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1. Introduction
Human apolipoprotein E (apoE) is critical for neuronal maintenance and repair [1,2]. The three
common isoforms of apoE, apoE2, apoE3, apoE4, differ in their ability to perform these
functions. ApoE4 is the major known genetic risk factor for late-onset familial and sporadic
Alzheimer’s disease (AD), which accounts for more than 95% of AD cases [3]. In AD subjects
and transgenic mice, apoE4 displays a gene dose effect in reducing presynaptic synaptophysin
immunoreactivity and dendritic spine density [4,5]. ApoE4 also impairs synaptic functions
[6]. Human apoE4 knock-in mice have reduced long-term potentiation in the dentate gyrus
than apoE3 mice, without evidence of advanced neurodegeneration [7]. ApoE4 mice also show
reduced excitatory synaptic transmission and dendritic arborization in the amygdala [8].

Although several mechanisms have been proposed, (Mahley et al [1], Huang et al [9]), the
molecular basis of the apoE isoform-specific effects remains unclear. However, the detrimental
effects of apoE4 must reflect its unique structural and biophysical properties [9–11]. ApoE4
has three major structural characteristics that distinguish it from apoE2 and apoE3: domain
interaction (an interaction between the amino- and carboxyl-terminal domains mediated by a
salt bridge between Arg-61 and Glu-255) [12], a lower resistance to protein unfolding (resulting
in a propensity to form a reactive folding intermediate or a molten globule state) [10,13], and
the lack of cysteine [14]. Molten globule formation and aggregation in apoE4 are neurotoxic
to cultured neuronal cells, and the single cysteine in apoE3 results in hetero- and homo-
disulfide-linked dimers that modulate lipid binding and low density receptor binding activity
[10,14]. Therefore, to understand mechanisms and to design potential therapeutic approaches,
it is necessary to distinguish the relative contribution of these structural and biophysical
differences to apoE4-associated neurodegeneration. This cannot be accomplished with the
human apoE4 knock-in mouse model, which displays all apoE4-specific structural properties.
Previously, domain interaction was proposed to underlie the association of apoE4 with AD
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and other neurodegenerative diseases [12]. However, this hypothesis has not been formally
tested in vivo due to the lack of a suitable animal model specific for domain interaction.

To test this hypothesis directly, we took advantage of the fact that wildtype (WT) mouse apoE
does not exhibit either domain interaction or molten globule formation. Regarding domain
interaction, mouse apoE contains the equivalents of Arg-112 and Glu-255 but lacks the
equivalent of the critical Arg-61 (instead, it contains threonine), making it functionally similar
to apoE3 with a preference of high density lipoprotein [11]. To introduce domain interaction
into mouse apoE, the threonine codon was replaced with an arginine codon in mouse Apoe by
gene targeting, resulting in an “apoE4-like” functional molecule [15] with similar stability to
WT mouse apoE and human apoE3 [16]. Thus, the Arg-61 apoE mouse provides a specific
model of domain interaction, and any phenotype observed in this model, compared to WT,
implicates domain interaction. Other features of the model include that expression of Arg-61
apoE is under the control of the natural mouse control elements and that the single mutation
in WT mouse apoE minimizes any species effects. Secretion of Arg-61 apoE by astrocytes is
decreased in these mice, leading to lower brain levels of apoE than in WT mice, suggesting
that Arg-61 apoE may be selectively degraded by astroctyes [17].

In this study, the Arg-61 apoE model was examined to determine if domain interaction
contributes to the synaptic deficits associated with apoE4 independent of an added Aβ stress.
Our results demonstrate that domain interaction is associated with both morphologic and
functional synaptic deficits.

2. Materials and Methods
2.1 Mice

Arg-61 apoE mice were generated as described [15] and backcrossed with WT C57BL/6J mice
for eight generations [17]. In most experiments, 12-month-old male Arg-61 mice and WT
controls were used. Male and female Arg-61 apoE mice express similarly lower levels of apoE
than WT mice as reported [17]. Mice were housed and handled in accordance with the National
Institutes of Health’s Giude for the Care and Use of Laboratory Animals.

2.2 Novel environment
Mice were singly housed for 3 days before the experiment. Mice (7 mice for each group)
assigned to the novel environment exploration were then transferred to a larger uncovered cage
(45 × 25 × 20 cm) that contained different bedding and five novel objects and was located in
an adjacent room that differed markedly in size, shape, lighting, and furnishings. The mice
were allowed to explore the new environment for 2 hours; control mice (6 WT and 7 Arg-61
apoE mice) remained undisturbed in their home cages. At the end of the experiment, mice were
removed from either the novel environment or home cage and immediately sacrificed.

2.3 Morris Water Maze
Mice were trained to find a square platform (14 cm × 14 cm) submerged 1.5 cm below the
surface in a 122-cm pool containing of water (18 ± 2°C) made opaque by the addition of
nontoxic tempera powder. In a series of 4 trials, mice were pretrained to remain on the platform
in which they were placed in a restricted (14 cm × 122 cm) alley within the pool and allowed
to swim until they encountered the platform. The trial ended when the mouse remained on the
platform for 5 sec without jumping off. If the mouse did not accomplish this task within 90 sec
of testing, it was led to the platform by hand, placed on it, and allowed to sit for 5 sec.

After 1 day of pre-training, mice were trained to find the visibly cued platform with a 10-cm-
high, black-and-white-striped marker at its center. Mice were trained in 2 daily sessions of two
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trials each over 3 consecutive days. The platform and the visual cue were moved for each trial.
The mice were then trained to find a hidden platform in 2 daily sessions of 3 trials each over
5 consecutive days. The platform location was kept constant, but the starting point where each
mouse was placed into the water was changed between trials. For both hidden and cued training,
the intertrial interval was 10 minutes, and the time between sessions was 3 hours. Maximum
trial length was 60 sec. Time to reach the platform (latency), path length, and swim speed were
recorded with an EthoVision video tracking system (Noldus, Wageningen, The Netherlands).

Probe trials (60 sec) were performed 18 hours after the 30th trials of hidden platform training.
For each trial, the platform was removed from the pool, and the amount of time spent searching
in the target quadrant was recorded.

Learning curves for the hidden platform water maze training were generated by calculating the
mean distance traveled to the platform for each mouse in each session. A repeated-measure
ANOVA of distance traveled with genotype and session as independent factors was used to
compare learning between the two genotypes. For the probe trial, time spent in the target
quadrant was compared by ANOVA with genotype as the independent factor. Within each
genotype, a paired t-test compared time spent in the target quadrant with time spent in each of
the other three quadrants. One mouse was excluded from analysis because of slow swimming
speeds (< 15 cm/sec) during both hidden training and probe trial.

2.4 Tissue preparation
All mice were anesthetized and perfused transcardially with cold normal saline (0.9% NaCl).
Brains were removed and divided sagittally. One hemibrain was fixed in 4% phosphate-
buffered paraformaldehyde, pH 7.4, at 4°C for 48 hours for vibratome sectioning. The other
was snap-frozen and stored at −80°C for western blot analysis; some hemibrains were dissected
into subregions (cerebral cortex and whole hippocampus) before freezing. All experiments
were approved by the Committee on Animal Research of the University of California, San
Francisco.

2.5 Immunohistochemistry and antibodies
All the antibodies used in the experiments are commercially available except the antibodies
against mouse apoE [17], neuroligin 1 (gift from Dr. Nils Brose), and Arc (a gift from Dr.
Steven Finkbeiner). The rabbit anti-mouse apoE was demonstrated to be specific against mouse
apoE [17], whereas the sensitivity and specificity for antibodies against neurolgin−1 and Arc
were reported by the providers [18,19].

Postfixed tissues were cut into 40-µm-thick sections with a vibratome (VT1000s, Leica
Microsystems, Bannockburn, IL). Before further processing, specimens were assigned code
numbers to ensure objective assessment. Three sagittal sections (320 µm apart between 1.00
and 2.40 mm from the sagittal suture) were washed in PBS (pH 7.4), blocked with 10% normal
horse and/or goat serum (Vector Laboratories, Burlingame, CA) for 1 hour, and incubated
overnight at 4°C with primary antibody. After PBS washes, the sections were incubated with
secondary antibodies conjugated with fluorescein isothiocyanate (FITC) or Texas Red (TR).
After three washes in PBS, immunofluorescently labeled sections were mounted in
VectaShield (Vector Laboratories). All sections were stained simultaneously for each marker
under identical conditions.

ApoE expression was assessed by double immunostaining with a polyclonal rabbit anti-mouse
antibody against recombinant, full-length WT mouse apoE (1:500) [17] and mouse
monocolonal (mAb) against either the neuron-specific marker NeuN (1:1,000, Chemicon,
Temecula, CA) or the astrocyte-specific marker glial fibrillary acidic protein (GFAP; 1:500,
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Chemicon). Primary antibodies were detected with FITC-conjugated anti-rabbit IgG (1:100,
Vector Laboratories) for apoE and TR-conjugated anti-mouse IgG (1:250) for NeuN or GFAP.

To assess the integrity of neuronal structures, the sections were labeled with mouse mAb
against microtubule-associated protein 2 (MAP2; 1:500, Chemicon) and TR-conjugated anti-
mouse IgG (1:250, Vector Laboratories) to identify dendrites. The presynaptic proteins
synaptophysin and Bassoon were identified with mouse mAb against synaptophysin (1:50,
Chemicon) or Bassoon (1:250, Chemicon). To identify postsynaptic sites, mouse mAbs against
neuroligin-1 (NLG1; 1:500) [19] and biotinylated anti-mouse IgG (1:250, Vector Laboratories)
were used. NLG1 was visualized with the Tyramide Signal Amplification fluorescence system
(PerkinElmer, Boston, MA).

Expression of Arc and Fos, induced by a novel environment exposure, was detected in dentate
gyrus granule neurons by staining with the avidin-biotin/peroxidase method. Briefly, after
quenching endogenous peroxidase activity and blocking nonspecific binding, sections were
incubated with rabbit anti-Arc (1:5000) or rabbit anti-Fos (1:10,000, Ab-5, Oncogene),
detected with biotinylated goat anti-rabbit (1:200; Vector Laboratories, Burlingame, CA)
antibody, and visualized with the Tyramide Signal Amplification fluorescence system
(PerkinElmer).

Glutamate transporter 1 (GLT1) levels in astrocytes were determined by immunolabeling
vibratome sections with rabbit polyclonal antibody against GLT1 (1:250, Abcam, Cambridge,
MA). The sections were simultaneously co-stained with mouse mAb anti-GFAP. GLT1 was
visualized with FITC-conjugated anti-rabbit IgG (1:100, Vector Laboratories) and GFAP with
TR-conjugated anti-mouse IgG (1:250 Vector Laboratories).

2.6 Acquisition of immunofluorescencence images
Digital images of MAP2, synaptophysin, Bassoon, and NLG1 immunofluorescence were taken
with a Bio-Rad Radiance 2000 laser-scanning confocal system (Bio-Rad, Hercules, CA)
mounted on a BX60 microscope (Olympus, Melville, NY) with a 60× oil objective. The
aperture (laser power, iris, and pin hole), contrast, and gain level were initially adjusted
manually to obtain images with a pixel intensity within a linear range. For each marker, the
linear range of the fluorescence intensity was determined in control sections from WT mice.
This setting was used to collect all images analyzed in the same experiment. To obtain each
final image, four scans were averaged (Kalman filter) with LaserSharp 2000 software (Bio-
Rad). Images of ApoE-, NeuN-, GFAP-, Arc-, Fos-, and GLT1-immunolabeled sections were
obtained with a digital camera (AxioCam HR, version 5.05.10, Carl Zeiss, Thornwood, NY),
a BX-60 microscope (4× or 10× objective), and AxioVision software (version 3.1.2.1, Carl
Zeiss). Immunofluorescence was examined in the L2–5 layer of the neocortex and in the
stratum lucidum (CA3) and stratum radiatum (CA1) of the hippocampus. Randomly chosen
areas (3–4 per subregion with an area of 2×2 µm) were evaluated with Image-Pro Plus (Version
5.05, Media Cybernetics, Silver Spring, MD). The data from each selected region was averaged
as the data for each slide/section, and the data from three sagittal sections (320 µm apart
between 1.00 and 2.40 mm from the sagittal suture) were averaged as the final results for each
tested mouse.

2.7 Quantitation of immunoreactive structures
The area of synaptophysin-immunoreactive (SYN-IR) presynaptic terminals of defined signal
intensity was quantitated and expressed as a percentage of the total image area, as described
[20]. This method has been validated with quantitative immunoblots and enzyme-linked
immunosorbent assays [4,20,21]. Similar procedures were used to quantify Bassoon-positive
presynaptic boutons, the area of the neuropil occupied by MAP-2-immunolabeled dendrites,
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and NLG1-positive postsynaptic sites. NeuN-positive neurons were counted in selected CA1
areas of hippocampus (2×2 µm in the high magnification pictures). Integrated optical densities
of apoE, GFAP, or GLT1 in defined brain region were determined.

The relative numbers of Arc-immunoreactive (Arc-IR) or Fos-IR granule cells were determined
by counting Arc-IR- or Fos-IR-positive cells in dentate gyrus in every 8th serial saggittal
section (total six sections containing hippocampus region). Results are presented as the total
number of positive cells per hemibrain [22].

2.8 Western blotting and quantitation of protein levels
Levels of apoE and synaptophysin were quantitated by immunoblotting. Brain tissues were
homogenized in ice-cold lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% sodium
dodecyl sulfate, 0.5% Nonidet P−40, 0.5% sodium deoxycholate, and a mixture of protease
and phosphatase inhibitors) and centrifuged at 30,000 rpm for 30 min at 4°C in a TLA 100.3
rotor in an Optima TL Ultracentrifuge (Beckman Instruments, Fullerton, CA). Supernatants
were collected and analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(150 µg of protein was loaded to detect apoE and 30 µg to detect synaptophysin) and western
blotting. Mouse WT apoE and Arg-61 apoE were detected with an antibody against
recombinant, full-length WT mouse apoE (1:10,000) [17]. Synaptophysin was detected with
anti-synaptophysin mAb (1:50,000). Protein bands were detected by chemiluminescence with
horseradish peroxidase–coupled anti-rabbit or anti-mouse IgG secondary antibody. The blots
were scanned, and protein levels were quantitated by densitometry (ImageJ, Bethesda, MD).

2.9 Quantitation of total cholesterol secreted from primary astrocyte cultures
Primary astrocytes from 3-day-old pups were grown to 80% confluence in medium containing
Dulbecco’s modified Eagle medium and 20% fetal bovine serum in 15-cm tissue culture dishes.
The cells were washed twice with PBS and once with serum-free medium containing phenol-
red free Dulbecco’s modified Eagle medium (Sigma, St. Louis, MO), 1% glutamine, and B-27
supplement (Invitrogen, Carlsbad, CA). The cells were then incubated in the serum-free
medium for 72 hours. The conditioned medium was collected, and centrifuged at 1000 rpm for
5 minutes. The supernatant was lyophilized, and the lipids were extracted three times with
chloroform:methanol (2:1). The extract was evaporated under nitrogen, and the lipids were
dissolved in 2-propanol and analyzed for total cholesterol with the cholesterol/cholesteryl ester
quantitation kit (Calbiochem, San Diego, CA) according to the manufacturer’s instructions.
For total cellular protein determination, the cells on ice were washed gently three times with
PBS and lysed for 5 minutes with 0.1 N NaOH. The cell lysate was centrifuged at 1000 rpm
for 5 minutes and analyzed for total protein. The cholesterol data were normalized to cellular
protein levels and expressed as the amount of secreted cholesterol per mg cell protein.

2.10 Statistical analysis
Quantitative data are expressed as mean ± SEM. Differences between means were assessed
with the unpaired, two-tailed t test. Differences among means were evaluated by ANOVA
followed by Dunnett's or Tukey-Kramer post hoc test.

3. Results
3.1 Arg-61 apoE is expressed at a lower level in the brain than WT apoE

The apoE expression pattern in the neocortex (not shown) and hippocampus (Figure 1A, B)
was similar in 12-month-old WT and Arg-61 apoE mice. As shown by double
immunofluorescence staining, in both groups, apoE was expressed predominantly in GFAP-
positive protoplasmic and fibrous astrocytes (Figure 1A). ApoE was not detected in NeuN-
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positive neurons (Figure 1B). Strikingly, apoE staining revealed the full cell volume of
astrocytes with very fine resolution of cellular processes; whereas anti-GFAP staining
highlighted only large processes (Figure 1A), similar to results in the EGFPapoE mice [23]. In
low magnification pictures, the apoE expressions showed a diffused staining pattern in
hippocampus, which was due to the staining of fine distal astrocytic processes (Figure 1C).
However, Arg-61 apoE mice had lower levels of apoE in the hippocampus than WT mice, as
shown immunohistochemically (Figure 1C and quantified as apoE immuno-reactive intensity
in Figure 1D) and, as in our previous study [17], by western blot analysis (Figure 1E, F).

3.2 No evidence of neuronal loss or gliosis
Arg-61 apoE mice did not display gross structural abnormalities in any brain region or
significant loss of neurons or astrocytes (Figure 1G, I). Specifically, the relative numbers of
NeuN-positive neurons (Figure 1H) and the densities GFAP-positive astrocytes (Figure 1J)
were similar in the hippocampus in WT and Arg-61 apoE mice. Astrocytes were similarly
distributed in the hippocampal CA1 pyramidal cell layer, strata radiatum, and molecular layer
of the dentate gyrus in both mice (Figure 1I). Finally, there was no significant evidence of
astrogliosis in the Arg-61 apoE mice (Figure 1J).

3.3 Presynaptic synaptophysin levels in Arg-61 mice decline with age
ApoE is important for neuronal remodeling and maintenance of synapto-dendritic connections.
To assess synaptic content, we measured synaptophysin levels in 12-month-old Arg-61 apoE
and WT mice (Figure 2). The density of synaptophysin-immunoreactive (SYN-IR) presynaptic
terminals was 10–25% lower in Arg-61 apoE mice in hippocampal subregions (CA1, 25.2 ±
0.5% vs. 28.4 ± 0.6%, P < 0.05; CA3, 19.8 ± 0.6% vs. 26.6 ± 1.4%, P < 0.05) and in neocortex
(25.2 ± 0.4% vs. 28.3 ± 0.8%, P < 0.05) (Figure 2A,B). Western blot analysis showed that
synaptophysin levels in the Arg-61 apoE mice were 11.3 ± 2.0% lower in the cortex and 21.1
± 3.6% lower in the hippocampus (Figure 2C,D).

To assess age-dependent loss of SYN-IR presynaptic terminals, we examined mice at 6, 12,
and 21–24 months of age (Figure 3A). WT mice had no significant age-dependent loss of SYN-
IR. In Arg-61 apoE mice, SYN-IR was not reduced at 6 months but was significantly lower
than in WT mice in all brain subregions at 12 months, with a further decline at 21–24 months
(neocortex 24.1 ± 1.8% vs. 28.0 ± 1.5%, CA1 24.9 ± 1.5% vs. 29.0 ± 1.3%, CA3 18.9 ± 1.6%
vs. 26.0 ± 1.3%) (Figure 3B).

The active zone is an important component of presynaptic terminals and is crucial for efficient
synaptic transmitter release. To examine the effect of Arg-61 apoE on the active zone,
immunostaining was performed for Bassoon, an active zone component involved in structural
organization and neurotransmitter release [24]. Bassoon-immunoreactive presynaptic boutons
were less numerous in the hippocampus of Arg-61 apoE mice than WT mice (CA3, 26.3 ±
0.9% vs. 28.7 ± 0.7%, P < 0.05; CA1, 27.1 ± 0.8% vs. 29.7 ± 0.8%, P = .05); no significant
difference was observed in the neocortex (27.6 ± 1.5% vs. WT 29.5 ± 2.2%) (Figure 4A, B).

3.4 Neuroligin1-immunoreactive dendrites are less abundant in Arg-61 apoE mice
To determine if Arg-61 apoE is also associated with postsynaptic changes, we analyzed the
total dendritic area and postsynaptic density by immunostaining. No differences in total
dendritic area, detected by MAP2 staining, were observed between Arg-61 apoE and WT mice
(hippocampal CA1 region, 26.8 ± 0.6% vs. 27.2 ± 0.3%, P > 0.05). However, the Arg-61 mice
had significantly fewer NLG1-immunoreactive postsynaptic densities in the hippocampus than
WT mice (Figure 4C). NLG1 is a postsynaptic cell-adhesion molecule specifically localized
to postsynaptic densities of excitatory synapses [19]. NLG1 immunostaining was prominent
in hippocampal CA1 pyramidal neuron somata and apical dendrites and, to a lesser extent, in
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basal dendrites (Figure 4C). In most dendrites, NLG1 colocalized with excitatory synaptic
GluR2/3 glutamate receptors (Figure 4C). In WT mice, the level of NLG1 (defined as percent
area of NLG1 immunoreactive postsynaptic terminals) in the hippocampus (26%) was
comparable to the levels of synaptophysin (28%) and Bassoon (29%). However, in Arg-61
apoE mice, the density of NLG1-immunoreactive postsynaptic terminals was ~40% lower
(16.5 ± 3.2% vs. 25.9 ± 2.5%, P < .05) (Figure 4D, E), demonstrating post-synaptic deficit in
this model.

3.5. Induced expression of Arc and Fos is reduced in Arg-61 apoE mice
Activity-dependent plastic changes in the strength of synaptic connections are considered to
underlie learning and memory. To assess the functional consequence of the losses of synaptic
proteins in the Arg-61 apoE mice, we tested two markers: Arc and Fos, products of the
immediate-early gene response. Increased hippocampal expression of these proteins in
response to stimulation is thought to be obligatory for spatial memory formation [25]. Arc, an
effector immediate-early gene expressed predominantly in cortical and hippocampal
glutamatergic neurons, is required for maintenance of long-term potentiation and for memory
consolidation [25]. Exposure to a novel environment rapidly increases Arc expression in
neurons, allowing the identification of neuronal network activity [25].

At baseline, the number of Arc-IR granule neurons in the dentate gyrus of the hippocampus
did not differ significantly in WT and Arg-61 apoE mice (Arg-61 87 ± 11 vs. WT 92 ± 10, P
> .05) (Figure 5A, B). Environmental exploration markedly increased Arc IR in hippocampal
areas in WT mice, numbers of Arc IR granule cells increased by 3.5-fold; whereas, there was
only a moderate increase (by 2.3-fold) of Arc-positive granule cells in Arg-61 apoE mice
(Figure 5B, Arg-61 200 ± 14 vs. WT 320 ± 34, P < 05). These differences do not reflect reduced
exploration of the novel environment by Arg-61 apoE mice, since no differences in exploratory
behaviors or locomotion were seen in the elevated plus maze or open field test (see supplement
data). We also noted that, in hippocampal CA1 strata radiatum, Arc-immunoreactivities in the
dendrites of CA1 pyramidal neurons were higher in both non-stimulated and novel
environment-stimulated WT mice than those of Arg-61 apoE mice (Figure 5A), however as
discussed by Palop et al. [22], the quantification of Arc-mRNA expression more accurately
reflects the novel environment-induced Arc expression in dendrites.

To determine if induction of other immediate-early genes in granule cells was also affected in
Arg-61 apoE mice, we examined Fos expression. At baseline, WT and Arg-61 apoE mice had
similar numbers of Fos-positive granule neurons in the dentate gyrus (Arg-61 140 ± 8 vs. WT
127 ± 11, P > .05) (Fig 5C). After the 2-h novel environment stimulation, the number of Fos-
positive granule neurons increased by 1.7 fold in WT mice but by only 1.2 fold in Arg-61 apoE
mice (Figure 5D, Arg-61 apoE, 161 ± 8 vs. WT, 217 ± 15, P < .05). The levels of Fos and Arc
expression in Arg-61 apoE mice were tightly correlated both at baseline (R2 = 0.81; P = .02)
and after environmental exploration (R2 = 0.68; P = .04), suggesting that Arg-61 apoE affects
a regulatory mechanism common to different immediate-early genes.

3.6. Memory is impaired in Arg-61 apoE mice
To determine if the changes in synaptic plasticity–related proteins have behavioral
consequences in Arg-61 apoE mice, we tested spatial learning in the Morris water maze. Arg-61
mice learned to find a hidden platform submerged below the surface of a pool of water as
quickly as WT mice (Figure 5E, repeated measures ANOVA genotype effect P > .05).
However, when the platform was removed from the pool for a probe trial 18 hours after the
completion of training, Arg-61 apoE mice spent less time than WT littermates in target quadrant
(Figure 5D, ANOVA genotype effect F(1,24) = 7.1, P < .05), indicating that Arg-61 apoE mice
showed an impairment of hippocampus-related reference memory. Although they performed
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less well than WT mice, Arg-61 apoE mice still displayed a preference for the target quadrant
compared to any other quadrant of the pool (paired t tests, P < .0001 for all quadrants). This
is consistent with the mild but significant synaptic pathology observed in these mice.

3.7. GLT1 immunoreactivity is lower in Arg-61 apoE mice
We speculated that the decreased levels of synaptophysin, Bassoon, and NLG1 might reflect
a chronic excitotoxic effect due to inefficient glutamate clearance by astrocytes. To test this
possibility, we examined GLT1 levels (Figure 6). Double immunohistochemical labeling
showed GLT1 immunoreactivity in GFAP-positive astrocytes but not in NeuN-positive
neurons (data not shown). Laser scanning confocal microscopy showed GLT1 expression in
the soma and proximal processes of astrocytes (data not shown), as well as in the distal
astrocytic processes and surrounding synapses (Figure 6B). The expression pattern of GLT1
was similar in the hippocampus of Arg-61 apoE and WT mice (Figure 6A), but the level of
expression was lower in Arg-61 apoE mice, as shown by the integrated intensity of GLT1
fluorescence (CA1, 75.8 ± 3.4% vs. WT, 92.4 ± 2.9%, P < .05; CA3, 55.0 ± 2.7% vs. WT, 66.8
± 1.8%, P < .05) (Figure 6C).

3.8. Primary Arg-61 apoE mouse astrocyte cultures secrete less cholesterol than WT
Since cholesterol is required for synaptic maintenance, and astrocytes in Arg-61 apoE mice
secrete reduced amounts of Arg-61 apoE [17], we assessed cholesterol secretion in primary
astrocyte cultures. Astrocytes from Arg-61 apoE mice secreted 34% less cholesterol than those
from WT mice (2.4 ± 0.16 µg/mg vs. 3.7 ± 0.25 µg/mg protein).

4. Discussion
Defining the impact of domain interaction, one of the distinguishing structural features of
apoE4, is essential for understanding the isoform-specific effects of apoE in neurodegeneration
and for identifying potential therapeutic strategies. In this study, we found that Arg-61 apoE
mice, a specific model of apoE4 domain interaction, displayed early neurodegenerative
changes in the brain in the absence of neuronal loss or gliosis. The synaptic organization in the
hippocampus and neocortex was disrupted, as demonstrated by an age-dependent decline in
SYN-IR presynaptic terminals, a reduction in Bassoon, which participates in neurotransmitter
release, and decreased levels of NLG1, which is a critical cell-adhesion molecule determining
synapse formation and function [26]. As a functional consequence of the losses of synaptic
proteins, Arg-61 apoE mice showed an impaired induction of Arc and Fos expression in
response to novel environment stimulation and a mild hippocampus-dependent memory deficit
in the water maze test. These alterations mirror the pathological changes that characterize the
early stages of AD.

In AD patients and non-demented subjects, apoE4 is associated with lower levels of synaptic
proteins, including a substantial decrease in synaptophysin and a detectable decrease in the
presynaptic membrane protein syntaxin [27]. AD begins with subtle changes in synaptic
efficacy well before neuronal degeneration is apparent, and loss of synapses likely disrupts
hippocampal and cortical circuits, with functional consequences contributing to progressive
cognitive impairment [28–30]. Even in non-demented middle-aged and elderly human
subjects, apoE4 is associated with greater cognitive decline, and the decline shows a gene dose-
response [31–33]. A significant association was found between apoE4 and transition from
normal to mild cognitive impairment [34], which represents early-stage AD and with high
positive predictive value for eventual conversion to AD [35].

Early hippocampal pathology, as seen in altered expression of synaptic proteins, occurs in the
pre-symptomatic stage of AD and other dementias [30]. These changes might reflect a disrupted
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connection between the hippocampus and both limbic and neocortical areas, which is necessary
for the integration of cognitive function. Our results demonstrating morphologic and functional
synaptic deficits in Arg-61 apoE mouse hippocampus reflect the pathological changes and
cognitive decline observed in the early stages of mild cognitive impairment or AD. Moreover,
the results are also comparable with those observed in both human subjects and apoE4
transgenic and knock-in mice, indicating that domain interaction is a major contributor to the
observed synaptic deficits.

Since astrocytes are the major producers of apoE in the central nervous system [23], astrocyte-
generated apoE4 might be important in the initial stage of neurodegeneration. The age-
dependent synapse degeneration in Arg-61 apoE mice occurred without any additional stress
and with apoE expression under the control of the natural promoters and regulatory elements.
Our present observation and previous report demonstrate that Arg-61 apoE is expressed at a
lower level, 40%~50% lower, in the brain than WT apoE, as a result of domain interaction
causing an increased intracellular degradation [36]. Similar reduced apoE levels also occur in
the human–apoE4 knock-in mouse brains [17]. However, the morphological and functional
synaptic deficits that we demonstrate are not simply due to the reduced apoE levels.
Heterozygous mice with one null-apoE allele, with similarly reduced levels of the apoE (60%
lower), do not display reduced synaptophysin-immunoreactivity and other neurodegenerative
features compared to WT mice [21]. The functional consequences resulting from the single
mutation, i.e., domain interaction, in Arg-61 apoE mice is the basis for the synaptic deficits.
Previously, we suggested that domain interaction might cause apoE4 or Arg-61 apoE to be
processed abnormally in astrocytes, activating a stress response pathway in the endoplasmic
reticulum [17]. We recently reported that intracellular Arg-61 apoE levels in primary astrocytes
were ~40% lower that WT, suggesting an increased degradation of Arg-61 apoE in the
astrocytes. Our results also indicate that apoE4 domain interaction results in a chronic ER stress
response that activates all three unfolded protein response pathways in primary astrocytes
[36]. Potentially this stress/response is likely to result in a global astrocyte dysfunction in the
Arg-61 apoE mouse brain, suggested by, but not necessarily limited to reduced GLT1 level in
Arg-61 apoE mice. Global cellular effects in protein misfolding diseases, particularly in
astrocytes, is an emerging concept [37,38].

We speculate two potential mechanisms that might explain the association of apoE4 domain
interaction with the synaptic deficits observed in this model: chronic glutamate excitoxicity
and decreased cholesterol secretion, both of which involve the interaction of astrocytes with
synapses and are not necessarily mutually exclusive. The effects of these mechanisms could
represent early stages in the neurodegenerative process preceding the neuronal expression of
apoE in response to stress, that leads to the generation of neurotoxic apoE4 carboxyl-terminal
truncated fragments [9]. If astrocyte function is compromised by domain interaction, as we
suggest, dysfunctional astrocytes may not effectively support stressed neurons and
dysfunctional astrocytes leading to neuronal degeneration.

4.1. Chronic glutamate excitotoxicity
Astrocytes are responsible for removing neurotransmitters released by active synapses,
including glutamate, a prominent excitatory neurotransmitter and a potent neurotoxin [39,
40]. Astrocytic uptake of glutamate by the astrocyte-specific transporter GLT1 is important in
controlling synaptic transmission and efficacy [39]. In humans, decreased glutamate
transporter activity is associated with increased excitotoxicity and with neurodegeneration
initially reflected in synapse loss and reduced synaptophysin levels [41]. Also in a transgenic
mouse model of AD, reduced GLT1 protein levels correlate with significantly reduced
glutamate transport activity [41]. Thus, reduced GLT1 levels in Arg-61 apoE mice may reflect
inefficient clearance of glutamate by astrocytes that generates a chronic excitotoxicity,
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resulting in the reduced levels of the synaptic proteins synaptophysin, Bassoon, and NLG1.
Ultimately, these synaptic deficits could result in the functional deficits, demonstrated by the
decreased induction of neuronal activity–regulated Arc and Fos expression in Arg-61 apoE
mice, and mild memory deficit.

4.2. Reduced cholesterolsSecretion
Previously, we demonstrated in human apoE knock-in and Arg-61 apoE mice that domain
interaction results in primary astrocytes secreting less apoE4 than apoE3, and less Arg-61 apoE
than WT mouse apoE [17]. In the present study, we found that Arg-61 apoE astrocytes also
secrete less cholesterol. Since cholesterol secreted by astrocytes and transported by apoE-
containing lipoproteins mediates synapse-promoting effects [42–44], any reduction in
cholesterol delivery might lead to degeneration of synapses. Astrocyte-delivered cholesterol
also contributes to the biogenesis and cycling of synaptic vesicles and synaptophysin is a
cholesterol-binding protein [45,46]. Thus, synaptophysin may function with cholesterol in
renewing synaptic-vesicle membranes [46], suggesting that cholesterol availability is critical
for synaptic vesicle docking and fusion [45]. Although there is regional variation in the glial
influence on synapse development and neurite outgrowth [47], data from brain slice and
primary neuron cultures also suggest a critical role for astrocyte-derived signals, including
astrocyte-secreted cholesterol, as endogenous modulators of neurotransmission in both cortex
and hippocampus [47,48]. The local interaction between the perisynaptic astroglial processes
and the synapses are critical for synaptogenesis and fine manipulation of synaptic plasticity in
mature brain [49]. Therefore, decreased secretion of cholesterol by Arg-61 apoE astrocytes
may not effectively support synaptic structure and function and neuronal maintenance. The
reduced astrocyte glutamate transporter and lower secreted cholesterol suggest an astrocyte
dysfunction that could contribute to the age-dependent reduction in synaptophysin and the
decrease in Bassoon and NLG1 levels in Arg-61 apoE mice. It should also be noted that
astrocytes affect numerous pathways supporting and maintaining normal neuronal and brain
functions [50].

In summary, our findings clearly demonstrate that apoE4 domain interaction is a contributor
to apoE4-associated synaptic degeneration and functional synaptic deficits, possibly through
adverse effects on astrocyte function. The linking of apoE4 domain interaction and astrocyte
dysfunction represents a new paradigm for the association of apoE4 with neurodegenerative
diseases and indicates that apoE4 domain interaction represents a viable therapeutic target. It
was recently reported that disrupting domain interaction with small molecules abolishes the
apoE4 enhanced Aβ production in cultured cells [51]. The relative contributions of molten
globule formation and the lack of cysteine in apoE4 will await the generation of mice specific
for these features, which are currently in progress.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Double immunostaining for apoE (green) and GFAP (red) showed co-localization (yellow)
of apoE in astrocytes somas and larger cellular processes in hippocampus. (B) Double
immunostaining for apoE (green) and NeuN (red) showed no co-localization. (C–F) ApoE
expression and protein levels in the brains of 12-month-old WT and Arg-61 apoE mice. ApoE
immunoreactivities in the hippocampus were assessed immunohistochemically (C),
quantitated as immunochemical integrated density (D, n = 9 per group) and by western blot of
mouse brain homogenates (E, F, n = 6 mice per group). (G) Distribution of NeuN-positive
hippocampal neurons in the brain of WT and Arg-61 apoE mice, and (H) the relative numbers
of neurons quantitated in selected CA1 areas of hippocampus (n = 9 mice for each group). (I)
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Distribution of GFAP-positive astrocytes in different layers of hippocampus (CA1 pcl – CA1
pyramidal cell layer, S ra – strata radiatum, ML – molecular layer, DG gcl – dentate gyrus
granule cell layer) in the brain of WT and Arg-61 apoE mice, and (J) the GFAP immuno-
reactivities were quantitated in the hippocampus (n = 10 for each group). Scale Bars: (A) 10
µm, (C) 250 µm, (I) 50 µm.
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Figure 2.
Synaptophysin expression in the brains of WT and Arg-61 apoE mice. (A, B) Immunostaining
for synaptophysin and quantitation in the neocortex and the CA1 and CA3 areas of the
hippocampus (n = 9 mice per group). (C, D) The protein levels of synaptophysin in the cortex
and hippocampus were quantitated by western blot analysis (n = 6 mice per group). Scale Bar:
5 µm.
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Figure 3.
Age-dependent change of synaptophysin immunoreactivity in Arg-61 apoE mice compared to
WT. Scale Bar: 5 µm.
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Figure 4.
Presynaptic integrity accessed by Bassoon levels and determination of NLG1 positive dendrites
and postsynaptic terminals in the brains of WT and Arg-61 apoE mice. (A) Immunostaining
for Bassoon in neocortex and hippocampus and (B) quantitated by percent of immuno-reactive
area (n = 9 per group). (C) Sample picture of immunostaining of hippocampal CA1 pyramidal
neurons (left panel) and dendrites (central panel) by NLG1 in WT mouse brain. (C, right panel)
Sample picture of WT mouse hippocampal CA1 region, double labeling postsynaptic terminals
with GluR2/3 (green) and NLG1 (red), colocalization of GluR2/3 with NLG1 are shown in
yellow and orange. (D) Immunostaining of positive postsynaptic terminals by NLG1 and (E)
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quantitation by percent of area of NLG1 immunoreactivity (n = 6 per group). Scale Bars: (A)
5 µm, (C) left panel 250 µm, central 50µm, right 5 µm, (D) 25 µm.
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Figure 5.
Novel environment induced Arc and Fos expression in hippocampal dentate gyrus granule
neurons and mild memory deficit in Arg-61 apoE mice in water maze test. (A) Arc induction
in Arg-61 apoE and WT mouse hippocampus, and (B) quantitation of relative numbers of Arc-
immunoreactive dentate gyrus granule neurons. (C) Fos induction in Arg-61 apoE and WT
mouse hippocampus, and (D) quantitation of relative numbers of Fos-immunoreactive dentate
gyrus granule neurons. *P < .05 vs. mice in home cage, #P < .05 vs. WT mice. In water maze
test, (E) There were no genotype differences in distance traveled to hidden platform during
training (P > .47; n = 13 per group). (F) In probe trial when hidden platform was removed,
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Arg-61 mice spent significantly less time in the correct quadrant than WT controls. Scale Bars:
(A) upper panel 100 µm, lower panel 50 µm.
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Figure 6.
Localization and quantitation of astrocyte glutamate transporter, GLT1, levels in the brains of
WT and Arg-61 apoE mice. (A) Immunostaining of GLT1 in mouse brain hippocampus. (B)
Double immunostaining of GLT1 (green) and MAP2 (red) in hippocampal CA1 region. (C)
Quantitation of GLT1 levels in CA3 and CA1 by integrated optical density (n = 9 per group).
Scale Bars: (A) 250 µm, (B) 10 µm.
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