApoE could also be accumu-
lating lipid from cells via cholesterol efflux (Michikawa et al.,
2000). Another possibility is that the proteolysis of apoE may
be important for determining neurotoxic effects (Tolar et al.,
1999; Zhang et al., 2001), which needs to be further
investigated.

We have shown that apoE altered intracellular calcium
signaling and neuronal toxicity in hippocampal neurons in
an isoform-specific manner. The mechanism of the apoE
isoform-specific effects on neurotoxicity might be associ-
ated with these processes: their effects on lipid metabo-
lism, receptor-mediated signaling, or receptor structure.
First, apoE isoforms differ in binding to lipoprotein, with
apoE4 preferentially bound to VLDL over HDL (Mahley,
1988), although the latter is the major lipoprotein type in
CNS (Roheim et al., 1979; Pitas et al., 1987). The recep-
tor-mediated effects of apoE may depend on lipoprotein
binding in the culture media, with apoE3 and apoE4 inter-
acting with different lipoprotein subpopulations (Michikawa
and Yanagisawa, 1999a; Michikawa et al., 2000). Second,
the receptor-mediated downstream signaling could de-
pend only on effects of apoE4 that differed from the other
ligands that we tested, i.e. apoE3, the tandem apoE pep-
tide, and «2M*. Defining this effect will require an under-
standing of whether receptors such as LRP and the NMDA
receptor interact directly or whether other adaptor proteins
are involved. Our results are consistent with the finding
that apoE4 affects transcriptional activity of CREB protein
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via LRP (Ohkubo et al., 2001) due to the alteration of
intracellular calcium signaling. Third, apoE3 (but not
apoE4) can form dimers thus potentially binding two LRP
molecules. Similarly, «2M* also can form tetramers, and
both apoE3 and «2M* generate similar effects on intracel-
lular calcium signaling (Fig. 1B and Fig. 5A).

We tested whether the effects of apoE4 on calcium
signaling and neurotoxicity could be blocked by other LRP
binding molecules. We found that «2M* and a tandem
apoE peptide could block the effects of apoE4, but that
apoE3 could not (Fig. 7). Others have reported that apoE3
produces similar protective effects as «2M* on neuronal
viability when co-cultured with apoE4 (Hashimoto et al.,
2000). We hypothesize that the lipoprotein binding region
of apoE, which is altered structurally in apoE4 (Weisgra-
ber, 1994), might play an important role in the differential
effects of apoE isoforms. Our studies suggest that the
isoform-specific effects of apoE on cultured hippocampal
neurons require LRP binding (Fig. 4), but also may be
involved an LRP independent pathway. In addition, LRP
and apoER2 (Stockinger et al., 1998) are the only known
brain receptors for «2M*, and apoER2 is also expressed
strongly on mature neurons (Christie et al., 1996; Clatwor-
thy et al., 1998). Our data do not rule out a role for apoER2
in the effects of the apoE tandem peptide or apoE4.

We previously reported that a2M* decreased calcium
influx after NMDA receptor activation (Qiu et al., 2002).
This decrease involved reducing calcium entry through
NMDA receptors, which subsequently reduced flux
through voltage sensitive calcium channels (VSCCs) and
calcium-induced calcium release (CICR) from intracellular
calcium stores. Enhanced calcium influx via NMDA recep-
tor-gated channels and a larger membrane depolarization
subsequent to the NMDA receptor activation in apoE4-
treated neurons could be the trigger for the enhanced
calcium release from stores. Previous studies have dem-
onstrated apoE effects on several calcium pathways, in-
cluding NMDA receptors (Tolar et al., 1999), VSCCs (Oh-
kubo et al., 2001), and CICR (Ohkubo et al., 2001), al-
though not all studies agree (Muller et al., 1998; Veinbergs
et al., 2002). It is clear that the potential contribution to the
calcium response elicited by apoE4 could be selectively
blocked by the NMDA receptor antagonist, MK-801 (Fig.
3B). We found that apoE4 did not affect the calcium re-
sponse to kainate, another ion-gated glutamate receptor
subtype, in the cultured primary neurons (data not shown).
The mechanism connecting LRP to the NMDA receptor
remains unknown. In vitro experiments demonstrate bind-
ing of several cytoplasm proteins to LRP, including the
disabled-1, and the scaffold protein, postsynaptic densi-
ty-95 (Sheng, 1997; Gotthardt et al., 2000). In particular,
postsynaptic density-95 is of interest because of its binding
to the NMDA receptor. These proteins may help in signal-
ing transduction from LRP to the NMDA receptor (Christo-
pherson et al., 1999; Lei et al., 2001). Other studies found
that cytoplasmic residues of LRP can be phosphorylated
(Bu et al., 1994), potentially affecting the association of
LRP with those cytoplasmic proteins. The molecular con-
nection between LRP and NMDA receptors will be pursued

in the future. Our studies suggest a pathological role for
apoE4 in the CNS and indicate that NMDA receptor-me-
diated functions may play a critical role in the neuropatho-
logical changes observed in AD associated with apoE4.

Several groups have shown that apoE4 is neurotoxic
both in vivo (Buttini et al., 1999; Veinbergs et al., 2002) and
in vitro (Marques et al., 1997; Tolar et al., 1999; Hashimoto
et al, 2000), although there is disagreement about
whether LRP is involved (Jordan et al., 1998; Moulder et
al., 1999; Hagiwara et al., 2000). In this study, several
pieces of data strongly support a role for LRP in apoE4’s
effect on calcium signaling and neurotoxicity in vitro: 1) the
increase in intracellular calcium response to NMDA and
subsequent neuronal death after treatment with apoE4
could be completely eliminated by RAP (Fig. 4); 2) «a2M*,
an LRP ligand, eliminated the alterations in calcium sig-
naling and neurotoxicity induced by apoE4 (Fig. 5); 3) the
tandem apoE peptide, containing only the receptor binding
region residues, eliminated the enhanced calcium signal-
ing and neuronal neurotoxicity by apoE4. This peptide has
been reported to be toxic to neurons at higher concentra-
tions under some culture condition, which is dependent
(Crutcher et al., 1994; Tolar et al., 1999) or independent of
LRP (Hagiwara et al., 2000). Recently, a protective effect
on NMDA excitotoxicity was obtained from a similar apoE
peptide in primary rat neuronal—glial cell cultures (Aono et
al., 2003). It seems that many LRP ligands (Du et al., 1998;
Qiu et al., 1999, 2001), including apoE3, exert neurotro-
phic effects in the CNS, while only apoE4 increases the
intracellular calcium response to NMDA and is toxic to
neurons. Recent work found that neurotrophic signals rely
on synaptic NMDA receptors and neurotoxic signals in-
volve extrasynaptic NMDA receptors (Hardingham et al.,
2002). We hypothesize that interactions of apoE3 and
apoE4 with LRP may differentially alter the distribution of
NMDA receptors. We have previously found that culture
conditions greatly affect the calcium responses of neurons
to LRP binding (Bacskai et al., 2000; Qiu et al., 2002). In
vivo, neuronal responses to LRP ligands may likewise be
heterogeneous, particular in neurodegeneration.

A number of human magnetic resonance imaging stud-
ies suggest that APOE-e4 is associated with hippocampal
atrophy, even in the absence of a diagnosis of AD (Tohgi
et al., 1997; den Heijer et al., 2002; Kim et al., 2002; Mori
et al., 2002). In addition, positron emission tomography
studies suggest that cerebral glucose metabolism is im-
paired in APOE-e4 individuals (Mielke et al., 1998; Small et
al., 2000; Reiman et al., 2001). The neurotoxic properties
of the apoE4 protein, such as those demonstrated here on
hippocampal neurons in vitro, may account for the results
of these various imaging studies in vivo.
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