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Genetic Restoration of Plasma ApoE Improves Cognition and
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Alzheimer’s disease (AD) is the most common form of dementia in individuals over the age of 65 years. The most prevalent genetic risk
factor for AD is the 4 allele of apolipoprotein E (ApoE4), and novel AD treatments that target ApoE are being considered. One unresolved
question in ApoE biology is whether ApoE is necessary for healthy brain function. ApoE knock-out (KO) mice have synaptic loss and
cognitive dysfunction; however, these findings are complicated by the fact that ApoE knock-out mice have highly elevated plasma lipid
levels, which may independently affect brain function. To bypass the effect of ApoE loss on plasma lipids, we generated a novel mouse
model that expresses ApoE normally in peripheral tissues, but has severely reduced ApoE in the brain, allowing us to study brain ApoE
loss in the context of a normal plasma lipid profile. We found that these brain ApoE knock-out (bEKO) mice had synaptic loss and
dysfunction similar to that of ApoE KO mice; however, the bEKO mice did not have the learning and memory impairment observed in
ApoE KO mice. Moreover, we found that the memory deficit in the ApoE KO mice was specific to female mice and was fully rescued in
female bEKO mice. Furthermore, while the AMPA/NMDA ratio was reduced in ApoE KO mice, it was unchanged in bEKO mice compared
with controls. These findings suggest that plasma lipid levels can influence cognition and synaptic function independent of ApoE
expression in the brain.
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/Signiﬁcance Statement \

One proposed treatment strategy for Alzheimer’s disease (AD) is the reduction of ApoE, whose €4 isoform is the most common
geneticrisk factor for the disease. A major concern of this strategy is that an animal model of ApoE deficiency, the ApoE knock-out
(KO) mouse, has reduced synapses and cognitive impairment; however, these mice also develop dyslipidemia and severe athero-
sclerosis. Here, we have shown that genetic restoration of plasma ApoE to wild-type levels normalizes plasma lipids in ApoE KO
mice. While this does not rescue synaptic loss, it does completely restore learning and memory in the mice, suggesting that both
CNS and plasma ApoE are independent parameters that affect brain health. j

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder char-
acterized by progressive memory loss and is the most common
form of dementia. The primary genetic risk factor for late-onset
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AD is the &4 allele of apolipoprotein E (ApoE4), which is present
in 15-20% of the population, but has a prevalence of 50—80% in
AD patients (Corder et al., 1993). The more common ApoE3
allele is considered to be risk neutral, while the relatively rare
ApoE?2 allele appears to protect against AD (Corder et al., 1994).
Two decades of research into the mechanisms by which ApoE4
contributes to disease pathogenesis has led to a large body of
literature on the role of ApoE in the CNS; however, the field
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Peripheral and central sources of ApoE. In peripheral tissues, ApoE is expressed primarily by the liver and released into the blood. In the brain, ApoE is expressed primarily by astrocytes,

but can also be expressed by neurons and microglia during cell stress or injury (Pitas et al., 1987; Stone et al., 1997; Xu et al., 2008). Typically, ApoE cannot pass through the BBB (Bjorkhem et al.,
1998); thus, the two pools of ApoE are largely separate. In ApoE knock-out mice, the lack of peripheral ApoE leads to a catastrophic increase of lipoprotein particles (Sheng etal., 1998). To study the
effect of ApoE loss on synaptic loss in the presence of normal plasma lipids, we have developed an ApoE “brain knockout” (bEKO mice), which has normalized the peripheral ApoE level.

remains divided on whether ApoE-directed therapeutics should
reduce or increase ApoE levels.

AD is characterized by the buildup of plaques of amyloid-f
(AB) followed by neurofibrillary tangles of hyperphosphorylated
tau. ApoE4 carriers and ApoE4 targeted replacement mice have
increased amyloid deposition, which is a major contributor to
accelerated disease development in ApoE4 carriers (Holtzman et
al., 2000; Scherzer et al., 2004). ApoE mediates this effect by im-
peding the clearance of AP from the CNS, leading to increased
deposition of amyloid-laden plaques (Castellano etal., 2011; Ver-
ghese et al., 2013). All forms of ApoE impede A clearance; how-
ever, ApoE4 has the strongest effect, while ApoE2 has the weakest
(Castellano et al., 2011). Haploinsufficiency of ApoE3 or ApoE4
in an AB-overproducing mouse model leads to reduced levels of
AB, indicating that lowering ApoE could be a promising thera-
peutic target (Kim et al., 2011). Moreover, peripheral adminis-
tration of an anti-ApoE antibody reduces amyloid deposition and
improves cognitive deficits in an AD mouse model (Liao et al.,
2014).

Despite the promise of ApoE-lowering therapeutics, two key
concerns remain. First, ApoE knock-out (KO) mice exhibit an
age-dependent synaptic loss and learning deficit, suggesting a
requirement for ApoE for healthy brain aging (Masliah et al.,
1995). The current understanding of what causes this synaptic
loss is limited. Some studies have suggested that ApoE deficiency
leaves neurons susceptible to oxidative damage (Veinbergs et al.,
20005 Shea et al., 2002), while others have suggested that loss of
ApoE causes impaired blood—brain barrier (BBB) function (Ful-
lerton et al., 2001). Additionally, ApoE knock-out mice exhibit
cholinergic dysfunction and tau hyperphosphorylation, which
are key findings in AD (Gordon et al., 1995, 1996). Finally, cho-
lesterol supply to neurons via ApoE-containing lipoproteins is an
important stimulant of synaptogenesis, and cholesterol depletion
may limit synapse development (Mauch et al., 2001). It is likely
that a combination of these factors contributes to synaptic dys-
function and loss. A second concern for ApoE-reducing drugs is
that ApoE knock-out mice have highly increased plasma lipid
levels (Plump et al., 1992; Zhang et al., 1992), which may inde-
pendently cause synaptic dysfunction and cognitive deficits (An-
stey et al., 2008).

Given the potential of reducing brain ApoE levels for treating
AD, it is important to determine the cause of synaptic loss in the
ApoE knock-out mice and to evaluate any impact this may have
on the development of ApoE-reducing therapeutics. To address
one aspect of this question, we have used a novel mouse model
that fortuitously arose in our colony and in which ApoE is ex-

pressed normally in the plasma, but is virtually absent in the
brain. This mouse has normal plasma lipid levels, thus allowing
us to differentiate the contribution of the separate pools of ApoE
to synaptic loss in the ApoE knock-out mice (Fig. 1). We found
that brain ApoE KO (bEKO) mice exhibit a synaptic loss and
dysfunction similar to that in ApoE KO mice; however, bEKO
mice do not exhibit cognitive impairment. Together, these find-
ings suggest that both CNS and plasma ApoE are important for
brain function.

Materials and Methods

Mice. Animals were group housed in a standard 12 h light/dark cycle and
were fed standard chow ad libitum. All animal care protocols were fol-
lowed in accordance with the Institutional Animal Care and Use Com-
mittee of the University of Texas Southwestern Medical Center.

The bEKO mouse was generated as the result of the random integra-
tion of a human ApoE expression cassette containing an inadvertent
mutation (R224Q; Sullivan et al., 1997). The site of transgenic integra-
tion has an expression profile that is restricted to peripheral tissues. To
generate the bEKO mice, the transgenic mouse line was bred to homozy-
gosity and then backcrossed to ApoE knock-outs (Zhang et al., 1992).
ApoE3-targeted replacement mice were used as a control (Sullivan et al.,
1997). Male mice were used for performing immunohistochemistry,
electrophysiology, and biochemistry; both sexes were used for behavioral
experiments.

Antibodies. The following primary antibodies were used: goat poly-
clonal anti-ApoE (1:1000 for both Western blotting and immunohisto-
chemistry; Calbiochem), mouse anti-synaptophysin (1:1000; Millipore),
rabbit polyclonal anti-RAP (1:1000; 692), and rabbit polyclonal anti-
Transferrin (1:1000; ab1223, Abcam). Anti-rabbit 680 and anti-goat
800 secondary antibodies (1:3000; LI-COR) were used for Western blot-
ting. Donkey anti-goat Alexa Fluor 594 and goat anti-mouse Alexa Fluor
594 secondary antibodies (1:200; Invitrogen) were used for immunohis-
tochemistry.

Tissue preparation and Western blotting. The 2- to 3-month-old bEKO,
ApoE KO, and ApoE3/E3 mice were fasted overnight. The following
morning, mice were anesthetized, and blood was collected retro-orbitally
using heparinized hematocrit tubes (Drummond). Samples were centri-
fuged for 10 min at 4000 rpm at 4°C, and the supernatant (plasma) was
retained. Mice were then deeply anesthetized by isoflurane and transcar-
dially perfused with ice-cold PBS. The hippocampi were dissected out
and flash frozen in liquid nitrogen. A portion of the right lobe of the liver
was also removed and flash frozen. Samples were homogenized in RIPA
buffer with protease and phosphatase inhibitors (Sigma-Aldrich). Pro-
teins were resolved on polyacrylamide gels (Bio-Rad) and transferred to
nitrocellulose membranes. Membranes were blocked in blocking buffer
(LI-COR) and then incubated with primary antibody. Membranes were
then treated with secondary antibody, and proteins were visualized using
Odyssey CLx (LI-COR).
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Immunohistochemistry. The 7- to 8-month-old bEKO, ApoEKO, and
ApoE3/E3 nonfasted mice were deeply anesthetized by isoflurane, killed,
and then transcardially perfused with ice-cold PBS followed by 4% para-
formaldehyde (PFA) in PBS. The brains were postfixed in 4% PFA over-
night, then stored in PBS containing 0.01% sodium azide. Brains were
mounted in agarose and 40 wm coronal sections were obtained using a
Leica VT1000 S Vibratome. Sections were blocked for 1 hin 10% donkey
serum with 0.1% Triton-X in PBS and incubated overnight at 4°C with
primary antibody in blocking buffer. Sections were rinsed three times
with PBS-T, and incubated for 1 h in secondary antibody. Sections were
rinsed in PBS-T, incubated briefly in DAPI, rinsed again with PBS-T, and
mounted with Prolong DAPI antifade (Life Technologies). Images were
obtained using a fluorescent microscope.

To evaluate neurodegeneration, sections were blocked for 1 h in 10%
goat serum with 0.1% Triton-X in PBS. Sections were incubated over-
night in blocking buffer with mouse anti-synaptophysin antibody over-
night at 4°C. Sections were rinsed three times with PBS-T and then
incubated for 1 h in secondary antibody. Sections were rinsed in PBS-T,
incubated briefly in DAPI, rinsed again with PBS-T, and then mounted
with Fluorescence Mounting Medium (Dako).

Lipid profile measurement. Plasma was obtained from 2- to 3-month-
old bEKO, ApoEKO, and ApoE3/E3 mice that had been fasted overnight.
Two microliters of plasma was incubated with 200 ul of Infinity Choles-
terol or Infinity Triglyceride (Thermo Scientific) for 20 min at 37°C, and
the reaction was read using a plate reader. The concentration of choles-
terol or triglyceride was determined using a standard curve.

Semiquantitative assessment of synaptic loss. Sections prepared as de-
scribed were stained with anti-synaptophysin and imaged using a Leica
TCS SP5 confocal microscope. Four sections per mouse and two visual
fields per section were obtained for both hippocampus and neocortex. As
described by Masliah et al. (1995), images were analyzed in Image].
Briefly, a threshold was set, and the area occupied was measured for each
section and averaged.

Long-term potentiation. Acute hippocampal slices from 6-month-old
bEKO, ApoE KO, and ApoE3/E3 mice were used for field recordings to
measure long-term potentiation (LTP). Theta-burst LTP was performed
as previously described (Chen et al., 2010). Briefly, mice were deeply
anesthetized with isoflurane, and their brains were quickly removed and
placed in ice-cold high-sucrose slicing solution, as follows (in mm): 110
sucrose, 60 NaCl, 3 KCl, 1.25 NaH,PO,, 28 NaHCO;, 0.5 CaCl,, 5 glu-
cose, 0.6 ascorbic acid, and 7 MgSO,. The 350 wm transverse slices were
cut using a Leica VT1000S Vibratome. Slices were allowed to recover in
artificial CSF (ACSF), consisting of the following (in mwm): 124 NaCl, 3
KCl, 1.25 NaH,PO,, 26 NaHCOj,, 10 p-glucose, 2 CaCl,, and 1 MgSO,,
for 1 h at room temperature before experiments. For recording, slices
were transferred to an interface chamber perfused with ACSF at 31°C.
Slices were stimulated within the stratum radiatum using concentric
bipolar electrodes (FHC) and an isolated pulse stimulator. The stimulus
intensity was set to 30-50% of the maximum peak amplitude, as deter-
mined by measuring the input—output curve. After stabilization of the
baseline, theta-burst stimulation was applied with four pulses at 100 Hz
repeated 10 times with 200 ms intervals, and the train was repeated five
times at 10 s intervals. After induction, LTP was followed for an hour and
averaged between 40 and 60 min for analysis.

Input—output analysis. fEPSP traces were exported from LabView as
text files and imported into Clampfit 10. The fiber volley amplitude was
calculated at the minimum of the first derivative of the average of all
traces. The fEPSC slope was calculated along the linear portion of the
rising phase just after the fiber volley. The fiber volley amplitude and
fEPSP slope were binned by fiber volley amplitude in Microsoft Excel
2010. The binned fEPSP slopes for each genotype were fit in GraphPad
Prism version 6.07 (best fit of either a one-phase association or straight
line), and fits were output up to 16 data points. These fits were analyzed
as a grouped table using an ordinary two-way ANOVA with a Sidak post
hoc multiple comparison between genotypes of the fEPSC slopes at each
fiber volley amplitude interval.

Whole-cell voltage-clamp recordings on CA1 pyramidal neurons. Hip-
pocampal slices were prepared from 6- to 9-month-old mice. After per-
fusion with an ice-cold high-sucrose cutting solution (solutions as for
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LTP, per above), brains were quickly removed and placed into the same
solution. Transverse 350 wm sections were cut using a vibratome. Slices
were kept in a chamber containing 50% ACSF and 50% cutting solution
until the experiment started. Slices were then transferred into an inter-
face recording chamber and kept at room temperature (26°C) at a flow
rate of 2-3 ml/min with ACSF. Patch electrodes (3—6 M{)) were filled
with patch solution containing 110 mm K-gluconate, 20 mm KCl, 10 mm
NaCl, 10 mm HEPES, 0.6 mm EGTA, 4 mm Mg-ATP, 0.3 mm GTP, and 10
mM N-ethyl bromide quaternary salt, pH 7.2. Series resistance (R,)
ranged from 7 to 20 M(). Experiments in which R varied =20% within a
recording session were discarded. Recordings were obtained with an
Axopatch-200B Patch-Clamp Amplifier (Molecular Devices) digitized at
10 kHz through a Digidata 1322A Digitizer (Molecular Devices). EPSCs
were evoked by stimulation (duration, 200 us; amplitude, 100—600 wA)
of Schaeffer collateral commissural afferents (30—-50% of maximum re-
sponse, usually ~100 pA) using concentric bipolar electrodes (catalog
#CBBRC75, FHC) through an isolated pulse stimulator (Model 2100,
A-M Systems). AMPA and NMDA currents were plotted in the presence
of the GABA , receptor antagonist picrotoxin (50 uMm; Sigma-Aldrich) at
—70 and +50 mV, respectively. Paired pulses are recorded at —60 mV
with the same stimulus intensities.

Behavior. Mice were trained for 7 d to find a hidden platform in a
120-cm-diameter tube of cloudy water at 21°C. The platform was 10 cm
in diameter and 1 cm below the water surface. Each day, mice underwent
three trials, during which they were placed into the water at a pseudoran-
dom start point and given 60 s to find the platform, guided by large cues
on the wall. Mice that did not find the platform within 60 s were guided
to the platform by hand. Mice were then given 5 s on the platform before
being returned to their holding cage. On the eighth day, mice were tested
with a probe trial in which the platform was removed and they were
allowed to swim for 60 s. On the ninth day, mice were tested on a visual
version on the task, in which the platform was moved to the opposite side
of the pool and made visible with a flag. One male ApoE KO mouse failed
the visual probe task and was removed from the analysis. Mouse move-
ments were recorded and analyzed using HVS water maze software (HVS
Image).

Statistical analysis. Data were analyzed with Prism software version 6.0
(GraphPad Software). All data are shown as the mean *= SEM, and sta-
tistical significance was set at p < 0.05.

Results

Plasma ApokE levels are normal in the bEKO mouse

Loss of ApoE results in age-dependent synaptic loss in mice
(Masliah et al., 1995); however, the loss of ApoE causes extremely
elevated plasma lipid levels (Schaefer et al., 1986; Plump et al.,
1992; Zhang et al., 1992; Mak et al., 2014), which may indepen-
dently contribute to neurodegenerative processes or affect cogni-
tion. To differentiate between these two effects of ApoE loss on
brain function, we took advantage of a novel mouse that has a
random integration of a functional human ApoE expression cas-
sette, with expression restricted to peripheral tissues (primarily
liver; Fig. 2 A, B) and virtually complete absence of ApoE in the
brain (Fig. 3A), which will be referred to here as the bEKO mouse.

bEKO mice have a normal plasma lipid profile

First, we determined whether the restoration of peripheral ApoE
in the bEKO mouse normalized the lipid profile. The 6-month-
old mice were fasted overnight to prevent dietary effects on
plasma lipid levels, and plasma levels of cholesterol and triglyc-
eride were measured. As has been previously shown, the ApoE
KO mice showed a remarkable elevation in plasma cholesterol
and triglyceride levels (Plump et al., 1992; Zhang et al., 1992).
The restoration of plasma ApoE completely normalized plasma
cholesterol and triglyceride to levels that were similar to the
ApoE3/E3 mice (Fig. 2C,D).
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bEKO mice have greatly reduced A
brain ApoE

In contrast to peripheral tissues, ApoE ex-
pression in the hippocampus was barely de-
tectable in bEKO lysates (Fig. 3A). Since
there was some residual ApoE in the hip-
pocampus of bEKO mice, we wanted to
confirm the distribution of brain ApoE in
the bEKO mice. In the ApoE3/E3 mice, im-
munohistochemical staining with an anti-
ApoE antibody revealed distinct cells, whose
distribution and shape matched astrocytes,
as well as a diffuse light staining, which
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We next determined whether the bEKO
mice showed a loss of synaptic markers
similar to that previously observed in
ApoE KO mice (Masliah et al., 1995).
Sections from 7- to 8-month-old male
ApoE3/E3, ApoE KO, and bEKO mice were stained with an
anti-synaptophysin antibody and semiquantitatively analyzed
for the area of the neuropil covered by synaptophysin (Fig.
3C). Similar to previously published results, we observed a
reduction in synaptophysin immunoreactivity in the neocor-
tex of the ApoE KO mice (Masliah et al., 1995), and this was
also observed in the bEKO mice (Fig. 3C). However, contrary
to what was previously reported, we did not see a significant
reduction in synaptophysin staining in the hippocampus in
either the ApoE KO or bEKO mice (Fig. 3C). This may be an
age-dependent effect, as previous studies indicated delayed
loss of synaptic markers in the ApoE KO hippocampus
(Masliah et al., 1995).

Figure 2.

bEKO mice have similar LTP deficits as ApoE KO mice
Having shown that bEKO mice have synaptic loss similar to that
of ApoE KO mice, we then investigated whether they also exhib-
ited impaired LTP, as had been observed in the total ApoE knock-
outs (Veinbergs and Masliah, 1999). Acute hippocampal slices
from male 7- to 8-month-old ApoE3/E3, ApoE KO, and bEKO
mice were evaluated for deficits in synaptic plasticity. After
achieving a stable baseline, LTP was induced with theta-burst
stimulation of CA1 Schaffer collaterals and recorded for 1 h.
Slices from bEKO mice showed a reduction in LTP that was sim-
ilar to ApoE KO slices (Fig. 4A, B). To further compare synaptic
strength in these mice, input—output curves were calculated.
Similar to the LTP findings, the bEKO and ApoE KO mice had
reduced input—output responses compared with the ApoE3/E3
mice (Fig. 4C).
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Tissue distribution of ApoE in the bEKO mouse and restoration of normal lipid profile in bEKO mouse. A, Plasma ApoE
levels (Kruskal Wallis nonparametric one-way ANOVA, p << 0.01). B, Liver ApoE levels (Kruskal Wallis nonparametric one-way
ANOVA, p < 0.0001). C, Plasma triglyceride levels. ApoE KO mice had highly elevated plasma triglyceride levels (one-way ANOVA,
*¥¥%p < 0.0001), while bEKO mice had levels that were similar to ApoE3/E3 mice (Tukey’s post hoc test, p = n.s.) D, Plasma
cholesterol levels. ApoE KO mice had highly elevated plasma cholesterol (one-way ANOVA, ****p < 0.0001), while bEKO mice had
levels that were similar to ApoE3/E3 mice (post hoc test, p = n.s.). ApoE3/E3 (n = 5), ApoE KO (n = 4), and bEKO (n = 5) mice.

bEKO mice are not impaired in spatial learning, in contrast to
ApoE KO mice

Together, the immunohistochemistry and LTP data suggest
that the bEKO mice have synaptic loss and dysfunction similar
to that of ApoE KO mice. ApoE KO mice have an age-
dependent deficit on the Morris water maze (MWM; Masliah
et al., 1995, 1997); thus, we also tested 6.5- to 7.5-month-old
mice on the MWM task. No differences in acquisition were
observed between the genotypes (Fig. 5A). The ApoE KO mice
showed impairment on the probe trial, which was not ob-
served in the bEKO mice (Fig. 5B). These results suggest that
while bEKO mice exhibit signs of synaptic changes, they are
able to compensate behaviorally.

Learning impairment in ApoE KO mice is sex dependent

The behavioral results shown in Figure 5, A and B, reflect male
and female mice. When the data were broken down by sex, dif-
ferences emerged. In the wild-type mice, there was no difference
in performance between the sexes, and the male ApoE KO mice
performed similarly to wild-type mice. In stark contrast to the
males, the female ApoE KO mice had impaired results in the
MWM test, showing both increased latency to reach the platform
and a reduced preference for the target quadrant on the probe
trial. The impairment seen in the probe trial is not present in the
bEKO mice, for either sex (Fig. 5C-F).

ApoE KO mice have synaptic properties different from those
of bEKO and ApoE3/E3 mice

Since the bEKO mice did not exhibit the same behavioral
impairment as the ApoE KO mice, despite having a similar
deficit in LTP, we decided to investigate synaptic function in
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Input—output plot of the average fEPSP slopes vs the fiber volley amplitude depicting reduced synaptic strength in both Apok KO and bEKO mice [two-way ANOVA, pepsp giope < 0.000T, Pgengrype < 00001,

14 Interaction

n=126].

more detail. Neurons from 6-month-old ApoE3/E3, ApoE
KO, and bEKO mice were evaluated using patch-clamp tech-
niques. First, we examined paired-pulse facilitation and found
no difference between the genotypes, indicating no effect of
ApoE deficiency on presynaptic function (Fig. 6 A, B). We then
evaluated AMPA and NMDA currents. In contrast to our LTP
findings, we observed a reduction of AMPA/NMDA ratios
compared with wild-type controls only in the ApoE KO slices,
but not in the bEKO slices (Fig. 6C-E).

Discussion

We investigated the effect of genetically restoring plasma ApoE in an
ApoE knock-out mouse (bEKO mouse) on lipid profile, synaptic
function, and behavior. Genetic restoration of peripheral ApoE nor-

= 0.0067; fEPSP slope post hoc analyses: ApoE3 KO vs bEKO, p > 0.9999 (n.s.); ApoE3/E3 vs ApoE KO, *p = 0.0268; ApoE3/E3 vs bEKO, *p = 0.0279; ApoE3/E3, n = 61; ApoE KO, n = 14; bEKO,

malized plasma cholesterol and triglyceride levels in ApoE KO mice.
Despite this normalization of plasma lipids, bEKO mice exhibited
reduced levels of synaptic markers and reduced LTP, which were
comparable to those of ApoE KO mice. In contrast, the bEKO mice
did not share the modest behavioral impairment of the ApoE KO
mice. Additionally, this impairment was present only in the female
ApoE KO mice and was completely rescued in the female bEKO
mice. At a synaptic level, we found that while paired-pulse facilita-
tion was unaltered by ApoE deficiency, AMPA/NMDA ratios were
reduced only in the ApoE KO mice, but not in the bEKO mice.
Together, these results suggest distinct contributions of peripheral
and central ApoE, as well as plasma lipids, to brain function, which
appear to have a greater impact in female brains.
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Spatial learning impairment is observed only in female ApoE KO mice. A, Latency to find the platform for each day of MWM training [two-way, repeated measures (rm) ANOVA: py;.... << 0.0001;

Peenotype = 0-6561; Pinteraction = 0-0750]. B, Preference for the target quadrant is reduced in ApoE KO mice on the probe day, but not in bEKO mice [two-way ANOVA: Dggeane < 0.0007; Dgenotype = 0-9999;
Pinteraction — 0-0293; target quadrant post hoc analyses: ApoE KO compared with bEKO, *p << 0.05; ApoE3/E3 compared with ApoE KO, p = n.s.; ApoE3/E3 compared with bEKO, p = n.s.).A, B,n = 22 ApoE3/E3
and bEKO mice, n = 16 ApoE KO mice). €, D, No difference in MWM acquisition or probe trial in male ApoE KO and bEKO mice (acquisition two-way rmANOVA: priue < 0.0007; Pgenotype N Pinteraction = N-5;
probe trial two-way ANOVA: Pqagrant < 0-0001; Disteraction 3N Pgenotye = N-5-) E, Impaired MWMacquisition in female Apok KO mice only (two-way, rmANOVA: pr; ;. < 0.0007; Pgentype a1 Pioteraction = M-S
post hoc day 6: ApoE3/3 female vs ApoE KO female, **p << 0.01; post hoc day 7: ApoE3/E3 vs ApoE KO, *p << 0.05). F, Time spent in each quadrant by female mice on the probe trial, day 8 (two-way ANOVA:
Pauadrant < 0-0001; Dgengrype = 0-9999; Prnteraciion = 0-0042; target quadrant post hoc test: ApoE KO vs bEKO, ***p << 0.001; ApoE KO vs ApoE3/E3, *p << 0.05). C~F: ApoE3/E3 male, n = 12; ApoE3/E3 female,
n = 10; ApoE KO male, n = 8; ApoE KO female, n = 8; bEKO male, n = 9; bEKO female, n = 13. Dashed line indicates 25% of time spent in quadrant.

How does complete loss of ApoE lead to loss of synaptic
markers, electrophysiological deficits, and behavioral impair-
ments, while brain-specific loss of ApoE leads only to the loss
of synaptic markers and more selective electrophysiological
changes? ApoE receptors have a variety of roles in synaptic
function and plasticity that may be altered by the loss of ApoE
(Lane-Donovan et al., 2014), and the shared synaptic changes
observed in ApoE KO and bEKO point to an effect of ApoE
loss on synapses that is independent of peripheral ApoE levels.
Astrocyte-derived, ApoE-containing lipoproteins are required
for the development of mature synapses (Mauch et al., 2001).

This is consistent with our findings that both the bEKO and
ApoE KO mice—which lack astrocyte-derived ApoE—had re-
duced synaptophysin staining and reduced input-output
curves, indicating reduced synapse numbers. However, while
the bEKO mice were able to adapt to the reduced synapse
numbers and exhibited normal behavior and AMPA/NMDA
ratios, the ApoE KO mice had spatial learning deficits and
reduced AMPA/NMDA ratios. These data suggest that loss of
peripheral ApoE has a detrimental effect on CNS function and
network activity, for which several potential mechanisms
could be posited (Fig. 7).
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Figure 6.  Normal paired-pulse facilitation and reduced AMPA/NMDA ratio in ApoE KO mice. 4, B, Paired-pulse facilitation (ApoE3/E3, n = 6; ApoE KO, n = 9; bEKO n = 7). A, Representative
traces of EPSCs. B, Normal facilitation of EPSC amplitudes evoked at 20, 50, 100, and 200 ms intervals (two-way ANOVA: pyyieraction = 0-9995; Pintervat < 0:0001; Pyengeype = 0.9096). C-E,
AMPA/NMDA ratio in ApoE3/E3, ApoE KO, and bEKO neurons (ApoE3/E3, n = 6; ApoE KO, n = 9;bEKO n = 7). , Representative traces of EPSCs evoked at either +50 mV (top) or —70 mV (bottom).
D, Average EPSCamplitude at —70 and +50 mV (two-way RM ANOVA: piyieraction = 0.6232; Pryy < 0.0001; Pgenrype = 0.0027; genotype post hoc test, p = n.s. at either holding potential). £,
Average AMPA/NMDA ratio calculated by dividing the EPSCamplitudes evoked at —70 mV by those at +50 mV [one-way ANOVA, p = 0.0002; Tukey's post hoc test: ApoE3/E3 vs ApoE KO, *p =
0.0142; ApoE3/E3 vs bEKO, p = 0.1907 (n.s.); ApoE KO vs bEKO, **p = 0.0002].

Figure7.  Possible mechanisms by which peripheral ApoE loss impacts CNS function. In the CNS, astrocyte-derived ApoE-rich lipoprotein particles are required for synapse maturation, a function
thatis lostin both the bEKO and ApoE KO mice. CNS and plasma ApoE may both contribute to the maintenance of the BBB. When both pools are lost, leakage of metabolic products or inflammatory
cytokines associated with atherosclerosis and hyperlipidemia that can affect synapse function across the BBB may occur. Finally, the elevated levels of cholesterol and triglycerides resulting from the
loss of plasma ApoE may lead to the generation of excessive free fatty acid (FFA) and sterol transport across the BBB.
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One mechanism by which peripheral ApoE loss could lead to
cognitive impairment is its effect on the vasculature. Vascular
dysfunction and atherosclerosis occur early in ApoE KO mice,
which leads to reduced cerebral blood flow and dysfunctional
autonomic regulation of the cerebrovasculature (Plump et al,,
1992; Zhang et al., 1992; Ayata et al., 2013). This reduction in
brain perfusion is accompanied by impaired functional connec-
tivity in ApoE KO mice (Zerbi et al.,, 2014), supporting an
intersection of cerebrovascular dysfunction and cognitive im-
pairment. In the bEKO mice, the level of peripheral ApoE is
returned to control levels, and plasma lipid levels are completely
normalized, thus potentially averting much of the vascular
dysfunction.

In addition to vascular changes, ApoE knock-out mice exhibit
an age-dependent breakdown of the BBB, which correlates with
behavioral impairments (Mulder et al., 2001; Bell et al., 2012).
This breakdown can be partially restored with a bone marrow
transplant from wild-type mice, which introduces ApoE-
expressing leukocytes and restores a small amount (~3%) of
ApoE to the plasma (Hafezi-Moghadam et al., 2007). A mecha-
nism by which ApoE maintains BBB strength was recently
proposed. In ApoE KO and ApoE4/E4 mice, cyclophilin A is
dysregulated, leading to increased matrix metalloproteinase 9 ac-
tivity and breakdown of the BBB (Bell et al., 2012). A breakdown
in the BBB could conceivably permit easier flow of neurotoxic
agents, including inflammatory cytokines which are elevated in
hyperlipidemia and atherosclerosis, from the plasma into the
CNS.

The ApoE KO mice have highly elevated levels of triglycerides
and cholesterol as a result of inefficient uptake of particles by lipo-
protein receptors (Zhang et al., 1992). Hypertriglyceridemia in mice
causes cognitive dysfunction (Farr et al., 2008), and numerous stud-
ies have investigated the effect of high-fat diets on cognition in ani-
mal and human models (Freeman et al., 2014). These lipids have
various metabolites that could be detrimental to CNS function. For
example, cholesterol can be metabolized to 27-hydroxycholesterol,
which can more easily cross the BBB, and negatively impacts cogni-
tive function in mice (Heverin et al., 2015). Also, mechanisms to
prevent the processing of triglyceride-rich lipoproteins exist in the
brain. Briefly, lipoprotein lipase (LpL) in the lumen of capillaries
hydrolyzes triglycerides into free fatty acids (Goldberg, 1996). Al-
though LpL is present in the CNS (Vilar6 et al., 1990), it requires
glycosylphosphatidylinositol-anchored high-density lipoprotein-
binding protein 1 (GPIHBP1) on the endothelial surface for efficient
lipolytic processing (Wang and Eckel, 2012). GPIHBP1 is notably
absent from brain capillary lumens (Beigneux et al., 2007), which
suggests a need to avoid excessive exposure of the CNS to free fatty
acids. These studies have largely not evaluated the effect of these lipid
species on neuronal function.

In the bEKO mice, there is a small amount of residual ApoE in
the CNS observed in Western blotting and immunohistochemis-
try. The source of this residual ApoE is unclear. Since there is no
ApoE staining present in cell bodies, this suggests that the ApoE is
not astrocyte derived, but is likely derived from peripheral
sources. This may simply reflect incomplete perfusion of the CNS
with PBS. Alternatively, a recent study showed that ApoA-Iis able
to enter the CNS via the choroid plexus (Stukas et al., 2014). If a
similar mechanism exists for ApoE, it could account for the
residual amounts observed in the CNS. Recent sophisticated
studies have confirmed that ApoE does not normally cross the
blood—CSF barrier (Liu et al., 2012); however, if there is some
leakage of the BBB in the bEKO mice, this could permit entry of
ApoE into the CNS. It is important to note that it is therefore
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possible that this residual amount of ApoE, however small, may
be sufficient to rescue the behavioral deficits caused by ApoE.

It has been shown that female ApoE KO mice display greater
cognitive impairment than male ApoE KO mice (Raber et al.,
1998), a result we have replicated here. Importantly, the impair-
ment in the female ApoE KO mice was completely rescued in the
female bEKO mice. This finding supports the hypothesis that
atherosclerosis in the ApoE KO mice contributes to cognitive
dysfunction, because female ApoE KO mice develop more severe
atherosclerosis and vascular impairment earlier (Caligiuri et al.,
1999).

An effect of sex on AD pathology has previously been noted. In
AD mice, a difference in cognitive function by sex is observed
both at baseline and in response to treatment targeting ApoE
receptor signaling (Hinrich et al., 2016). Moreover, women are
disproportionately more likely than men to develop the disease,
primarily due to longer lifespan (Bachman et al., 1992), and
ApoE4 has a stronger effect on AD risk in women compared with
men (Altmann et al., 2014), but only because of the greater life
expectancy that females enjoy. Since plasma and brain ApoE lev-
els are slightly reduced in ApoE4 individuals (Slooter et al., 1998;
Beffert et al., 1999), the mechanism by which ApoE4 causes en-
hanced risk in women may include a greater susceptibility of
women to reduced ApoE. Additionally, our finding that normal-
izing lipid levels restores normal learning in the bEKO mouse
may suggest that lipid-lowering interventions would be more
effective at reducing AD risk in women.

The answer to whether ApoE is required for cognitive func-
tion in humans was seemingly answered by a recent case report.
While the patient, a 40-year-old male with no detectable ApoE
had severe hyperlipidemia, he was cognitively unremarkable;
suggesting that ApoE may not be essential for cognitive function
(Lane-Donovan and Herz, 2014; Mak et al., 2014). However, in
the context of our finding that male ApoE KO mice were unim-
paired on the MWM task while female ApoE KO mice were mod-
erately impaired, this conclusion may have been premature.
Moving forward, it will be important for clinical trials investigat-
ing ApoE-reducing therapeutics to consider sex in their study
design and analysis.

The simultaneous effects of ApoE genotype on AD pathology
and plasma cholesterol level have long been appreciated in the
field as independent risk factors for AD. What has been difficult
thus far has been to differentiate between the importance of ApoE
produced in the brain and its essential role in plasma lipid me-
tabolism in peripheral tissues. The findings described here delin-
eate the distinct roles played by peripheral and central ApoE in
synaptic function and behavior, and suggest a dual mechanism by
which ApoE deficiency causes behavioral deficits. In this hypoth-
esis, CNS ApoE deficiency causes synaptic loss, while peripheral
ApoE deficiency concomitantly leads to dyslipidemia, vascular
dysfunction, and aberrant neuronal function; these distur-
bances together cause cognitive dysfunction. In addition, our
findings highlight the fact that female sex enhances suscepti-
bility to ApoE changes, possibly due to hyperlipidemia in
combination with increased atherosclerosis. In conclusion, al-
though ApoE-reducing drugs show promise as potential AD
therapeutics, their effect on atherosclerosis risk and possible adverse
CNS effects, particularly in women, need to be addressed.
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