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Abstract

The human APOE4 allele is associated with an early age of onset and increased risk of
Alzheimer’s disease (AD). Apolipoprotein E is secreted as part of a high-density lipoprotein-like
particle by glial cells in the brain for the primary purpose of transport of lipophilic compounds
involved in the maintenance of synapses. Previous studies examining synaptic integrity in the
amygdala of human apoE targeted replacement (TR) mice showed a decrease in spontaneous
excitatory synaptic activity, dendritic arbor, and spine density associated with apoE4 compared
with apoE3 and apoE2 in adult male mice. In the present study, we assessed how APOE genotype
affects synaptic integrity of amygdala neurons by comparing electrophysiological and
morphometric properties in human apoE3, E4, and E2/4 TR mice at the age of 18-20 months. In
contrast to adult mice, we found that aged apoE4 TR mice exhibited the highest level of excitatory
synaptic activity compared with other cohorts. Additionally, apoE4 mice had significantly greater
spontaneous inhibitory activity than all other cohorts. Taken together, there was a significant
interaction between genotypes when comparing inhibition relative to excitation; there was a
simple main effect of frequency type with an imbalance toward inhibition in apoE4 mice but not
in apoE3 or apoE2/4 mice. These results suggest that apoE isoforms differentially influence
synaptic transmission throughout the life span, where aging coupled with apoE4 expression,
results in an imbalance in maintaining integrity of synaptic transmission.
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1. Introduction

Humans are the only species to contain 3 alleles in the APOE gene, designated APOE2,
APOES3, and APOE4. Genetic studies consistently show that human APOE4 carriers have
the highest risk for developing late onset Alzheimer’s disease (AD) compared with APOE3
(neutral risk) and APOEZ2 carriers (reduced risk) (Rubinsztein and Easton, 1999) (Ward et
al., 2012). Each APOE allele encodes an apoE isoform that differs by a single amino acid,
which results in significant differences in receptor affinity, protein stability, lipid
homeostasis, and inflammation (Laskowitz et al., 1997).

The loss of synapses or decline in synaptic function is a strong correlate of cognitive decline
in AD (Terry et al., 1991). Previous studies using 7 months apoE targeted replacement (TR)
mice showed that mice expressing apoE4 displayed reduced excitatory synaptic
transmission, dendritic arborization, and spine density in the lateral amygdala compared
with apoE3, and that these reductions occurred in the absence of any pathologic hallmarks
such as gliosis, amyloid deposition, or neurofibrillary tangles (Wang et al., 2005). Similar
outcomes were also present in 1-month-old apoE4 TR mice (Klein et al., 2010). In support
of these findings, additional studies show that spine density was reduced in cortical layers
11/111 of apoE4 mice versus apoE3 mice and becomes progressively worse with age
(Dumanis et al., 2009).

The amygdala is one of the earliest structures to undergo neurodegeneration in AD (Hamann
et al., 2002) (Cuenod et al., 1993). It is also involved in the regulation of neural processes
that influence affective states such as depression and anxiety, which commonly occur in AD
(Molosh et al., 2013). For example, Hamann et al. (2002) found significant impairment in
fear conditioning in AD patients, suggesting a loss of synaptic integrity in the amygdala.
Behavioral studies in mice have also shown that apoE differentially impacts multiple
measures of anxiety (Raber, 2007; Siegel et al., 2010).

There is an emerging hypothesis that maintaining balance in neuronal networks (i.e.,
excitatory vs. inhibitory [E/I] ratio) is critical to avoiding both “normal” cognitive decline
(Machulda et al., 2011) as well as AD (Palop and Mucke, 2010; Palop et al., 2006) (Huang
and Mucke, 2012). Recent studies in prodromal AD patients show both hyper- and hypo-
excitable states of neuronal transmission can lead to a degenerative phenotype (Minami et
al., 2010; Palop and Mucke, 2010), suggesting the importance of maintaining E/I balance.
By the age of 7 months, the apoE4 TR mice already showed reduced excitatory activity and
unchanged inhibitory activity compared with apoE3 mice (Wang et al., 2005) suggesting the
presence of an imbalance toward inhibition. To address the hypothesis that this progressive
decline in synaptic transmission would worsen with age and further drive an imbalance
toward inhibition, in the present study we measured how APOE genotype affects excitatory
and inhibitory activity and morphometric properties of amygdala neurons in aged (18-20
months) human apoE3, E4, and E2/4 TR mice.
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2. Methods

2.1. Preparation of animals

The TR mice were created by gene targeting as described previously (Sullivan et al., 1997).
Briefly, the construction of the TR mice differ from other types of apoE transgenic mice in
that human APOE genomic fragments were used to replace the mouse Apoe gene via
homologous recombination. All lines of apoE TR mice contain chimeric genes consisting of
mouse 5’ regulatory sequences continuous with mouse exon 1 (noncoding) followed by
humans exons (and introns) 2—4. Thus, all 3 lines of apoE TR mice regulate apoE gene
expression in the same fashion. The present study used mice that have been backcrossed to
C57B16/J mice 8 times and therefore were >99.6% C57B16/J. The animals were genotyped
using an allele-specific PCR approach based on Hixson and Vernier (1990). All mice are
maintained on a normal chow diet consisting of 4.5% (wt/wt) fat and 0.2% (wt/wt)
cholesterol (Prolab Isopro, Agway Inc, DeWitt, NY, USA). The animals were handled in
accordance with guidelines approved by the Duke and VA Animal Care and Use
Committee. All experiments were performed on 18 to 20-month-old males for each
genotype. TR animals were either homozygous for APOE3 (3/3), APOE4 (4/4) or
heterozygous for APOE2 and APOEA4 (2/4).

2.2. Slice preparation

Acute coronal amygdala slices (350-um thick) from the TR mice were prepared as described
previously (Klein et al. 2010). Briefly, mice were anaesthetized with 200 mg/kg 2,2,2-
tribromoethanol and decapitated. Brains were quickly removed and placed in ice-cold
oxygenated artificial cerebral spinal fluid (ACSF) containing (mM): 126 NaCl, 2.5 KCI, 1.3
MgCl,, 2.5 CaCly, 1 NaH,POy4, 25 NaHCO3, and 10 glucose. Upon removal of the
cerebellum, the brain was hemisected and the right hemisphere was glued to the Vibratome
1000 Plus (Vibratome, Campden, England) stage and immersed in the cooled oxygenated
ACSF.

2.3. Electrophysiology

All experiments were conducted single-blinded, where the researcher performing the
electrophysiological recordings and data analysis was unaware of the APOE genotype. After
a 1-hour incubation period, single slices were transferred to the recording chamber. Whole-
cell patch-clamp recordings were performed in lateral amygdala neurons using patch
pipettes with resistances of 3-5 MQfilled with internal solution (IS). For the recording of
spontaneous excitatory synaptic currents (SEPSCs) the IS contained (in mM): 140 potassium
gluconate, 0.5 CaCly, 2 MgATP, 2 MgCl,, 5 EGTA, and 10 Hepes (pH 7.2-7.3). In
addition, 0.3% biocytin (Sigma) was added to the IS on the day of the experiment. For the
recording of spontaneous inhibitory synaptic currents (SIPSCs) the IS contained (in mM):
140 CsCl, 2 MgCl,, 0.5 EGTA, 4 MgATP, 0.5 Tris GTP, 10 Hepes, and 5 QX-314 (pH 7.2—
7.3). Slices were superfused at room temperature (18 °C-22 °C) with ACSF. Neurons were
clamped at =70 mV and recordings were acquired using an Axopatch 200B amplifier,
filtered at 1 kHz, and sampled at 10 kHz using pClamp 10.1 software (Molecular Devices).
Postsynaptic current intervals and amplitudes were measured using MiniAnalysis software
(Synaptosoft, Inc Decatur, GA, USA). Firing properties and electrical excitability were
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assessed using whole-cell current-clamp mode. Hyper- and depolarizing step pulses were
delivered at 1 second duration ranging from —0.2-0.2 nA in 25 pA increments.

2.4. Biocytin staining

At the end of the recording session, the patch-pipette was gently retracted from the neuron
and the brain slice was immediately transferred to a solution containing 4%
paraformaldehyde in phosphate buffered saline, pH 7.4 (USB Corp, Cleveland, OH, USA)
and stored at 4 °C. Slices were incubated overnight with avidin-biotin-peroxidase complex
(Vectastain Elite ABC kit, Vector Laboratories, Inc, Burmingham, CA, USA) diluted in PBS
containing 1% Triton X-100. Slices were then stained with DAB (Vector Labs), rinsed with
deionized water and mounted on gelatin subbed slides, air-dried overnight and coverslipped
using standard techniques. The morphology of the biocytin-filled neurons was examined
using a Zeiss Axio ImagerD2 light microscope, traced with Neurolucida software under a
40x objective and analyzed with Neuroexplorer software (MicroBrightField, Colchester,
VT, USA).

2.5. Statistics

Statistical analysis of electrophysiological and morphologic data was performed using
GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). Averaged data are
presented as mean + standard error of the mean. Statistical significance (p < 0.05) was
assessed using a 1-way analysis of variance followed by post hoc unpaired t tests (unless
otherwise specified).

3. Results

3.1. Membrane properties in lateral amygdala neurons in apoE TR mice

Membrane properties of pyramidal neurons within the lateral amygdala of male apoE3/E3,
apoE4/E4, and apoE2/E4 TR mice were measured using whole cell patch-clamp
electrophysiology. Neurons with a resting membrane potential more negative than =55 mV
and access resistance of less than 20 MQwere included in the analysis. Neurons were
identified as pyramidal-like based on morphology and on firing properties elicited in
response to increasing depolarization current injection (Faber et al., 2001). Some neurons
displayed spike frequency accomodation and others showed little or no accomodation. There
were no significant genotype differences in resting membrane potential or spike frequency
in non-accomodating neurons (data not shown). Genotype differences were observed,
however, in the percentage of neurons with spike frequency accomodation where apoE2/E4
displayed the greatest percentage at 57% (n = 14), apoE3/E3 at 33% (n = 36), and apoE4/E4
at 23% (n = 27). These results indicate that human apoE isoforms may differentially
influence the degree of spike frequency accomodation of lateral amygdala neurons in aged
mice.

3.2. Aged apoE4/E4 and E2/E4 TR mice display increased excitatory transmission in lateral
amygdala (LA) neurons

The sEPSC amplitudes and inter-event intervals were analyzed from 2 minutes continuous
recordings from at least 2—4 neurons from 12-15 mice per genotype. Representative traces
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and the mean sEPSC amplitude and interval from each genotype are presented in Fig. 1.
There was a significant main effect of genotype on SEPSC interval, F (2,96) = 9.54, p<
0.0002 but there was no effect on SEPSC amplitude. Post hoc t tests revealed a significant
decrease in the mean SEPSC interval between apoE3/E3 and both, apoE4/E4 and E2/E4
mice, t (71) = 3.7, p=0.0004 and t (60) = 3.354, p = 0.0014, respectively. There was no
significant difference in SEPSC interval between apoE4/E4 and apoE2/E4. Further, there
was no significant difference in SEPSC interval between accommodating and non-
accomodating neurons within each genotype and thus the data includes both populations of
pyramidal neurons.

3.3. Aged apoE4/E4 and E2/E4 TR mice display increased inhibitory transmission in LA

neurons

To explore a potential mechanism for the increased excitatory transmission observed in mice
expressing apoE4, we also measured inhibitory activity to determine if there was loss of
GABAergic activity to account for this effect. The sIPSC amplitudes and inter-event
intervals were analyzed from 2 minutes continuous recordings from at least 2—4 neurons
from 8-10 mice per genotype. Representative traces and the mean sIPSC amplitude and
interval from each genotype are presented in Fig. 2. There was a significant main effect of
genotype on sIPSC interval, F (2,75) = 17.40, p < 0.0001 but there was no effect on sIPSC
amplitude. Post hoc t tests revealed a significant decrease in the mean sIPSC interval in
apoE4/E4 and apoE2/E4 mice compared with apoE3/E3, t (49) = 5.54, p < 0.0001 and t (50)
=3.15, p=0.0027, respectively. There was also a significant difference in sIPSC interval
between apoE4/E4 and apoE2/E4 mice, t (51) = 3.057, p = 0.0036.

3.4. Aged apoE4/E4 TR mice display an imbalance toward inhibitory transmission in LA

neurons

Given the unexpected increase in inhibitory activity in mice expressing apoE4, we compared
SEPSC and sIPSC frequencies to determine the relative contribution of each as a function of
genotype. As shown in Fig. 3A, a 3 x 2 analysis of variance showed a significant interaction
between genotypes when comparing inhibition relative to excitation, F (2,171) = 3.74, p =
0.03. There was a simple main effect of frequency type in apoE4/E4 mice t (61) = 2.56, p =
0.006 but no significant simple main effect of frequency in apoE3/E3 or apoE2/E4 mice. In
addition, frequency distribution plots presented in Fig. 3B also revealed a skewed
distribution of both SEPSC and sIPSC frequencies in apoE4/E4 and apoE2/E4 mice. This
data shows that most of the neurons in apoE3/E3 mice display SEPSC and sIPSC
frequencies between 2 and 4 Hz with none exceeding 8 Hz, whereas mice expressing apoE4
contain neurons with both SEPSC and sIPSC frequencies greater than 8 Hz.

3.5. Morphology

Neurons originating from the sEPSC studies were filled with biocytin and assessed for
differences in morphologic properties. Representative photomicrographs shown in Fig. 4
illustrate the pyramidal-like morphology of the neurons examined and summarizes the
quantitative analysis of the morphology in each genotype. Despite the effects of APOE
genotype differences in electrophysiological properties, there was no concomitant
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significant interaction between genotypes on dendritic length or any other morphologic
properties measured.

4. Discussion

In the present study, we assessed the effects of apoE isoforms on synaptic integrity within
lateral amygdala neurons in aged (>18 months) human apoE TR mice. Our data show that
the presence of apoE4 was associated with an increase in both excitatory (SEPSCs) and
inhibitory (sIPSCs) transmission compared with apoE3. However, in the aged apoE4 TR
amygdala there was also an increase in the imbalance between excitatory and inhibitory
tone, in that the frequency of sIPSCs was significantly greater than that of SEPSCs. In both
the aged apoE3 and E2/4 TR mice, the frequencies were roughly equal. There were no
differences in the amplitudes of SEPSCs between any of the apoE TR cohorts. No significant
differences in dendritic arborization were found between APOE genotypes. ApoE2/4 mice
were comparable to apoE4/4 mice in SEPSCs but showed an intermediate effect in sSIPSCs
and displayed greater spike frequency adaptation.

Our current finding that aged apoE4 mice have increased excitatory activity by 18 months
was unexpected, because our previously published studies demonstrated apoE4 TR mice
exhibited reduced synaptic integrity in very young (1-month-old) and adult (7-month-old)
males, (although we must note that a clear limitation of these comparisons is that the earlier
studies; [Klein et al., 2010; Wang et al., 2005] used separate cohorts of mice). We
hypothesized that this synaptic deficit in transmission would persist, or become
progressively worse with age because apoE4 is associated with synaptic deficits in both
humans and animal models. However, we found that with aging, the spontaneous excitatory
synaptic events increased in frequency in apoE4 TR mice. This finding is consistent with the
recent report of an age-dependent seizure phenotype in apoE4 TR mice as measured by EEG
recordings (Hunter et al., 2012). A similar phenomenon has been reported in human amyloid
precursor protein transgenic mice, a model for AD neuropathology (Sanchez et al., 2012). In
this model, increased epileptiform activity was specifically associated with a deficit in
inhibitory neurotransmission (Sanchez et al., 2012) (Verret et al., 2012). The suggestion of
increased excitatory activity underlying cognitive deficits has now been extended to studies
of humans with mild cognitive impairment, a risk factor for subsequent development of AD.
Functional magnetic resonance imaging measures in this population shows enhanced
activity in the hippocampal formation, and cognitive function is improved when this activity
is reduced by an antiepileptic medication (Bakker et al., 2012). Therefore, the synaptic
profile of apoE4 TR mice in aged animals may in fact reflect the profile in humans that are
at risk for AD. Furthermore, our study supports the idea that aberrant network (synaptic
transmission) activity is not only very common but also possibly causative in AD (Palop and
Mucke, 2010). It is not clear why the increased excitatory activity in the aged apoE4 mice is
accompanied by an increase in inhibitory activity, as many cases of hyperexcitability are
because of a loss or reduction in inhibition as seen in epilepsy. It has also been shown that
the GABA interneurons decreased with age in the apoE TR mice (Andrews-Zwilling et al.,
2010). We recently co-authored work showing that the aged apoE4 mice are more prone to
epileptic seizures (Hunter et al., 2012). After the age of 5 months apoE4 mice exhibited
spontaneous tonic-clonic seizures and had a significantly higher incidence of cortical sharp
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waves and other EEG abnormalities (Hunter et al., 2012). At minimum, we believe this
epileptic phenotype observed in the apoE4 mice illustrates the inability of apoE4 to maintain
E/I balance in neuronal networks. These findings are somewhat surprising considering that
the only potential insult to these animals was age.

One possibility is that the enhanced inhibition may have developed as a compensatory
change in response to the hyperexcitability. This would not necessarily exclude the idea that
the increased excitatory activity seen in the apoE4 mice (compared with the apoE3 mice)
results from a loss of inhibition from extrinsic afferent cortical inputs (Swanson and
Petrovich, 1998). This loss of inhibitory signal may in fact be the result of a slow
neurodegenerative process occurring in these cortical areas.

Our anatomic findings seemed initially surprising, as they suggest that apoE4 mice but not
apoE3 mice show enhanced age-dependent dendritic growth. However, previous studies
would indicate that age-dependent dendritic hypertrophy may reflect pathologic processes.
Age-related dendritic hypertrophy has been observed previously in rats (Rubinow et al.,
2009) and apoE4 mice may be particularly vulnerable. One possible mechanism contributing
to the increase in synaptic transmission and dendritic morphology in the aged apoE4 TR
mice may be because of a differential regulation of the HPA-axis. Both the magnitude and
duration of stress hormone exposure and/or release have a significant impact on synaptic
plasticity. The hippocampus, frontal cortex, and amygdala are particularly sensitive to the
harmful effects of stress (Roozendaal et al., 2009; Tsolaki et al., 2009). While brief periods
of stress can induce adaptive changes that enhance memory, prolonged exposure produces
neuronal damage that leads to maladaptive changes. For example, chronic stress causes
reversible neuronal atrophy in the hippocampus and frontal cortex, brain regions critical for
memory, cognition, and executive function (Cerqueira et al., 2007; McEwen and Sapolsky,
1995). Conversely, irreversible neuronal hypertrophy is observed in the amygdala (Mitra
and Sapolsky, 2008; Mitra et al., 2005; Vyas et al., 2002).

Recent clinical reports demonstrate that increased cortisol (the predominant glucocorticoid
in humans) levels in AD patients occurs as a function of apoE genotype (Peskind et al.,
2001) and that APOE4 carriers with high cortisol levels were more vulnerable to cognitive
decline (Lee et al., 2008). Animal studies showed that apoE KO mice display more anxiety
than wild-type controls, suggesting that apoE regulates glucocorticoid levels via an
unknown feedback mechanism (Robertson et al., 2005), and that the apoE-associated
response to stress is dependent upon the age of the animal and the duration of stress
exposure (Raber, 2007; Zhou et al., 1998).

In conclusion, this study demonstrates that apoE isoforms differentially regulate structural
and functional plasticity in lateral amygdala neurons in aged mice. In contrast to adults, the
presence of human apoE4 in aged mice leads to an increase in both excitatory and inhibitory
transmission compared with apoE3. The expression of apoE2 attenuates the effects of apoE4
on excitatory transmission in adults but not in aged animals. The expression of apoE2 did,
however, attenuate the increase in SIPSCs seen in apoE4 mice. Taken together, the current
data suggest that both physiological and structural components may contribute to the
differences in synaptic plasticity across the life span of human apoE TR mice. We propose
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that each apoE isoform differentially impacts the E/I ratio of synaptic transmission that
might be explained by inherent apoE structural differences and interactions with apoE
receptors.
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Fig. 1.
Spontaneous excitatory postsynaptic currents (SEPSCs) in aged apoE TR mice. (A)

Representative traces of whole-cell patch-clamp recordings illustrating spontaneous
excitatory postsynaptic currents (SEPSCs) in lateral amygdala neurons from apoE3 and
apoE4 TR mice. Scale bar is 10 pA, 2 ms. Comparison of mean = SEM amplitude (B) and
interval (C) of SEPSCs. Data were collected from 12-15 mice per genotype and the number
of neurons is indicated in parentheses. One-way ANOVA showed a significant effect of
genotype on sEPSC interval (p < 0.005) but not amplitude. Post hoc t tests revealed a
significant decrease in SEPSC interval for apoE4/E4 and apoE2/E4 compared with apoE3/E3
(p < 0.0005). Abbreviations: ANOVA, analysis of variance; apoE, apolipoprotein; SEM,
standard error of the mean; TR, targeted replacement.
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Fig. 2.

Spgontaneous inhibitory postsynaptic currents (sIPSCs) in aged apoE TR mice. (A)
Representative traces of whole-cell patch-clamp recordings illustrating spontaneous
inhibitory post-synaptic currents (sIPSCs) in lateral amygdala neurons from apoE TR mice.
Scale bar is 50 pA, 2 ms. Comparison of mean + SEM amplitude (B) and interval (C) of
sIPSCs. One-way ANOVA showed a significant effect of genotype on sIPSC interval (p <
0.005) but not amplitude. Post hoc t tests revealed a significant decrease in sIPSC interval
for apoE4/E4 and apoE2/E4 compared with apoE3/E3 (p < 0.0005). There was also a
significant difference between apoE4/E4 and apoE2/E4 (p < 0.01). Abbreviations: ANOVA,
analysis of variance; apoE, apolipoprotein; SEM, standard error of the mean; TR, targeted
replacement.
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Fig. 3.

Cc?mparisons of SEPSC and sIPSC frequencies. (A) Data represent the mean + SEM
frequency of SEPSCs (E) and sIPSCs (1) for each genotype. A 2 x 2 ANOVA showed
significantly greater inhibition relative to excitation in apoE4/E4 mice compared with
apoE3/E3 and apoE2/E4 mice (p < 0.001). (B) Frequency distribution histograms of data
presented in Figs. 1 and 2 illustrating a skewed distribution of neurons with high frequencies
of EPSCs and IPSCs in apoE4/E4 and apoE2/E4 mice in contrast to apoE3 mice.
Abbreviations: ANOVA, analysis of variance; SEM, standard error of the mean; SEPSC,

Neurobiol Aging. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Klein et al.

Page 14

spontaneous excitatory postsynaptic currents; sIPSC, spontaneous inhibitory postsynaptic
currents; TR, targeted replacement.
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Fig. 4.

Dgndritic arborization in lateral amygdala neurons in aged apoE TR mice. (A) High power
images (top) and camera lucida reconstructions (bottom) corresponding to representative
pyramidal-like lateral amygdala neurons from the designated apoE TR mice (scale bar, 50
um). (B) Sholl analysis of averaged lateral amygdala neurons from the indicated apoE
cohorts representing the dendritic length and the number of dendritic intersections crossing
each 10-pum radius progressively more distal to the soma. (C-E) Average dendritic length,
primary dendrites, and branches from each genotype. Although there was a trend toward an
increase in dendritic arborization in apoE4/E4 mice, a 1-way ANOVA failed to show a
significant interaction between genotypes. Data represent the mean + SEM from the
following number of neurons: apoE3/E3 (n = 11), apoE4/E4 (n = 10), apoE2/E4 (n = 11).
Abbreviations: ANOVA, analysis of variance; apoE, apolipoprotein; SEM, standard error of
the mean; TR, targeted replacement.
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