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Abstract Excitotoxicity due to the excessive activation of
glutamatergic receptors leads to neuronal dysfunction and
death. Excitotoxicity has been implicated in the pathogenesis
of a myriad of neurodegenerative diseases with distinct etiol-
ogies such as Alzheimer’s and Parkinson’s. Numerous studies
link apolipoprotein D (apoD), a secreted glycoprotein highly
expressed in the central nervous system (CNS), to maintain
and protect neurons in various mouse models of acute stress
and neurodegeneration. Here, we used a mouse model over-
expressing human apoD in neurons (H-apoD Tg) to test the
neuroprotective effects of apoD in the kainic acid (KA)-le-
sioned hippocampus. Our results show that apoD overexpres-
sion in H-apoD Tg mice induces an increased resistance to
KA-induced seizures, significantly attenuates inflammatory
responses and confers protection against KA-induced cell ap-
optosis in the hippocampus. The apoD-mediated protection
against KA-induced toxicity is imputable in part to increased
plasma membrane Ca2+ ATPase type 2 expression (1.7-fold),
decreased N-methyl-D-aspartate receptor (NMDAR) subunit
NR2B levels (30 %) and lipid metabolism alterations.
Indeed, we demonstrate that apoD can attenuate intracellular
cholesterol content in primary hippocampal neurons and in
brain of H-apoD Tg mice. In addition, apoD can be
internalised by neurons and this internalisation is accentuated
in ageing and injury conditions. Our results provide additional

mechanistic information on the apoD-mediated neuroprotec-
tion in neurodegenerative conditions.
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Abbreviations
H-apoD Human apolipoprotein D
M-apoD Mouse apolipoprotein D
KA Kainic acid
NMDAR N-methyl-D-aspartate receptor
Tg Transgenic
AA Arachidonic acid
CNS Central nervous system
PMCA Plasma membrane calcium ATPases
CA Cornu ammonis
NPC Niemann-Pick’s type C
TUNEL Terminal deoxynucleotidyl transferase dUTP

nick end labelling
DAPI 4′,6-diamidino-2-phenylindole
24-HOC 24(S)-Hydroxycholesterol
GAP-43 Growth-associated protein-43
COX-2 Cyclooxygenase-2
GFAP Glial fibrillary acidic protein
PLA2 Phospholipase A2

Introduction

Apolipoprotein D (apoD) is a secreted glycoprotein and a
member of the lipocalin family of proteins, which bind and
transport small lipophilic molecules [1]. In humans, this
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atypical apolipoprotein is highly expressed in several tissues
including the central nervous system (CNS), unlike other apo-
lipoproteins which are essentially produced in liver and intes-
tine [1–3]. In rodents, apoD expression is found primarily in
the CNS. In the brain, high apoD expression is observed in the
hippocampus, the prefrontal cortex and the substantia nigra
[4], mainly in glial cells (astrocytes and oligodendrocytes)
but also in a few neurons [5–8].

The upregulation of apoD in the ageing brain [9] as well as
in multiple neurological conditions, including Alzheimer’s
[10], Parkinson’s [11], Niemann-Pick’s type C (NPC) [12]
diseases, multiple sclerosis [13] and nervous system injuries
including stroke [14–16] raises the possibility that apoD plays
a prominent role in neuronal maintenance and protection
against injury.

Supporting this hypothesis, studies revealed that overex-
pression of apoD (or its orthologs) in transgenic mice,
Drosophila and Arabidopsis lead to increased resistance to
oxidative stress [17–20] and inflammation [21]. Conversely,
apoD inactivation in mice, plants and flies resulted in de-
creased resistance and ultimately reduced survival in response
to oxidative stress [17, 18, 22]. It was further established that
apoD specifically prevents lipid peroxidation but not protein
carbonylation in response to oxidative insults [17]. This anti-
oxidant effect of apoD on lipids is mediated through a highly
conserved methionine residue (Met93), converting reactive to
non-reactive lipid hydroxides [23, 24]. ApoD may also influ-
ence inflammatory pathways via the regulation of arachidonic
acid (AA) signalling and metabolism [21]. Indeed, it was sug-
gested that apoD could stabilise AA into the cell membrane or
sequester AA, reducing the availability of free AA and thus
preventing its conversion into pro-inflammatory molecules
[25, 26]. Another way for apoD to prevent neurotoxicity lies
in its capacity to bind several ligands involved in neurological
injuries. ApoD can bind AA, progesterone and sphingomyelin,
with high affinity, as well as cholesterol, bilirubin and estradiol,
with lower affinity.

Despite increasing evidence indicating that apoD accumu-
lation in neuropathological conditions is potentially protec-
tive, little is known on the response of apoD to excitotoxic
insults and the pathways involved. Earlier work demonstrated
increased apoD levels in the hippocampus of kainic acid-
treated rats [27, 28]. Kainic acid (KA), an analogue of gluta-
mate, can induce the overactivation of glutamate receptors and
is widely used as a model to explore excitotoxic processes in
neurodegenerative injury [29]. Because of the abundance of
kainate receptors, the hippocampus is more sensitive to KA-
induced neurotoxicity [30]. Also, glutamatergic pathways
seem to be particularly affected in apoD knockout mice with
a 20 % decrease of kainate receptors in the CA 2–3 subfields
of the hippocampus, a global decrease in AMPA receptors and
a global increase in muscarinic M2/M4 receptors [31]. These
changes may potentially contribute to the impairments in

learning and memory and in motor- and orientation-based
tasks observed in these animals [17], all of which involve
glutamatergic neurotransmission.

Therefore, using transgenic mice overexpressing human
apoD in their neurons, we sought to better understand the role
of apoD in excitotoxic injury induced by KA treatment. In the
present study, we demonstrate that apoD overexpression in
neurons protects mice against KA-induced seizures and cellu-
lar apoptosis. In addition, we show that apoD protection is
conferred not only through its anti-inflammatory properties
but also through the regulation of cholesterol distribution in
neurons, and by affecting the levels of proteins known for
their involvement in limiting excitotoxic effects.

Materials and Methods

Mice

Human apoD transgenic (H-apoD Tg) mice express the hu-
man apoD (H-apoD) cDNA under the control of the Thy-1.2
promoter, as previously described [17, 21]. In H-apoD Tg
mice, H-apoD is expressed in neuronal cells in all regions of
the nervous system [21]. Because the FVB/N mouse strain is
more vulnerable to KA lesions [32], all mice were
backcrossed into the FVB/N background (Charles River,
Canada) for at least ten generations. Genotyping was per-
formed by PCR on tail biopsies as described previously
[17]. In all experiments, 12–16 weeks old male wild-type
(WT) and H-apoD Tg littermates were used. The animals were
housed under standard conditions at constant temperature (20
to 22 °C) and humidity (50 to 60 %), under a 12-h light/dark
cycle and had free availability to water and food. All mice
were euthanized by CO2 asphyxiation after being anesthetised
with Isoflurane (PPC, Richmond Hill, ON, Canada). The ex-
perimental procedures were approved by the Animal Care and
Use Committee of Université du Québec à Montréal.

Kainate Administration and Assessment of Behavioural
Seizures

KA (15 mg/kg, prepared in phosphate-buffered saline (PBS);
Sigma-Aldrich, St Louis, MO) or vehicle (PBS) were injected
intraperitoneally (i.p.) in WTand H-apoD Tg mice. Results of
preliminary dose–response experiments revealed consistent
seizures with a mortality of less than 10 % in animals injected
with a KA dose of 15 mg/kg. This dose was used in all fol-
lowing experiments. For behavioural assessment, animals (17
mice for each group) were monitored every 5 min for behav-
ioural seizures during 2 h, and the seizure intensity were blind-
scored following a modified Racine’s classification [33]:
‘stage 0’, no seizure and normal behaviour; ‘stage 1’, immo-
bilisation; ‘stage 2’, myoclonic jerk and head nodding; ‘stage

Mol Neurobiol (2017) 54:3948–3963 3949



3’, bilateral forelimb clonus and rearing; ‘stage 4’, continuous
rearing and falling; ‘stage 5’, loss of posture; and ‘stage 6’,
running and jumping seizure. For each mouse, the sum of all
seizure intensity was also calculated by adding the seizure
scores observed in all 5 min intervals during 2 h following
KA injection. The latency to stages 2, 3 and 4 seizures was
also monitored. Animals that did not present these ‘stage’
seizures were given a value of 120 min.

Protein Extraction and Western Blot Analysis

Non-injected (4–5 WT and 4 H-apoD Tg mice) and 1, 3 or
7 days post-KA injection (4–5 WT and H-apoD Tg mice)
animals were euthanized, and hippocampi were collected, fro-
zen in dry ice and conserved at −80 °C until protein extraction.
Hippocampi were then homogenised in cold lysis buffer
(50 mM Tris–HCl, pH 7.3, 150 mM NaCl, 5 mM EDTA, 0,
2 % (v/v) Triton X-100 complemented with 10 % (w/v) com-
plete protease inhibitor (Roche Molecular Diagnostics,
Mannheim, Germany). Homogenates were incubated 30 min
at 4 °C, sonicated and cleared by centrifugation. Protein con-
centration was assessed by the Bio-Rad protein assay (Bio-
Rad Laboratories, Mississauga, Canada). Proteins (30 mg)
were separated on 12 % (w/v) SDS-polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Ontario, Canada). To analyse N-methyl-D-aspar-
tate receptor (NMDAR) subunits and plasma membrane cal-
cium ATPases (PMCA) expression, proteins were separated
on 8 % (w/v) SDS-polyacrylamide gels. Membranes were in-
cubated with primary antibodies/human apoD mouse mono-
clonal antibody (2B9), 1:10,000 [10]; mouse apoD goat poly-
clonal antibody (Santa Cruz biotechnology, Dallas, USA),
1:1000; GFAP rabbit polyclonal antibody (Cell Signalling,
Whitby, Canada), 1:10,000; Mac-2 rat monoclonal antibody
(ATCC, Cedarlane, Burlington, Canada), 1:1000; COX-2 rab-
bit polyclonal antibody (Cell Signaling), 1:1000;
synaptophysin rabbit polyclonal antibody (Abcam, Toronto,
Canada), 1:10,000, NMDAR1 rabbit monoclonal antibody
(Cell Signaling), 1:1000; NMDAR2A rabbit polyclonal anti-
body (Cell Signaling), 1:1000; NMDAR2B rabbit monoclo-
nal antibody (Cell Signaling), 1:1000; PMCA2 rabbit mono-
clonal antibody (Sigma-Aldrich), 1:1000; and β-actin mouse
monoclonal antibody (Sigma-Aldrich), 1:10,000. Then, mem-
branes were incubated with the appropriate horseradish
peroxidase-conjugated secondary antibodies and visualised
by chemiluminescence (ECL, GE Healthcare, Quebec,
Canada) using a Fusion FX7 system (Vilber Lourmat, France).

TUNEL Assay

To detect apoptosis-induced nuclear DNA fragmentation, we
used the ApoAlert DNA Fragmentation Assay kit (Clontech
Laboratories, Montain View, CA), a fluorescence terminal

deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end-labelling (TUNEL)-based assay. Briefly, 3 days post-
KA injection, brains of WT (n=4) and H-apoD Tg mice
(n=4) were dissected and placed in 4 % paraformaldehyde
(PFA) at 4 °C for 24 h. The fixed brains were then embedded
in OCT freezing medium (Fisher Scientific, Ottawa, Canada).
Eight micromoles of coronal sections were cut using a cryostat
(Leica, Ontario, Canada) and mounted onto silane-coated
slides. The fixed sections were then permeabilized with pro-
teinase K at room temperature for 10 min before being incu-
bated with equilibrium buffer for 10 min at room temperature.
The sections were then incubated with equilibrium buffer con-
taining nucleotide mix and TdT Terminal Transferase at 37 °C
for 60 min. The reaction was stopped with 2× SSC, and the
sections were washed with PBS. The sections were stained
with propidium iodide (PI; 2.5 μg/mL, Sigma-Aldrich) for
nuclei labelling. TUNEL-positive nuclei were visualised by
fluorescence microscopy. Mean pixel TUNEL and PI fluores-
cence intensity were measured in hippocampus using ImageJ
software.

Subcellular Fractionation of Brain Tissue

Whole mouse brains of four non-injectedWTand H-apoD Tg
mice were homogenised in 10 vol. of cold homogenisation
buffer (0.32 M sucrose, 10 mM HEPES, pH 7.4, 2 mM
EDTA and 10 % (w/v) complete protease inhibitor (Roche))
using a motorised glass-Teflon homogeniser. The homoge-
nates (H) were centrifuged at 1000×g for 15 min. The nuclear
pellets (P1) were removed and the S1 supernatants were cen-
trifuged at 10,000×g for 30 min. Supernatants (S2, cytosol
fraction) were separated from pellets (P2). To remove any
cytosol contaminations, the pellets P2 were resuspended in
homogenisation buffer and centrifuged again at 100,000×g
for 30 min. The supernatants (S’2) were removed and the
pellets (P’2, membrane fractions) were resuspended in ho-
mogenisation buffer.

Cholesterol Quantification

Cholesterol levels were assessed using the Amplex Red cho-
lesterol assay (Life Technologies) in whole brain homoge-
nates (H), membrane (P’2) and cytosol (S2) fractions of
mouse brain. Samples, diluted in reaction buffer, were mixed
with an equivalent volume of Amplex Red working solution
containing 300 μM Amplex Red reagent, 2 U/mL cholesterol
oxidase, 0.2 U/mL cholesterol esterase and 2 U/mL horserad-
ish peroxidase (HRP). After incubation at 37 °C for 30 min,
absorbance was measured at 568 nm using fluorescence spec-
troscopy (Tecan Infinite M1000, Tecan US, NC, USA).
Cholesterol levels were normalised by protein concentration.
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24(S)-Hydroxycholesterol Quantification

Brain and plasma 24(S)-hydroxycholesterol (24-HOC) levels
were assessed using a 24(S)-hydroxycholesterol ELISA kit
(Enzo Life Sciences, Farmingdale, NY, USA). Brains
(100 mg) of four non-injected WT and H-apoD Tg mice were
homogenised in ethanol 95 % (1 mL). After centrifugation,
the pellets were resuspended in 1 mL of ethanol/
dichloromethane (1:1, v/v) and then re-centrifuged. The super-
natants (obtained after the two centrifugations) were com-
bined and evaporated to dryness with a rotary evaporator.
The samples were then rehydrated at room temperature with
ethanol 95 % (16 μL) and assay buffer (484 μL). After dilut-
ing samples in assay buffer, 24-HOC quantification in plasma
(1:1000) and brain homogenates (1:100) was performed ac-
cording to manufacturer’s instructions.

Hippocampal Culture Preparation

WT (FVB/N stain) mouse embryos, at 18 days of gestation
(from four WT females), were used to prepare primary hippo-
campal neuronal cultures as previously described [34].
Briefly, hippocampi were dissected in HBSS (without Ca2+

and Mg2+) supplemented with 1 mM sodium pyruvate and
10 mM HEPES and dissociated by trituration with a fire-
polished Pasteur pipette. Supernatants were then centrifuged
for 1 min at 1000×g. The pellets were resuspended in HBSS.
The cell suspensions were plated at a density of 5×105/cm2 in
neurobasal medium (Invitrogen) supplemented with 0.5 mM
L-glutamine and B27 supplement (Invitrogen) and grown on
glass coverlips pretreated with poly-D-lysine (Sigma-Aldrich).

Filipin Staining and GAP-43 Immunohistochemistry

Hippocampal primary neurons (10 days) were incubated with
purified H-apoD (250 ng/mL; purified from breast cyst fluid)
for 24 h. For KA toxicity, neurons, pre-incubated with H-
apoD for 24 h, were incubated with or without KA
(100 μM) for 3 h. Staining of intracellular cholesterol was
achieved using filipin, a fluorescent polyene antibiotic with
high affinity for cholesterol [35]. Hippocampal neurons were
fixed in 4 % paraformaldehyde (PFA) in PBS containing 2 %
sucrose for 15 min, washed with PBS and permeabilized with
0.1 % Triton X-100. The cells were incubated with filipin
(125 μg/mL; Sigma-Aldrich) in PBS for 2 h at room temper-
ature. Filipin-cholesterol complexes were visualised by con-
focal microscopy. For GAP-43 (neuronal marker) immunohis-
tochemistry, neurons were blocked in PBS with 10 % goat
serum, 10 % bovin serum albumin (BSA), and 0.1 % triton
for 1 h and incubated overnight at 4 °C in humid atmosphere
with a primary antibody against GAP-43 (rabbit polyclonal
antibody, 1:250, Abcam). After washing in PBS (3× for
10 min), the cells were then exposed to a goat anti-rabbit

IgG-Alexa 568 (1:1000; Life Technologies) at room tempera-
ture for 1 h, washed and mounted on slide with Prolong Gold
antifade (Life Technologies) Gap-43 immunoreactivity was
visualised by confocal microscopy.

Cholesterol Treatment

Hippocampal primary neurons (10 days) were pre-incubated
for 3 h with water-soluble cholesterol (10 μg/mL; Sigma). The
cells were then exposed with or without purified H-apoD
(250 ng/mL) for 24 h. Cholesterol uptake was visualised by
filipin staining using confocal microscopy. Mean pixel filipin
fluorescence intensity was measured in the soma of cells using
image J software.

ApoD Internalisation

Purified H-apoD uptake was assessed in hippocampal neurons
in ageing and KA-induced excitotoxic conditions. For KA
toxicity, hippocampal neurons (at 10 days) were pre-
incubated with or without purified H-apoD (250 ng/mL) for
24 h. Then, cells were exposed to KA (100 μM) for 24 h. For
ageing conditions, hippocampal neurons were cultured for
28 days and then incubated with purified H-apoD (250 ng/
mL) for 24 h.

KA-treated and untreated neurons were fixed in 4 % PFA
and processed for immunohistochemistry using an antibody
against H-apoD (1:100; mouse monoclonal antibody, 2B9)
and a goat anti-mouse IgG-Alexa 488 (1:1000; Life
Technologies) as described here above. H-apoD and DAPI
fluorescent labellings were visualised by confocal
microscopy.

Statistical Analyses

Statistical differences were determined using one-way
ANOVAs and two-way ANOVAs followed by Bonferroni
post hoc tests and unpaired t test, as indicated in the figure
legends. Statistical analyses were performed with
GraphPadPrism Software for statistical differences. p<0.05
was defined as the significance threshold. All data are present-
ed as mean±SEM.

Results

Endogenous M-apoD Induction in the KA-Lesioned
Mouse Hippocampus Coincides with Astrocytic
Activation

KA-induced apoD expression has previously been reported in
the rat hippocampus [27, 28]. To investigate the time-course
of endogenous apoD expression in the mouse hippocampus
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following KA treatment, WT mice were injected with KA
(15 mg/kg; i.p.) and the hippocampus was processed for the
detection of apoD protein at days 1, 3 and 7 post-injection. In
parallel, the expression of the classic reactive astrocyte marker
GFAP, known as a neurotoxicity marker after brain injury
[36], was also assessed [37]. Endogenous apoD protein started
to accumulate 1 day following KA injection and peaked at day
3 (2-fold induction) compared with non-injected mice (NI)
(Fig. 1a). Hippocampal apoD expression returned to baseline
levels 7 days post-injection. In a similar manner, the relative
hippocampal expression of GFAP protein (Fig. 1b) began to
increase on day 1 post-injection, with its highest expression at
day 3 (3-fold induction), corresponding to the neurotoxicity
peak. GFAP levels, as for apoD, were lower at day 7 although
still significantly higher than in non-injected animals. Overall,
these data show that KA treatment induces apoD accumula-
tion in the hippocampus of mice, a phenomenon which is
concomitant with astrocyte activation.

Since endogenous M-apoD appears upregulated after KA
insult and as H-apoD overexpression in neurons has demon-
strated protective effects against oxidative stress [17, 20], en-
cephalitis [21] and nerve damage [38], we next aimed at eval-
uating a potential protective role for apoD against KA-induced
excitotoxicity.

H-apoD Tg Mice Are More Resistant to KA-Induced
Seizures

KA affects the limbic structure and induces epileptic dis-
charges [39]. To investigate the effect of H-apoD overexpres-
sion on the generation of KA-induced seizures, WT and H-
apoD Tg mice were injected with KA and their behaviour was
recorded for 2 h post-injection. Seizure behaviours were
assessed according to two scoring systems: the seizure index
and the cumulative score. KA injection induced seizures of
significantly lower severity in H-apoD Tg mice compared
with WT animals (Fig. 2a, left axis). In addition, the sum of
all seizure scores (cumulative score) that mice experienced
over that time was 2-fold lower in H-apoD Tg mice (26.3
± 3.06) compared with WT animals (50.12 ± 4.12; Fig. 2a,
right axis). We also assessed the latency to reach stage 2
(myoclonic jerks of the head), stage 3 (bilateral forelimb clo-
nus and rearing rearing) and stage 4 (continuous rearing and
falling) seizures. If the animal did not present these ‘stage’
seizures, the latency was considered as 120 min. Compared
with WT mice, the latency to seizure onset was significantly
higher in H-apoD Tg mice (Fig. 2b). This onset was delayed
by 34±14.5 min for stage 4. In stage 3 occurrence, this dif-
ference was further emphasised. Indeed, the onset of stage 3
seizures was observed 57±13 min later in H-apoD Tg mice
than in WT animals. No significant difference was observed
for the latency to seizure stage 2 between WTand H-apoD Tg
mice. These results suggest that H-apoD overexpression in

transgenic mice induces an increased resistance to KA-
induced seizures. We thus explored the mechanisms involved
in such protection.

Transgenic Mice Expressing H-apoD Are More Resistant
to KA-Induced Apoptosis

Because H-apoD Tg mice were more resistant to KA-induced
seizures, we investigated whether apoD overexpression atten-
uated the pathological consequences of KA-excitotoxicity at
the cellular level. KA-induced cell apoptosis, a consequence
of seizures, was assessed in hippocampal sagittal sections
from WT and H-apoD Tg mice using TUNEL labelling, at
day 3 post-injection (corresponding to the astrogliosis and
apoD peaks) (Fig. 3). In WT mice, TUNEL labelling was
present in different hippocampal subfields (CA1, CA3, hilus
of the dentate gyrus) (Fig. 3c). In contrast, in the hippocampus
of H-apoD Tg mice, TUNEL staining was decreased in the
different subfields (Fig. 3d). Moreover, at day 3 post-KA in-
jection, the overall level of cell damage, quantified as total
TUNEL fluorescence in the H-apoD Tg hippocampus was
significantly reduced compared with WT mice (Fig. 3e).
These results indicate that H-apoD expression confers protec-
tion against KA-induced cell apoptosis.

Fig. 1 Correlation between M-apoD protein expression and astrogliosis
after KA treatment. Endogenous apoD (M-apoD) (a) and astrocyte
activation (b) GFAP protein expression were analysed by western blot
of hippocampal homogenates from non-injected (NI) and WT mice
injected with kainic acid (15 mg/kg) 1, 3 and 7 days post-injection.
Values were normalised by β-actin protein expression: the ratio in non-
injected mice was given an arbitrary value of 1. Normalised values are
presented as mean ± SEM (n= 3 to 5 animals for each group). One-way
ANOVA followed by Bonferroni post-test: *p < 0.05; ***p < 0.001
compared with non-injected mice; ###p < 0.001 compared with 1 day
post-injected mice; δp < 0.05; δδp < 0.01 compared with 3 days post-
injected mice
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H-apoD Reduces the Activation of Inflammatory
Processes in the Hippocampus

KA-induced neurodegeneration is associated with glial acti-
vation (microglia and astrocytes) and inflammatory mediators
production [40]. Since that apoD production is accompanied
by GFAP activation following KA challenge (Fig. 1b) and
based on the significant resistance of H-apoD Tg mice against
seizures and hippocampal KA-induced apoptosis, we exam-
ined the presence of inflammatory processes in the hippocam-
pus of WTand H-apoD Tg mice at day 3 post-injection. In the
hippocampus ofWTmice, KA injection resulted in significant
astrocytic (GFAP; 3-fold) (Figs. 1b and 4a, b) and microglial
activation (Mac-2; 3-fold) (Fig. 4a,c). It also induced expres-
sion of COX-2, an inflammatory mediator which promotes the
recurrence of seizures and neuronal loss [41] (Fig. 4a,d).
Interestingly, in response to KA treatment, H-apoD Tg mice

display lower levels of Mac-2 and COX-2 than their WT
counterparts. However, H-apoD Tg mice also display robust
GFAP activation in their hippocampus, comparable with
levels detected in WT animals. Together, these data demon-
strate that the expression of H-apoD significantly attenuates
inflammatory responses consequent to KA-induced
excitotoxic neurodegeneration, except for the activation of
astrocytes.

Effect of H-apoD on PMCA2 Expression in Hippocampus

We then hypothesised that the neuronal expression of H-apoD
induces favourable conditions that may attenuate KA-induced
lesions. PMCA, major calcium pumps, play an important role
in regulating Ca2+ intracellular levels. Kainic acid reduces the
levels of PMCA2, a major isoform present in the brain, lead-
ing to Ca2+ dyshomeostasis [42]. We thus analyzed the ex-
pression of PMCA2 in the hippocampus of WT and H-apoD

Fig. 2 H-apoD Tg mice are more resistant to KA-induced seizures. a
Seizure index was evaluated for 2 h, according to the following arbitrary
scale [95]: 0, no seizure; 1, one severe seizure (class 4–5); 2, three to five
severe seizures; 3, six to ten severe seizures; and 4, more than ten severe
seizures or very severe (class 6) seizures, in WT and H-apoD Tg mice
injected with kainic acid (15 mg/kg). Cumulative seizure score was
assessed as the sum of the scores recorded each 5 min over a 2-h period
after KA injection in WT and H-apoD Tg mice. Mann–Whitney U test:
*p< 0.05; ***p < 0.001 compared with WT. b The latency to ‘stage 2’,
‘stage 3’ and ‘stage 4’ seizures was measured in WT (grey bars) and H-
apoD Tg (dark grey bars) mice. Animals that did not present these ‘stage’
seizures were given a value of 120 min. Two-way ANOVA followed by
Bonferroni post-test: *p < 0.05; ***p< 0.001 compared with WT. Values
are means ± SEM of 17 animals per group

e

CA1

CA3

DG

CA1

CA3

DG

a
WT H-apoD Tg

TUNEL

PI

b

c d

Fig. 3 H-apoD Tg mice are more resistant to KA-induced apoptosis.
Representative images of nuclear (PI, red) (a, b) and TUNEL staining
(green) (c, d) of coronal sections (dorsal hippocampus is shown) from
WT (a, c) and H-apoD Tg (b, d) mice, 3 days post-KA-injection. e
Quantification of apoptotic cells in the hippocampus of KA-treated
mice. The number of TUNEL-positive cells was divided by the number
of total cells (PI-positive nuclei) and normalised by the WT, which was
given an arbitrary value of 100 %. Normalised values are presented as
mean (four animals per group) ± SEM. Unpaired t test: **p = 0.0063
compared with WT
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Tg mice. PMCA2 expression in baseline, non-KA-induced
conditions was 1.7-fold higher in H-apoD Tg mice compared
with WT animals (Fig. 5a,b). These data reveal that neuronal
H-apoD overexpression leads to increased PMCA2
expression.

Effect of H-apoD on NMDA Receptors in Hippocampus

Since the excitotoxicity process is induced through
overactivation of glutamate receptors, we assessed the protein
level of NMDA receptor subunits (NR1, NR2A and NR2B) in
WT and H-apoD Tg mice (Fig. 6). WT and H-apoD Tg ani-
mals presented similar hippocampal protein levels of NR1 and
NR2A (Fig. 6a–c), although a trend for NR2A downregula-
tion in H-apoD Tg mice was observed (Fig, 6a, c). In contrast,
NR2B levels were significantly reduced in H-apoD Tg mice
(30 % decrease) (Fig. 6a, d). Because NMDAR are essential
mediators of brain plasticity, we also examined the effect of
neuronal H-apoD overexpression on synaptophysin, a marker
of neuronal terminals reflecting synaptic plasticity processes
[43]. Interestingly, synaptophysin levels were not altered in
the hippocampus of H-apoD Tg compared with WT animals

(Fig. 6a, e). This data indicates that the protection against KA-
induced toxicity observed in H-apoD Tg mice might be im-
putable in part to decreased NR2B levels in these mice.

H-apoD Modulates Cholesterol Metabolism in Neurons

A role for apoD in lipid metabolism has been suggested by
several studies [44–46]. Defects in cholesterol metabolism are
associated with various neurological injuries, such as kainate-
induced excitotoxicity [47, 48]. We first evaluated whether
neuronal expression of human apoD modulates cholesterol
levels in the mouse brain. These were measured in membrane,
cytosol and whole brain fractions ofWTandH-apoD Tgmice,
using the Amplex Red Cholesterol assay. Interestingly, the
brain of H-apoD Tg mice contained significantly less choles-
terol (40 % decrease) in the cytosolic fraction compared with
WT mice (Fig. 7b). However, the cholesterol levels remained
unchanged in the whole homogenate (Fig. 7a) and membrane
fractions (Fig. 7c).

Because neurons can convert an excess of cholesterol into
24-HOC which crosses the blood brain barrier to be eliminat-
ed to the liver via the plasma [49], we examined if the decrease
in cholesterol levels in the cytosolic brain fraction was asso-
ciated with an increase in 24-HOC levels in the brain and
plasma of H-apoD Tg mice. Despite a trend towards an in-
crease, 24-HOC levels in the plasma (Fig. 7e) and brain
(Fig. 7d) were not significantly different between WT and
H-apoD Tg mice. Thus, the 24-HOC pathway is not involved
in the reduction of cholesterol levels in the cytosolic brain
fraction (Fig. 7b) of H-apoD Tg mice.

Besides 24-HOC production, neurons can release their cho-
lesterol by efflux pathways [50]. To investigate the effect of
apoD on intracellular cholesterol content, primary hippocam-
pal neurons grown for 10 days were treated with purified H-

Fig. 4 KA-induced inflammation is reduced in H-apoD Tg mice. a
Western blot analysis of H-apoD, GFAP (astrocyte marker), Mac-2
(microglia marker) and COX-2 in hippocampal homogenates of vehicle
(c) and KA-injected WT and H-apoD Tg mice, 3 days post-injection. β-
Actin is used as loading control. Quantification of GFAP (b), Mac-2 (c)
and COX-2 (d) protein expression by densitometry. Values were
normalised by β-actin protein expression and by vehicle-injected WT
mice values, which were given an arbitrary value of 1. Normalised
values are presented as mean ± SEM (n = 3 to 5 animals for each
group). Two-way ANOVA followed by Bonferroni post-test:
**p< 0.01; ***p< 0.001 compared with vehicle-injected WT; #p< 0.05
compared with KA-injected WT mice. C mice injected with PBS
(vehicle), KA mice injected with kainate (15 mg/kg)

Fig. 5 PMCA2 levels are upregulated in H-apoD Tg mice. a Western
blot analysis of PMCA2 in hippocampal homogenates of WT and H-
apoD Tg mice. β-Actin is used as loading control. b Quantification of
PMCA2 protein expression. Values were normalised by β-actin protein
expression and by WT values, which were given an arbitrary value of 1.
Normalised values are presented as mean ± SEM (n= 3 to 4 animals for
each group). Unpaired t test: ***p= 0.0006 compared with WT mice
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apoD for 24 h. The intracellular cholesterol was then stained
with filipin, which can bind cholesterol. H-apoD-treated hip-
pocampal neurons (Fig. 8d, f) showed less cholesterol/filipin
staining than untreated neurons (Fig. 8(a, c)), consistent with
our observations in the brain of H-apoD Tg mice (Fig. 7).
Interestingly, the cholesterol/filipin content of neurites

remained unchanged in H-apoD-treated neurons (Fig. 8(c’,
f’)). To improve further our understanding of the processes
involved in apoD-mediated reduction of cholesterol content,
we then assessed the effect of purified H-apoD on the neuronal
uptake of exogenous cholesterol. Hippocampal neuronal cul-
tures were pre-incubated for 3 h in the presence of cholesterol

Fig. 6 NMDA receptor subunit
expression in H-apoD Tg mice. a
Western blot analysis of NMDAR
subunits (NR1, NR2A, NR2B)
and Synaptophysin in
hippocampal homogenates ofWT
and H-apoD Tg mice. β-Actin is
used as loading control.
Quantification of NR1 (b), NR2A
(c), NR2B (d) and synaptophysin
(e) protein expression. Values
were normalised by β-actin
protein expression and by WT
values (with an arbitrary value of
1). Note that only NR2B
expression in H-apoD Tg was
statistically different from WT.
Normalised values are presented
as mean ± SEM (n= 3 to 4
animals for each group). Unpaired
t test: *p= 0.0181 compared with
WT mice.

Fig. 7 Cholesterol metabolism in
H-apoD Tg mice. Cholesterol
levels were assessed in whole (a),
cytosolic (b) and membrane (c)
fractions of brain homogenates in
WT and H-apoD Tg mice using
the Amplex red assay. Values
were normalised by the total
protein content of each fractions.
Each graph represents the mean
values ± SEM (n= 3 to 6 animals
for each group), normalised by
WT mice, which was given an
arbitrary value of 100 %. Note
that only the cytosolic fraction of
H-apoD Tg brain was statistically
different from WT. Unpaired t
test: *p= 0.0283 compared with
WT mice. d, e 24-
Hydroxycholesterol (24-OHC)
quantification in brain
homogenates (d) and plasma (e)
of WT and H-apoD Tg mice.
Each graph represents the mean
values ± SEM (n= 3 to 4 animals
for each group), normalised by
WT mice, which was given an
arbitrary value of 100 %
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and further exposed or not to purified human apoD for 24 h.
Cholesterol uptake was stained by filipin. Filipin staining
showed cholesterol accumulation in hippocampal neurons
pre-incubated with exogenous cholesterol (Fig. 8(g)).
Interestingly, this accumulation was decreased by 50 % fol-
lowing purified H-apoD incubation (Fig. 8(h, i)). Overall,
these results show that apoD is involved in the regulation of
intraneuronal cholesterol content.

H-apoD Internalisation by Neurons Is Increased
Following KATreatment

ApoD is a secreted protein which can be internalised by var-
ious cell lines [26, 51–53] and in primary mouse astrocytes
[20]. It was also proposed that neurons, which express very
little or no apoD, can import it from surrounding glial cells
[11]. However, apoD internalisation by neurons in normal and
stress conditions was never demonstrated. To address this
question, hippocampal neuronal cultures (at 10 days) were
pre-incubated for 24 h with purified H-apoD and further

exposed to kainic acid (100 μM) or control conditions for
24 h. The exogenous apoD internalised in neurons was detect-
ed by immunocytochemistry, using a specific antibody raised
against human apoD. Under physiological conditions, purified
human apoD was detected mostly in the perinuclear area into
vesicular compartments in soma and neurites (Fig. 9a (b)).
Kainate treatment provoked an important intracellular and nu-
clear accumulation of H-apoD (Fig. 9a (c)). This data demon-
strates that apoD can be internalised in neurons and that this
internalisation is accentuated in stress conditions.

As defects in cholesterol metabolism are associated with
various neurological injuries, including kainate-induced
excitotoxicity [47, 48, 54], we further evaluated the effect of
exogenous apoD on the intracellular levels of cholesterol in
the presence of KA-induced toxicity in primary neurons
(Fig. 9b). In accordance with previous studies [48], we ob-
served that KA-treated neurons displayed an important accu-
mulation of cholesterol (Fig. 9b (b)) compared with non-
treated neurons (Fig. 9b (a)). Interestingly, H-apoD pre-treated
hippocampal neurons (Fig. 9b (c)) showed less cholesterol/

Fig. 8 H-apoD affects
cholesterol distribution in
neurons. Hippocampal neurons
(10 days), treated (d–f) or not (a–
c) with purified human ApoD for
24 h, were stained with filipin (a,
d) (grey) and anti-GAP43
antibodies (red) (b, e) and
analysed by confocal microscopy.
Enlarged view of boxed segment
shows decreased filipin labelling
intensity in the soma of neurons
treated with purified H-apoD ( f )
compared with non-treated
neurons (c). Note that the filipin
staining extended to the neurites
and that H-apoD-treated (f ’) and
non-treated neurons (c’) show
similar filipin staining. Scale
bar= 10 μm. g–i Filipin staining
was assessed in hippocampal
neuronal (10 days) pre-incubated
for 3 h in the presence of
cholesterol and further exposed
with (h) or without purified H-
apoD (g) for 24 h. Quantification
of filipin staining (i). Values were
normalised by filipin staining of
neurons non-treated with H-apoD
(arbitrary value of 100 %).
Normalised values are presented
as mean ± SEM (n= 3). Unpaired
t test: **p= 0.0011 compared
with neurons non-treated with H-
apoD
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filipin staining than non-pretreated neurons (Fig. 9b (b)) in
response to KA toxicity. As previously demonstrated, KA
treatment induced an important uptake of exogenous apoD,
which co-localised with cholesterol (Fig. 9b (c)). Overall, our
results show that internalised apoD attenuates the increase in
intraneuronal cholesterol content induced by KA treatment.

Discussion

The excessive activation of glutamatergic receptors can cause
excitotoxicity due to increased Ca2+ influx into cells. This
leads to a number of deleterious consequences and ultimately
to neuronal dysfunction and death. Excitotoxicity was report-
ed in various neurodegenerative conditions with distinct etiol-
ogies such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, multiple sclerosis and amyotrophic lat-
eral sclerosis [55, 56]. This suggests that excitotoxicity may
be a common pathway underlying neurological pathogenesis.
Understanding the mechanisms associated with excitotoxicity
regulation should provide potential targets for neuroprotective
strategies.

In this study, we provide additional evidence of apoD-
mediated neuroprotection and clues on the mechanisms in-
volved. We demonstrate that overexpression of human apoD
in neurons protects against KA-induced lesions in vivo, de-
creasing the severity of seizures, cellular apoptosis and reac-
tive gliosis in KA-treated animals. This neuroprotection ap-
pears to be linked to the control of calcium levels, glutamate
receptor subunits and cholesterol metabolism.

In accordance with previous studies [27, 28], acute kainate
treatment induced a transient apoD upregulation in the mouse
hippocampus that peaked at day 3 post-injection and was re-
solved after 7 days. Such peak of apoD production corre-
sponds to that of astrocyte activation and proliferation, as doc-
umented by increased GFAP levels. The concordance in time
of apoD and GFAP levels is in line with the fact that astrocytes
are one of major site of apoD production in the CNS [1, 6, 8].
In addition, increased synthesis of apoD in astrocytosis has
been observed following enthorinal cortex lesion [16], coro-
navirus OC43-induced encephalitis [21], experimental stroke
[57] and ageing processes [58]. However, it remains to be
determined if apoD production is a cause or a consequence
of astrocytosis. Nevertheless, astrocytes may not be the sole
source of apoD production as after KA injury, apoD was also
detected in pyramidal neurons of the hippocampus [28]. The
peak of apoD production also correlated with increased apo-
ptosis, as assessed by TUNEL labelling. Increased apoD ex-
pression has been reported in pathologic conditions with in-
creased apoptosis and a potential role of apoD on the death-
survival balance was suggested [59].

In rodents, the seizures, induced by systemic or intracere-
bral injection of KA [60], are generated in the CA3 region of

the hippocampus, where pyramidal cell are more sensitive to
KA treatment [61], then propagate to other limbic structures
[61, 62], involving excitotoxic cell death cascades [29].
However, the molecular mechanisms involved in seizure-
induced cell death are not clearly understood. A tight relation-
ship between COX-2 and seizures severity and induced cell
death was reported in both in vivo and in vitro models of
excitotoxicity [41, 63–65]. KA treatment was shown to imme-
diately induce COX-2 expression thus facilitating the recur-
rence of hippocampal seizures [41, 66]. Interestingly, the
COX-2 induction was reduced in KA-injected H-apoD Tg
mice. The effect of apoD on COX-2 downregulation might
be mediated through the control of arachidonic acid (AA)
levels. First, apoD could influence the availability of free AA,
its preferential ligand, in the cell by binding/chelation, limiting
its use in enzymatic pathways such as COX-2 [25, 67].

Moreover, apoD could attenuate PLA2 activity triggered
by excitotoxic conditions, again reducing free AA levels
[21]. Our results further demonstrate that the anti-
inflammatory effects of apoD in KA response are mediated
by limiting microglial but not astrocytic activation. It has al-
ready been established that inhibition of microglial activation
exerts neuroprotective actions against KA-induced injury [68,
69]. The effects of apoD on microglia activation might be
COX-2-dependent considering that COX-2 contributes to
microglial activation [70, 71]. However, as COX-2 regulates
both microglia and astrocytic activation, the fact that H-apoD
Tg mice display, at day 3 after KA treatment, similar GFAP
but decreased Mac-2 levels compared with WTmice suggests
that the response to COX-2 reduction due to apoD overexpres-
sion is faster in microglia than in astrocytes.

Another pathway by which apoD could be protective is by
increasing the Ca2+ buffering capacity of neurons. Excessive
influx of calcium into neurons, as generated by the
overactivation of glutamate receptors by KA plays a critical
role in seizure genesis [72, 73] and triggers diverse cellular
death mechanisms [74, 75]. Intracellular calcium homeostasis
requires several mechanisms, including Ca2+ efflux, which
can be carried out by PMCA. The expression of the most
abundant isoform in the CNS, PMCA-2, is decreased after
KA exposure [42, 76]. It is likely that, by stimulating the
production of PMCA-2, the presence of H-apoD in neurons
contributes to lower intracellular calcium levels and conse-
quently the detrimental effects of excitotoxicity in H-apoD
Tg mice. However, the mechanism by which apoD influences
PMCA-2 levels remains to be determined. As the increase of
intracellular Ca2+ content by excitotoxicity stimulates the gen-
eration of reactive oxygen species [77] and lipid peroxida-
tion, which in turn downregulates rapidly PMCA levels
[78], it is possible that apoD affects PMCA-2 levels
through its anti-oxidant properties. Indeed, apoD and its
orthologs have been shown to protect from pro-oxidative
insults in several organisms [17–19, 22].
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Our results also support the hypothesis that apoD limits
excitotoxicity by controlling NMDAR subunit composi-
tion. It is well established that the activation of NMDAR-
mediated neuronal death or survival pathways depends on
its subunit composition and subcellular localisation
[79–82]. Indeed, act ivat ion of NR2B containing
NMDARs increases neuronal apoptosis and in contrast,
the action of NR2A-containing NMDARs promotes neuro-
nal survival pathways in rat models (in vitro and in vivo) of
ischemic stroke [80, 83]. The downregulation of NR2B
levels in H-apoD Tg mice hippocampus, with unchanged
levels of NR1 and NR2A subunits, might contribute to
limit seizure severity and detrimental effects such as

apoptosis in response to KA challenge. However, NR2B
downregulation in surface membrane at synaptic sites of
rat striatal neurons has been reported to produce synaptic
plasticity alterations [84]. Of relevance, this NR2B down-
regulation does not affect the expression of the presynaptic
vesicle protein synaptophysin [85–87], suggesting normal
synaptic plasticity mechanisms. However, how apoD con-
trols NR2B levels remains unknown and needs further
attention.

Finally, apoD-mediated neuroprotection after KA chal-
lenge can also be related to its role in lipid metabolism. A
direct association between dysregulation of cholesterol ho-
meostasis and neurodegeneration has been clearly

Fig. 9 H-apoD internalization is increased in KA-treated neurons. A
Hippocampal Neurons (10 days) pre-incubated for 24 h with purified
H-apoD and further exposed to control conditions (A (b)) or kainic acid
(100 μM) (A (c)) for 24 h were immunostained with anti-H-apoD (green)
and anti-GAP43 antibodies (red) and analysed by confocal microscopy.
As a control, staining was also assessed in cells without H-apoD pre-
incubation, before KA treatment (A (a)). Nuclei were labeled with
DAPI (blue). Note that important H-apoD internalization was observed
in KA-treated (A (c)) compared to untreated neurons (A (b)). Scale

bar = 10 μm. B Hippocampal neurons (10 days) were pre-incubated
with (+ H-apoD; B (c)) or without (− H-apoD; B (a, b)) purified human
apoD for 24 h and further treated with kainic acid (100 μM) for 3 h (+KA;
B (b, c)) or not (B (a)). Cells were subsequently stained with filipin (gray)
and anti-H-apoD antibodies (green). Enlarged view of boxed segment (B
(a–c)) shows that the filipin staining decreases in the soma of neurons
treated with purified H-apoD (B (c)) compared to untreated neurons (B
(b)) following kainate treatment. Scale bar= 10 μm
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demonstrated in several neurodegenerative diseases, such as
Alzheimer’s, Huntington’s and Niemann-Pick type C disease
[88], pathologies which also show an upregulation of apoD. In
accordance with cholesterol dysmetabolism in neurodegener-
ative diseases, it was reported that intracerebroventricular in-
jections of KA in rats resulted in an increase in immunoreac-
tivity to cholesterol in the affected CA fields of the hippocam-
pus [47]. An accumulation of cholesterol was also demonstrat-
ed in our primary neuronal cultures exposed to KA treatment.
Interestingly, our results show an important increase in the
internalisation of H-apoD in KA-treated primary mouse neu-
rons. Moreover, the addition of exogenous H-apoD to KA-
treated primary neurons reduced their cholesterol content.
Altogether, our study suggests an important role for apoD in
regulating cholesterol metabolism in the injured brain.
Cholesterol, an integral component of neural membranes, is
crucial for the neuronal functions such as axon guidance and
synaptic transmission [89]. Cholesterol is mostly synthesised
in astrocytes and transported to neurons by apolipoprotein E-
containing lipoproteins even though neurons can also produce
cholesterol in their cell bodies [88].

Our results show that H-apoD Tg mice harbour de-
creased levels of cytosolic cholesterol but similar total cho-
lesterol levels in their brain compared with WT mice. This
suggests that apoD favours cholesterol redistribution, namely
to membranes, or elimination. In support to this, mice lacking
apoD display an increase of specific fatty acids in their brain
with a decreased ratio of cholesterol:total phospholipids in the
membrane compartment [90]. Excessive intraneuronal cho-
lesterol is eliminated by its conversion to 24-
hydroxycholesterol (24-OHC), which can cross the
blood brain barrier and reach the liver for elimination
[91, 92]. This capacity to convert cholesterol to 24-
HOC is specific to neurons [49]. However, in this study,

we could not detect significant differences in the levels
of membrane-bound cholesterol and we demonstrated
that 24-HOC pathway is not involved in the decreased
cholesterol levels of the cytosolic brain fraction in trans-
genic mice that overexpress neuronal apoD. Thus, apoD
seems to utilise another pathway to regulate intraneuronal
cholesterol levels. Other cholesterol transporters, including
the ATP-binding cassette (ABC) transporters and high-
density lipoproteins (HDL), are involved in the regulation
of cholesterol efflux, namely in cortical neuronal cultures
[50]. It is worth mentioning that apoD is primarily associ-
ated with high-density lipoproteins in human plasma.
However, the relation between apoD and ATP-binding cas-
sette (ABC) transporters has not yet been defined.
Moreover, apoD associated with HDL-like particles found
in the cerebrospinal fluid [93] could be involved in the
cholesterol efflux mediated by the ABC transporter path-
way. ApoE is also known to be involved in cholesterol
efflux in astrocytes [50] as a compensatory mechanism to
maintain the cholesterol homeostasis in the brain [94]. Of
relevance, it was reported that apolipoprotein E-deficient
mice display an increased expression of both apoD and
ABCA1 [94]. In light of this and other studies, we could pro-
pose that increased apoD in neurodegenerative diseases is
protective against ongoing neuronal stress culminating in
neuron loss, although we cannot directly compare the apoD
levels present in the brain of transgenic mice with those in
patient brain. Thus, any strategy to enhance apoD expression
may provide neuroprotection against excitotoxicity
associated with neuropathogenesis. Nevertheless, as variations
in the levels of apoD might influence the lipid and
glucose metabolism at off-target sites, potentially leading to
insulin resistance and hepatic steatosis [44], such strategy
needs to be highly specific.
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Fig. 10 Schematic representation
of ApoD protective role in the
presence of KA-induced
excitotoxicity. a In control wild-
type mice brain, KA treatment
results in increased apoptosis,
seizures, intracellular cholesterol
accumulation and inflammatory
responses. b apoD
overexpression (apoD OE) in H-
apoD Tg mice reduces KA-
induced seizures and apoptosis
and attenuates inflammation. This
protection is associated with
increased PMCA2 and decreased
NR2B levels (30 %) and a
downregulation of intracellular
cholesterol content
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Conclusion

In sum, this study provides additional insights into the emerg-
ing mechanisms underlying the neuroprotective role of apoD
upregulation in CNS injury. As a result of its lipid-binding
properties, apoD might reverse the excitotoxicity-induced ac-
cumulation of cholesterol and potentially other lipids in neu-
rons and most importantly their presence as free, cytosolic
species, limiting their availability for deleterious reactions.
In the same way, apoD limits pro-inflammatory reactions such
as microglial activation and this might be related to its capac-
ity of binding/chelating free lipids. Apart from its functions in
lipid metabolism, apoD could limit the effects of acute
excitotoxicity by controlling NMDAR subunit composition
and intracellular Ca2+ levels (Fig. 10). Our results suggest
apoD as an attractive molecule for potential targeted therapy
in the treatment of excitotoxicity associated with many neu-
rodegenerative conditions such as Alzheimer’s and
Parkinson’s diseases and stroke.
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