Neuroscience 343 (2017) 364–371

APOLIPOPROTEIN E4 CAUSES EARLY OLFACTORY NETWORK
ABNORMALITIES AND SHORT-TERM OLFACTORY MEMORY
IMPAIRMENTS
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ApoE4-driven eﬀects from OB to PCX. Interestingly, the
increased ApoE4-speciﬁc response in the PCX at middleage was primarily due to a dampening of baseline spontaneous activity rather than an increase in evoked response
power. Our ﬁndings indicate that early ApoE4-driven olfactory memory impairments and OB network abnormalities
may be a precursor to later network dysfunction in the
PCX, a region that not only is targeted early in AD, but
may be selectively vulnerable to ApoE4 genotype. Ó 2016
IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION
The human APOE gene exists as three alleles – e2, e3,
and e4 – which have a worldwide prevalence of 10%,
70%, and 20% respectively (Mahley et al., 2006). Compared to the more common apolipoprotein e3 allele
(ApoE3), the apolipoprotein e4 allele (ApoE4) is strongly
associated with several adverse clinical outcomes, including cardiovascular disease and Alzheimer’s disease (AD)
(Farrer, 1997; Mahley et al., 2006; Mahley, 2016). Additionally, ApoE4 has been shown to inﬂuence cognitive
deﬁcits that arise prior to detectable AD pathology and
in healthy older adults (Small et al., 2004; Caselli et al.,
2009; Wisdom et al., 2011), suggesting that ApoE4
expression adversely impacts brain pathways independently of AD pathology. In fact, a growing body of neuroimaging research has reported functional diﬀerences
in human ApoE4 carriers versus noncarriers prior to the
onset of cognitive decline within diverse brain regions
(such as in hippocampi and speciﬁc regions of cortex)
(Small et al., 2000; Reiman et al., 2004; Bookheimer
and Burggren, 2009; Filippini et al., 2009; Dennis et al.,
2010; Sheline et al., 2010; Brown et al., 2011). However,
ApoE4-driven functional diﬀerences within regions that
might speciﬁcally explain olfactory dysfunction have largely been ignored.
Prior to broad cognitive decline, human ApoE4
carriers exhibit odor identiﬁcation impairments (Graves
et al., 1999; Murphy, 1999; Wilson et al., 2007;
Schubert et al., 2008; Olofsson et al., 2016) that may precede later cognitive deﬁcits (Graves et al., 1999; Wilson
et al., 2007; Schubert et al., 2008). Normal olfactory
activity relies on proper functioning within the olfactory
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network, the neural mechanisms of which are increasingly
well established (Wilson, 2009): central odor processing
initiates within the olfactory bulb (OB), which then transmits information directly to the piriform cortex (PCX), a
region that is crucial for procedures involved in odor habituation and olfactory learning (Barnes et al., 2008; Wilson
and Linster, 2008; Wilson, 2009; Gottfried, 2010). Olfactory information ultimately enters the entorhinal cortex
and ﬁnally the hippocampus – a site of memory storage
and retrieval (Staubli et al., 1984; Sosulski et al., 2011;
Kay, 2014). Olfactory event-related potential (OERP)
recordings during olfactory memory tasks in humans have
demonstrated diﬀerences in peak latencies and amplitudes that distinguish ApoE4 carriers from non-carriers
(Corby et al., 2012; Green et al., 2013). However, interpreting the relationship between brain activity and OERP
signals measured on the scalp remains challenging (He
et al., 2011). Electrode recordings of local ﬁeld potentials
(LFPs) in animal models allow more direct assessment of
local activity in circuits directly involved in speciﬁc behaviors (Buzsaki et al., 2012). Additionally, odor-evoked LFP
oscillations of the rodent olfactory system in the frequencies of 15–40 Hz (beta band; reﬂects long-range communication) and 40–80 Hz (gamma band; may reﬂect more
local processing) have been shown to be especially
indicative of behaviorally relevant odor processing
(Neville and Haberly, 2003; Wesson et al., 2011; Kay,
2014; Martin and Ravel, 2014; Sadrian et al., 2014) and
are sensitive to neuropathology related to aging
(Wesson et al., 2011; Xu et al., 2015). Using LFP recordings from mice that express human ApoE, we have
demonstrated within distinct olfactory regions that both
ApoE4 genotype and aging play a factor in inﬂuencing
the signal-to-noise ratio of an odor-evoked response,
which may contribute to olfactory memory impairment.

EXPERIMENTAL PROCEDURES
Study approval
All experimental procedures involving animals in this
study were approved by and complied with the
guidelines of the Institutional Animal Care and Use
Committee of the Nathan Kline Institute.

Mice
The mice in this study were purchased from Taconic
farms (Germantown, NY, USA) and were homozygous
for ApoE4 and ApoE3 on a C57BL/6 background. These
targeted-replacement mice were developed to express
human ApoE under the control of the endogenous
murine promoter (Sullivan et al., 1997), which allows for
the expression of human ApoE at physiologically regulated levels in the same temporal and spatial pattern as
endogenous murine ApoE. Mice were investigated at 6
or 12 months of age and both sexes were examined.
Separate cohorts of mice were tested for odor habituation
and physiology.
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Odor habituation
For odor habituation testing (done as described
previously in detail (Wesson et al., 2010)), monomolecular odors (2-heptanone, isoamyl acetate, (+) enantiomer
of limonene, ethyl valerate; Sigma Aldrich, St. Louis, MO,
USA) were diluted in mineral oil to a concentration of
100 ppm based on vapor pressure and applied to a
cotton-applicator stick which was then enclosed in a piece
of odorless plastic tubing to prevent contact of the liquid
odor with the testing chamber or animal, yet allowing for
volatile odor delivery. In the listed order, each odor was
delivered over 4 trials of 20 s each separated by a 30-s
interval, by inserting the odor stick into a port on the side
of the animal’s home cage. The duration of time spent
investigating, deﬁned as snout-oriented sniﬃng within
1 cm of the odor presentation port, was recorded by a single observer blinded to animal genotype. Home cages
were cleaned with fresh corn-cob bedding added 24 h
prior to behavioral testing, and the food bin and water bottle were removed from cages immediately prior to testing.
In vivo electrophysiology
Mice were anesthetized with urethane (1.25 g/kg, i.p.),
and positioned in a stereotaxic apparatus for in vivo LFP
recordings. The stereotaxic frame was outﬁtted with a
water-ﬁlled heating pad to maintain core body
temperature (37 °C). Skin was removed to expose the
dorsal skull, and 1.5-mm diameter ipsilateral holes were
drilled over the anterior PCX and the OB (as previously
described (Wesson et al., 2011)). Monopolar tungsten
recording electrodes were lowered into the PCX and into
the OB for data acquisition. Proper electrode placement in
the PCX was conﬁrmed by appropriate evoked responses
following direct stimulation in the OB.
To assess odor-evoked LFPs, odors were presented
to anesthetized mice using a ﬂow-dilution olfactometer
positioned 2 cm from the animal’s nose. Odor vapor was
introduced with a computer-controlled pinch valve at a
rate of 0.1 liter per minute to a constant 1 liter per
minute ﬂow of nitrogen gas, as we have done previously
(Wesson et al., 2011; Xu et al., 2015). Stimuli included
three monomolecular odorants (mesital oxide, ethyl valerate, and isoamyl acetate; Sigma Aldrich, St. Louis, MO,
USA). Stimuli were introduced for 2 s per trial with at least
a 30-s inter-stimulus interval. Each odor was presented
for four trials. These odors were chosen based on previous experience to evoke strong oscillatory responses in
the mouse olfactory system and to overlap with those
used in the behavioral tests.
Data and statistical analyses
For the analysis of behavior data, all raw investigatory
values (in s) were organized within animals according to
odor presentation number (trial number; as described
previously (Wesson et al., 2011)). As a measure of odor
habituation, raw investigatory values (trials 1–4) were
pooled within each group and analyzed following normalization to the initial investigation duration/animal for each
odor (trial 1). The initial investigation duration was
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described (Wilson, 2009; Wesson
et al., 2011), the length of time that a
mouse spends investigating novel
odors decreases with repeated presentation when olfaction is intact.
Analysis of the results by trial
(Fig. 1A) with a repeated measures
ANOVA (trial  group) on all four
groups (6 mo ApoE3, 6 mo ApoE4,
12 mo ApoE3, and 12 mo ApoE4)
found a main eﬀect of both trial (F
(3,276) = 637.6, p < 0.0001) and
group (F(3, 276) = 6.36, p < 0.001).
There were no statistical diﬀerences
in the period of time that the groups
Fig. 1. Olfactory deﬁcits in young ApoE4 mice. (A) Mean time spent investigating odors,
sniﬀed during trial 1, with the mice
normalized to trial 1 (see ‘Experimental procedures’ section) across four successive odor
sniﬃng a combined average of 3.5
presentation trials in 6-mo and 12-mo-old ApoE3 and ApoE4 mice. (6 mo ApoE3 n = 18,
± 0.1 s. Post-hoc t-tests revealed
**
***
ApoE4 n = 24; 12 mo ApoE3 n = 18, ApoE4 n = 14) p < 0.01, p < 0.001, 6 mo ApoE4 vs.
that ApoE4 mice at 6 months of age
ApoE3, between groups 2-tailed t-tests. (B) Magnitude of odor habituation in 6- and 12-mo-old
ApoE3 and ApoE4 mice totaled from trials 2 through 4. A score of 1 signiﬁes complete habituation
spent a signiﬁcantly longer period of
while a score of 0 signiﬁes no habituation.
time sniﬃng presented odors at trials
2 (t(149) = 2.45, p < 0.01) and 3
assigned a value of ‘‘1” and the following investigation
(t(149) = 3.66, p < 0.001) compared to young ApoE3
times a proportion of 1 for display of habituation curves
mice. While odor habituation was found to be impaired
and analysis of variance (ANOVA). A second, simpliﬁed
in young ApoE4 mice, diﬀerences between the two genomagnitude of habituation score was also calculated as 1
types were not detected at 12 months-of-age (Fig. 1B). At
minus the sum of the normalized investigatory times in trithis age, the time spent exploring odors over multiple
als 2–4. For this measure, a score of 1 signiﬁes complete
exposures was similar comparing ApoE4 to ApoE3 mice
habituation while a score of 0 signiﬁes no habituation.
in all trials (p = 0.27) (Fig. 1A, B). Thus, the extent of odor
Data by trial were analyzed using repeated measures
habituation was both genotype- and age-dependent, with
4  4 ANOVA (trial  group). As post hoc comparisons,
impairment speciﬁc to young ApoE4 mice.
two-tailed t-tests assuming equal variance were used to
make pair-wise genotype comparisons of total odor habituation as well as within each trial.
LFP’s along with stimulus presentation events were
Heightened LFP response to odors within the beta
acquired using Spike2 software (Cambridge Electronic
band
of young ApoE4 OB
Design Ltd., Cambridge, England). Analysis of
electrophysiological data was performed using Spike2
The neural networks required for short-term odor
scripts. Spontaneous and odor-evoked LFPs were
habituation reside within the OB and PCX (Wilson and
analyzed with an oﬀ-line Fast-Fourier transform (FFT)
Linster, 2008; Wilson, 2009). As such, we recorded
operation to extract diﬀerent frequency components:
odor-evoked LFP activity simultaneously from these two
beta (15–40 Hz), and gamma (40–80 Hz) frequency
brain regions of ApoE mice under anesthesia to control
bands. Spontaneous power was deﬁned as the activity
for changes in behavioral state (Fig. 2A). We applied
2 s before stimulus onset, while odor-evoked power was
FFT analysis to segregate recorded LFP waveforms into
deﬁned as the activity 2 s after stimulus onset. Isoamyl
distinct frequency components of interest: beta band
acetate produced the greatest responses in our ApoE
activity (15–40 Hz) is often enhanced during olfactory
mice. Therefore, for consistency across animals, odorlearning, while gamma band activity (40–80 Hz) may be
evoked and spontaneous powers were averaged across
critical for ﬁne odor discrimination (Neville and Haberly,
three trials of this odorant for each frequency band for
2003; Kay, 2014; Martin and Ravel, 2014). Consistent
each animal. To calculate the odor-evoked response
with the odor habituation data, signiﬁcant diﬀerences
magnitude, we normalized the odor-evoked power
between groups appeared in the OB odor-evoked
spectrum to the spontaneous power spectrum. Tworesponse (as percent of pre-odor baseline) of young ApoE
tailed t-tests assuming unequal variance were used to
mice: heightened response magnitudes in the beta band
make pair-wise genotype and age comparisons within
(twofold increase; t(13.6) = 2.11, p < 0.05) but not
each frequency band.
gamma band (p = 0.19) were observed in young ApoE4
compared to ApoE3 mice. Group diﬀerences in PCX
response magnitudes (as percent of pre-odor baseline)
RESULTS
were not signiﬁcant (p = 0.12 beta; p = 0.38 gamma)
(Fig. 2B). Thus, when young ApoE4 mice display
Behavioral olfactory deﬁcits in young ApoE4 mice
impaired odor habituation, there is enhanced OB odorevoked activity compared to ApoE3 mice, but no diﬀerApoE mice were initially evaluated using a simple
ences detected in PCX activity.
olfactory habituation task. As we have previously
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Fig. 2. Heightened response to odors within the beta band of young ApoE4 OB, plotted as a function of genotype. (A) OB (top) and PCX (bottom)
LFPs from a representative 6-mo ApoE4 mouse is shown in response to a 2-s odor presentation. Data are ﬁltered (2nd-order band-pass) to display
full band (0–80 Hz), beta (15–40 Hz), and gamma (40–80 Hz). Odor-evoked response magnitudes in the OB (top) and PCX (bottom) were analyzed
for 6 mo (B) and 12 mo (C) ApoE mice as activity 2 s during odor/activity 2 s pre-odor (n = 7) *p < 0.05, 2-tailed t-test.

Odor-evoked response magnitudes in ApoE4 mice
increase in the PCX with age

Spontaneous LFP activity is reduced in aged ApoE4
mice

To complement the aging component of our short-term
habituation data, odor-evoked LFPs were additionally
recorded from the OB and PCX of middle-aged
anesthetized ApoE mice. We detected no betweengroup
diﬀerences
in
middle-aged
odor-evoked
responses (as percent of pre-odor baseline) in either
region (Fig. 2C). However, two-way ANOVA analysis on
odor-evoked response magnitudes uncovered an age
eﬀect in both beta (p < 0.01) and gamma (p < 0.05)
bands within the PCX. This eﬀect was predominantly
ApoE4-driven, with a prominent fourfold increase in beta
(t(9.2) = 1.88, p < 0.05) and threefold increase in
gamma band (t(9.1) = 1.89, p < 0.05) odor-evoked
response magnitudes from 6 mo to 12 mo (Fig. 3A, C).
ApoE3 beta band response magnitudes in the PCX
revealed a trending increase with age with no signiﬁcant
diﬀerences observed (threefold increase; p = 0.053)
(Fig. 3A, C). While PCX responses increased with aging
in ApoE4 mice, odor-evoked response magnitudes
within the aging OB of ApoE3 and ApoE4 mice
remained relatively unchanged compared to their young
counterparts (Fig. 3A, B), consistent with evidence that
OB neuronal populations and axonal growth remain
stable with aging (Mirich et al., 2002).

Extensive experimental evidence supports the idea that
spontaneous brain activity contributes to the processing
of sensory information, biasing perception and
behavioral response to stimuli (Tsodyks et al., 1999;
Raichle, 2006; Boly et al., 2007; Hesselmann et al.,
2008; Luczak et al., 2009; Sadaghiani et al., 2010;
Berkes et al., 2011). Therefore, in addition to the brief
periods of pre-stimulus activity used in assessing odorevoked responses, we recorded spontaneous LFPs for
a consecutive 10 min from anesthetized ApoE mice for
a more complete assessment of genotype and aging
eﬀects on spontaneous activity. Young mice exhibited
no ApoE-genotype driven diﬀerences in spontaneous
activity in either the OB (p = 0.47 beta; p = 0.52 gamma)
or the PCX (p = 0.78 beta; p = 0.18 gamma) (Fig. 4A).
However, spontaneous LFPs in both groups signiﬁcantly
decreased with age within both the OB (t(13.4) = 3.46,
p < 0.01 ApoE3 beta; t(14.3) = 3.5, p < 0.01 ApoE4
beta; t(15.6) = 4.2, p < 0.001 ApoE3 gamma; t(12.8) =
3.7, p < 0.01 ApoE4 gamma) and the PCX (t(14.1) =
2.8, p < 0.01 ApoE3 beta; t(12.3) = 3.0, p < 0.01 ApoE4
beta; t(14.4) = 3.2, p < 0.01 ApoE3 gamma; t(12.0) =
2.5, p < 0.05 ApoE4 gamma) (Fig. 4A). Furthermore,
between-group comparison revealed a further enhanced
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Fig. 3. Odor-evoked response magnitudes in ApoE4 mice increase in the PCX with age Same data as shown in Fig. 2, but re-plotted as a function
of age. (A) Average response magnitudes are shown in the OB (top) and PCX (bottom). Beta (medium gray) and gamma (light gray) frequency
ranges are indicated. The progression of odor-evoked magnitudes from 6 mo to 12 mo of age is shown in OB (B) and PCX (C). *p < 0.05, 2-tailed ttests.

decrease in middle-aged ApoE4 spontaneous beta activity (t(16) = 2.5, p < 0.05) that was localized to the PCX
(Fig. 4A). This enhanced decrease in spontaneous
ApoE4 PCX activity appeared to signiﬁcantly contribute
to the observed increase in odor-evoked response magnitude, as non-normalized odor-evoked LFP power
remained largely unchanged between groups at 12 mo
(Fig. 4B). Thus, the odor-evoked response increase in
middle-aged ApoE4 mice was primarily driven by a dampening of baseline spontaneous activity rather than an
increase in evoked response power.

DISCUSSION
While previous work has demonstrated impaired olfactory
guided behavior in ApoE knock-out mice (Nathan et al.,
2004), the present results are the ﬁrst to investigate speciﬁc ApoE genotype eﬀects on olfactory behavior and physiology in vivo. Young (6 mo) ApoE4 compared to agematched ApoE3 mice display both impaired behavioral
odor habituation and OB hyperactivity during odor stimulation, suggesting a relationship between olfactory dysfunction onset and early stage sensory network
hyperactivity that is speciﬁc to the ApoE4 mouse model.
While there is no genotype diﬀerence in PCX odorevoked activity at 6 mo, comparison of a middle-aged
(12 mo) cohort with the young cohort show an ApoE4driven shift of odor-evoked physiological dysfunction from
the OB to the PCX with age while memory impairment
declined: while genotype-dependent diﬀerences in odor
habituation and OB physiology diminish, genotype-

dependent changes in PCX physiology emerged. Furthermore, there is a signiﬁcant eﬀect of aging on PCX spontaneous activity, particularly in ApoE4 mice. These results
suggest early emerging, age- and genotype-dependent
changes in both odor behavior (habituation) and olfactory
system physiology in ApoE4 mice.
It is presently recognized that not only does
spontaneous activity carry on during task performance
(Arieli et al., 1996; Fox et al., 2006; Fransson, 2006),
but that the spontaneous condition of a system at the time
of stimulus presentation may modulate the neuronal
response as well as account for the variability often seen
in response to the stimulus (Arieli et al., 1996; Fox et al.,
2006). Our ﬁndings suggest that responses in ApoE mice
may likewise represent a superposition of task-evoked
and ongoing spontaneous activity. We show in middleaged versus young ApoE4 mice that PCX odor-evoked
response magnitudes appear enhanced relative to a
decrease in power of spontaneous beta and gamma oscillations. However, the raw power of the middle-aged
evoked response was likewise notably dampened, much
like the spontaneous activity of the PCX, when compared
to young ApoE4 mice. Since this superposition of taskevoked and ongoing spontaneous activity appears to be
linear over this age-range, it is likely the further dampening of spontaneous activity in middle-aged ApoE4 versus
ApoE3 mice that contributes to the perceived enhancement of PCX odor-evoked response magnitudes.
The mechanisms of ApoE genotype-dependent
eﬀects on olfactory system function and aging are less
clear. ApoE plays an important role in neural repair and
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Fig. 4. Reduced spontaneous LFP activity in aged ApoE4 mice accounts for heightened odor-evoked response magnitudes. (A) Spontaneous
LFPs in both OB (left) and PCX (right) from 6 to 12 mo within beta and gamma bands of both ApoE3 and ApoE4 mice. There is a decrease in
spontaneous activity in of ApoE4 vs. ApoE3 mice that is localized to the PCX of 12 mo mice. *p < 0.05, **p < 0.01, 2-tailed t-tests. (B) Evoked LFP
activity is shown for the OB (left) and PCX (right) of 6 and 12 mo ApoE mice.

neurite extension (Nathan et al., 1994; Poirier, 1994;
Laskowitz et al., 1998; Horsburgh et al., 2000). Given
the lifelong neurogenesis that occurs in both the olfactory
epithelium and OB (Brann and Firestein, 2014; Lledo and
Valley, 2016), and the necessarily associated synaptic
and circuit remodeling, the OB may be particularly sensitive to ApoE genotype. In fact, the extreme condition of
ApoE knock-out induces substantial changes in olfactory
anatomy (Nathan et al., 2010) and behavior (Nathan
et al., 2004). Early changes in OB output activity could
then translate to changes in PCX function (Best and
Wilson, 2003; Poo and Isaacson, 2007), perhaps contributing to the delayed changes observed in PCX LFP’s.
Induced changes in excitatory or inhibitory synaptic function, or cell excitability, could contribute to the observed

changes in LFP oscillations. In fact, a recent study reports
a loss of synaptic AMPA receptors in aging PCX, suggesting there may be subtle changes in glutamatergic synaptic
function (Gocel and Larson, 2013).
In humans, the deleterious impacts of ApoE4 on
olfactory function increase with age such that the gene
has eﬀects on a limited set of olfactory behavioral or
physiological functions in young and middle-aged
individuals (Corby et al., 2012), whereas older e4 carriers
are more severely impaired (Murphy et al., 1998;
Olofsson et al., 2009, 2010). Similarly, the eﬀects of
ApoE4 in mice vary with age. Young ApoE4 mice demonstrate olfactory habituation deﬁcits at an early-, but not
middle-, age when compared to ApoE3 mice. More
detailed assessments of olfactory function in middle-age
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or aged ApoE4 are warranted, but given the shift in
pathophysiology from OB to PCX, diﬀerences in olfactory
perceptual outcomes are expected. We speculate that
age-dependent changes in human ApoE4 carriers may
represent two separate phenomenon: that the subtle early
deﬁcits observed in young ApoE4 olfaction are a foreshadowing of upcoming abnormalities in regional circuitry,
while future pathological factors such as the deposit of
AD-related proteins emerge to aﬀect olfactory function
at a substantially older age.
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