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Abstract

Mutations in Amyloid § Precursor Protein (APP) and in genes that regulate APP processing — such
as PSEN1/2and ITMZ2b/BRI2 - cause familial dementia, such Familial Alzheimer disease (FAD),
Familial Danish (FDD) and British (FBD) dementias. The ApoE gene is the major genetic risk
factor for sporadic AD. Three major variants of ApoE£ exist in humans (ApoEZ2, ApoE3, and
ApoE4), with the ApoE4 allele being strongly associated with AD. /TM2b/BRI2is also a
candidate regulatory node genes predicted to mediate the common patterns of gene expression
shared by healthy ApoE4 carriers and late-onset AD patients not carrying ApoE4. This evidence
provides a direct link between /TM2b/BRI2 and ApoE4. To test whether Apo£4 and pathogenic
ITMZ2b/BRI2 interact to modulate learning and memory, we crossed a mouse carrying the /TM2b/
BRIZ mutations that causes FDD knocked-in the endogenous mouse /tm2b/Bri2 gene (FDD
mice) with human ApoE3and ApoE4 targeted replacement mice. The resultant Apo£3, FDDg,/
ApoE3, ApoE4, FDDy /ApoE4 male mice were assessed longitudinally for learning and memory
at4, 6, 12, and 16— 17 months of age. The results showed that ApoE4-carrying mice displayed
spatial working/short-term memory deficits relative to Apo£3-carrying mice starting in early
middle age, while long-term spatial memory of ApoE4 mice was not adversely affected even at
16-17 months, and that the FDD mutation impaired working/short-term spatial memory in
ApoE3-carrying mice and produced impaired long-term spatial memory in ApoE4-carrying mice
in middle age. The present results suggest that the FDD mutation may differentially affect learning
and memory in ApoE4 carriers and non-carriers.

Keywords
Alzheimer disease; Familial Danish dementia; BRI2; ApoE

1. Introduction

Alzheimer’s disease (AD), the most common neurodegenerative disease among the elderly,

is characterized clinically by progressive memory loss and cognitive decline and

pathologically by neuropathological markers such as extracellular deposits of amyloid beta
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(AB) peptides as neuritic plagues and intracellular neurofibrillary tangles (Selkoe, 1991,
2011). AB peptides are produced by sequential proteolysis of APP by B- and y-secretases.
Mutations in APPand two genes coding for the catalytic subunit of the y-secretases —
PSENI and PSENZ - are linked to FAD (Hardy, 1997; Selkoe, 2002; Sherrington et al.,
1995).

ApOE is a 299-amino-acid glycoprotein involved in lipid transport and cholesterol
homeostasis (Mahley, 1988). In the brain, ApoE is synthesized and secreted mainly by
astrocytes and is a major component of high-density lipoprotein particles (Beffert et al.,
1998; Boyles, Pitas, Wilson, Mahley, & Taylor, 1985; Pitas, Boyles, Lee, Hui, & Weisgraber,
1987). ApoE fulfills several functions in brain (Beffert et al., 1998). Cholesterol released
from ApoE-containing lipoprotein particles is utilized to support synaptogenesis and the
maintenance of synaptic connections (Pfrieger, 2003). In response to neuronal damage or
degeneration, ApoE engages in clearance and redistribution of lipid and cholesterol debris,
serving as a scavenger of lipophilic molecules during nerve regeneration (Hauser,
Narayanaswami, & Ryan, 2011). The three major isoforms — ApoE2, ApoE3, and ApoE4 —
result from three allelic variants of a single gene on chromosome 19 (Weisgraber, Rall, &
Mabhley, 1981; Zannis & Breslow, 1981). Of these, the ApoE4 allele has been identified as
the major genetic risk factor for late-onset familial and sporadic AD, and its gene dose is
correlated with increased risk and earlier age at onset of the disease (Corder et al., 1993;
Saunders et al., 1993), although the risk of developing AD attributable to Apo£4 varies by
geographical region (Bosco et al., 2005; Crean et al., 2011; Panza et al., 1999) and by race
and ethnicity (Tang et al., 1996, 1998). In addition, ApoE4 has been shown to be a genetic
risk factor for memory decline in non-demented humans (Baxter, Caselli, Johnson, Reiman,
& Osborne, 2003; Bondi et al., 1995; Flory, Manuck, Ferrell, Ryan, & Muldoon, 2000;
Wilson et al., 2002). By contrast, the ApoEZ allele has been shown to have protective effects
on AD (Corder et al., 1994; Panza et al., 2000; West, Rebeck, & Hyman, 1994), while the
ApoE3allele, which is the most predominant isoform accounting almost 80% of alleles in
general population, is considered to be neutral (Frieden & Garai, 2012). Numerous studies
have attempted to elucidate the mechanisms underlying the role of ApoE4in the
pathogenesis of AD (Huang, 2011; Kim, Basak, & Holtzman, 2009; Kim, Yoon, Basak, &
Kim, 2014; Yu, Tan, & Hardy, 2014). Some evidence suggests that ApoE4 plays a role
through its effects on Ap aggregation (Bales et al., 2009; Youmans et al., 2012) and
clearance (Bachmeier et al., 2014; Bell et al., 2007; Castellano et al., 2011). It has also been
proposed that ApoE4 may interfere with cholesterol transport from astrocytes to synaptic
compartments, inducing synapse loss and eventually neurodegeneration (Pfrieger, 2003).
Other proposed potential pathogenic mechanisms include differential effects of ApoE
isoforms on tau phosphorylation, cerebral energy metabolism, neuroinflammation,
neurovascular function, neurogenesis, and synaptic plasticity (Huang, 2011; Kim et al.,
2014; Yu et al., 2014). Despite extensive research efforts, however, the exact role of ApoE4
in the etiology of AD remains to be fully elucidated.

FDD and FBD are two other neurodegenerative disorders that are caused by two
independent autosomal dominant mutations in the same gene, BR/2/ITMZ2b (Ghiso et al.,
2006; Holton et al., 2002; Vidal et al., 1999, 2000). Clinically, patients with FDD exhibit
early-onset cataracts, deafness, progressive ataxia, and dementia (Holton et al., 2002;
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Stromgren, Dalby, Dalby, & Ranheim, 1970), while FBD is characterized by spastic
paralysis, cerebellar ataxia, and progressive dementia (Plant, Revesz, Barnard, Harding, &
Gautier-Smith, 1990; Worster-Drought, Hill, & McMenemey, 1933). A number of clinical
and neuropathological features are shared by FDD, FBD, and FAD/AD, including dementia,
neurodegeneration, and the presence of amyloid deposition and NFTs (Holton et al., 2002;
Plant et al., 1990; Revesz et al., 1999; Rostagno et al., 2002; Selkoe, 1991, 2011). The
mature form of BRI2 (mBRI2) binds to APP and inhibits its cleavage by secretases
(Fotinopoulou et al., 2005; Matsuda, Giliberto, Matsuda, McGowan, & D’Adamio, 2008;
Matsuda, Matsuda, Snapp, & D’Adamio, 2011; Matsuda et al., 2005), and, in FDD patients,
APP processing is augmented due to loss of BRI2 protein (Matsuda, Tamayev, & D’Adamio,
2011), suggesting that, as in AD, alterations of APP processing may be involved in the
pathogenic mechanisms underlying FDD and FBD as well.

In order to shed more light on the pathogenesis of dementias induced by mutations in the
BRIZ/ITMZ2b gene, we generated mouse knock-in models of FDD (FDDg) and FBD
(FBD) by replacing the exon 6 of the murine BR/2 gene with a mutated exon 6 carrying
either the human FDD (Giliberto, Matsuda, Vidal, & D’Adamio, 2009; Tamayev, Matsuda,
Fa, Arancio, & D’Adamio, 2010) or FBD mutation (Tamayev, Giliberto, et al., 2010).
Genetically faithful to the human FDD and FBD pathology, FDD, and FBDg | mice carry
one mutant and one wild type BR/2allele. Both FDD, and FBDy; mice have lower brain
and synaptic levels of BRI2 and do not develop cerebral amyloidosis, tauopathy, and
neuronal loss (Giliberto, Matsuda, Vidal, & D’Adamio, 2009; Tamayeyv, Giliberto, et al.,
2010; Tamayev, Matsuda, et al., 2010). Yet, FDD,; mice exhibit reduced hippocampal
synaptic plasticity relative to wild-type (WT) littermates (Tamayev, Matsuda, et al., 2010).
Bri2 haplodeficient mice display synaptic plasticity impairments similar to those seen in
FDDg, and FBDg; mice (Tamayev, Matsuda, et al., 2010), suggesting that FDD and FBD
dementias are caused by a loss of normal BRI2 function. Moreover, synaptic dysfunctions
caused by the FDD mutation is dependent on endogenous APP and probably on the f3-
secretase APP product B-CTF, (Tamayev & D’Adamio, 2012; Tamayev, Matsuda, Arancio,
& D’Adamio, 2012; Tamayev, Matsuda, Giliberto, Arancio, & D’Adamio, 2011), suggesting
that B-carboxyl-terminal fragment (3-CTF), which is a product of -cleavage of APP and has
neurotoxic effects unrelated to deposition of AB plaques (Nalbantoglu et al., 1997; Oster-
Granite, McPhie, Greenan, & Neve, 1996; Suh et al., 2000), may be a possible toxic
molecule causing dementias induced by BR/2/ITM2b mutations.

These findings provide a link between BR/2/ITMZ2b and AD, supporting further the
hypothesis that AD, FDD, and FBD have common pathogenic mechanisms. It is therefore of
interest to examine how the FDD mutation of BR/2/ITMZ2b may interact functionally with
ApoE isoforms, especially ApoE4, in the regulation of cognitive functions and behavior with
advancing age. To that end, we crossed FDDg; mice with Apo£3and ApoE4human
targeted replacement mice expressing one human variant (ApoE3 or ApoE4) in place of the
mouse ApoE gene under the control of the Apo£ mouse promoter (Knouff et al., 1999;
Sullivan, Mace, Maeda, & Schmechel, 2004; Sullivan et al., 1997). The resultant male mice
of the F2 generation of four genotypes (Apo£3, FDDk /ApoE3, ApoE4, FDD /ApoE4)
were longitudinally tested for learning and memory at 4, 6, 12, and 16-17 months of age.
The mice we are studying have both murine ApoFE alleles replaced by either human APOE3
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(indicated as ApoE3 mice) or APOE4 (indicated as ApoE4 mice). The FDD indicates
mice with a wild type /tm2b/Bri2 allele and the other allele carrying the FDD mutation, just
like the humans with the FDD mutation (Giliberto, Matsuda, Vidal, & D’Adamio, 2009).

2. Materials and methods

2.1. Mice

All experimental mice were male F2 hybrid mice on a C57BL/6 x 129 background and
generated and maintained at the Animal facility of the Albert Einstein College of Medicine.
F1 ApoE3and ApoE4targeted replacement mice, in which the endogenous mouse ApoE
gene was replaced by human ApoE3 or ApoE4, respectively, under the control of the mouse
ApoE promoter (Knouff et al., 1999; Sullivan et al., 1997), were crossed with F1 FDDy;
mice carrying one mutant and one wild type BRIZ/ITMZ2b allele (Giliberto et al., 2009) to
generate four genotypes (ApoE3, FDDk /ApoE3, ApoE4, and FDDg /ApoE4) of F2 mice (n
= 16-25 per genotype). Upon weaning, all mice were implanted with electronic chips
(PharmaSeq, Monmouth Junction, NJ) subcutaneously on the tail for identification purposes,
and their identity was checked regularly during testing periods. Animals were group-housed
in plastic cages with ad /ibitum access to food and water in a temperature-and humidity-
controlled animal care facility with a 12 h light/12 h dark cycle. All behavioral testing was
conducted during the light cycle. All experimental procedures were in accordance with the
National Institutes of Health guidelines and approved by the Institutional Animal Care and
Use Committee (IACUC) at the Albert Einstein College of Medicine in animal protocol
number 20130509.

2.2. Experimental procedures

All mice were extensively handled prior to the start of behavioral testing. On each testing
day, animals were transported to a behavioral testing suite in their home cages and allowed
to acclimate for at least 30 min before testing began.

2.2.1. Elevated zero maze—Mice were first tested for anxiety-like behavior on the
elevated zero maze at 4 months of age. The zero maze (Stoelting, Wood Dale, IL) consisted
of an annular platform (inner diameter 50 cm, width 5 cm) elevated to 50 cm above the
ground level, divided equally into four quadrants. Two opposite quadrants were enclosed by
walls (15 cm high) on both the inner and outer edges of the platform (closed areas), while
the remaining two opposite quadrants were open without walls (open areas). Light levels
over the maze were kept constant at approximately 50 Ix in the open areas and 30 Ix in the
closed areas. Mice were placed individually in a closed quadrant and allowed to explore the
maze freely for 5 min. The behavior of mice was monitored using a video camera, and their
movements were analyzed with a video tracking system (ANY-maze, Stoelting). The
percentage of time spent in the open and closed areas was used as measures of anxiety-like
behavior, with larger time in the open arms indicating lower levels of anxiety.

2.2.2. Open field—The open field test was conducted to assess animals’ general
locomotor activity, exploratory behavior, and anxiety-like behavior at 4 months of age. The
task also served as habituation to the box for the novel object recognition test (see below).
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The open field apparatus (Stoelting) consisted of a square open field (40 cm x 40 cm)
surrounded by opaque walls (35 cm high) and was dimly lit with a single light bulb directly
above the apparatus, which illuminated the arena at approximately 5 Ix in the center and 9 Ix
in corners. Each mouse was placed in the center of the open field box and allowed to explore
the box freely for 10 min. The total distance traveled and the number of entries into, and the
time spent in, the center of the arena (20 cm x 20 cm) were recorded with a video tracking
system (ANY-maze). This was repeated for three consecutive days to assess how animals
would habituate to the increasingly familiar environment.

2.2.3. Novel object recognition—Twenty-four hours after the last open field session,
the same apparatus was used to perform the novel object recognition test to assess visual
recognition memory, which is a non-aversive task that relies on rodents’ natural exploratory
behavior. During the training session, two identical non-toxic objects were placed in
opposite and symmetrical corners of the arena, and mice were released against the center of
the opposite wall with its back to the objects and allowed to explore the objects for 10 min.
After a 24-h retention interval, one of the objects was replaced by a novel object, and the
animal was returned to the arena and allowed to explore the objects for 10 min. Object
exploration was defined as the animal’s nose pointing to the object at a distance of 2 cm or
less. The amount of time the animal spent exploring each object was recorded by a video
tracking system (ANY-maze) and used to calculate an object discrimination ratio, which was
obtained by dividing the time the mice spends exploring the novel object by the total amount
of time spent exploring the two objects. The novelty of the objects (i.e., novel vs. familiar)
and the location of the novel object (i.e., left vs. right) were counterbalanced within each
genotype to reduce object and place preference effects.

2.2.4. Morris water maze—Mice were tested in the water maze for spatial reference
memory at 6, 12, and 16—17 months and for spatial working memory at 12 months of age.
The water maze consisted of a circular tank (120 cm in diameter) filled with water made
opaque with nontoxic white paint and maintained slightly above the room temperature (25
+ 2 °C). All water maze tasks involved the animal finding a circular platform (10 cm in
diameter) submerged in the water in order to escape from the water. On each trial, the mouse
was released into the water facing the wall of the pool and allowed to swim freely in the
pool to find the platform for up to 60 s. The experimenter’s position was maintained at the
southeast (SE) corner of the room far from the tank for all the water maze tasks conducted at
different ages. The experimenter was visible to the animal but remained stationary. Once the
animal located the platform, it was allowed to stay on it for 15 s. Any mouse not locating the
platform within 60 s was guided to the platform and allowed to stay on it for 15 s. After 15
on the platform, the animal was removed from the pool, gently dried with paper towels, and
placed in a single holding cage under a heat lamp until the next trial. A video tracking
system (HVS 2020 and 2014; HVS Image, Mountain View, CA) was used to measure the
distance traveled, escape latency, and swim speed.

2.2.4.1. Visible platform task: Prior to the start of each memory task, a visible platform
task, in which the platform was made visible by attaching a small flag (7 cm x 5 cm) to it,
was conducted to examine whether mice had any visual, motor, or motivational deficits at
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that particular age. Three daily sessions, with four trials a day, were given, in which both the
platform location and the starting position were changed in a semi-random manner between
trials to ensure that the animal was using the proximal cue (i.e., flag) to locate the platform.
The distance traveled to the platform and swim speed were measured by the HVS video
tracking system.

2.2.4.2. Reference memory task: The Morris water maze hidden platform task was
performed to assess spatial reference memory at 6, 12, and 16-17 months of age. In this
task, the platform was hidden 1 cm below the water level, and distal visual cues were placed
on the walls surrounding the pool.

The location of the hidden platform remained constant across the acquisition sessions, while
the starting position was varied in a pseudo-random manner between trials within each
session. At 6 months, mice received two daily sessions of three trials (six trials per day) with
an inter-trial interval of 8-10 min for six consecutive days. The platform was located at the
center of the fourth quadrant between the center and the northwest (NW). Mice were tested
again at 12 and 16-17 months and received three trials per day with an inter-trial interval of
8-10 min for four (12 months) or seven consecutive days (16—17 months). During the
experiment conducted at 12 months, the platform was placed at the center of the first
quadrant between the center and the northeast (NE). At the age of 16-17 months, the tank
was rotated by 45 degrees, and the platform was placed at the center of the second quadrant
between the center and the southeast (SE). Moreover, all the visual cues surrounding the
tank were changed to create a new configuration.

Tables 1-3 illustrate the release positions and corresponding platform locations used for the
acquisition phase and probe trials at the above-mentioned ages. The distance traveled by the
mouse to reach the platform and the time it took the animal to find it were recorded by the
HVS video tracking system. Two (6, 12, and 16— 17 months) and five (12 and 16-17
months) days after the last acquisition session, probe trials were given, during which the
platform was removed from the pool, and each mouse was released from the quadrant
opposite to the trained platform location and allowed to search the pool for 60 s. The
distance traveled and time spent in the target quadrant, where the platform had been located
prior to its removal, the number of crossings of a circular area encompassing the original
platform location (counter: 2 x platform diameter), and the average proximity to the former
platform location were measured to assess the animal’s spatial reference memory for the
location of the hidden platform.

2.2.4.3. Working memory task: Mice were tested in the water maze for working memory
at 12 months. In the working task, the position of the hidden platform varied from day to day
but remained in the same place throughout the trials of a given day. The starting position was
pseudo-randomly changed from trial to trial within a given day. On each day, four trials (1
“cued” trial + 3 test trials) were given. On the cued trial, each mouse was placed on the
platform for 20 s, after which it was removed from the platform to a single holding cage,
where it remained for 5 min. After 5 min, three test trials were given, with an inter-trial
interval of 10-15 min. On each test trial, the animal was allowed to swim freely to find the
hidden platform up to 60 s. Any mouse not locating the platform within 60 s was guided to

Neurobiol Learn Mem. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biundo et al.

Page 7

the platform and allowed to stay on it for 15 s. Mice were tested for 10 days, with a one-day
break after the seventh day. The distance traveled for each mouse was averaged over the last
three days of testing and used for statistical analysis.

2.2.5. Y-maze—Mice were tested in the Y-maze for spatial recognition memory at 16—
19 months. The Y-maze consisted of three arms of equal length (35 cm) and width (5 cm),
which were interconnected at 120° and enclosed by walls (10 cm high). The inside of the
arms were identical, providing no intra-maze cues. The maze was placed under a bright
distal visual cues. During the first trial (training trial), one of the arms of the maze was
blocked, and mice were placed into one of the remaining arms of the maze (start arm) and
allowed to explore the unblocked two arms for 10 min. After a 1-h inter-trial interval, the
blocked arm was opened (novel arm), and mice were placed in the start arm and allowed to
explore freely all three arms of the maze for 5 min (test trial). The number of entries into and
the time spent in each arm, and the first choice of entry were registered by a video tracking
system (ANY-maze). The position of the novel vs. known arms (i.e., left or right) was
counterbalanced within each genotype to reduce place preference effects. This test takes
advantage of the innate tendency of mice to explore novel unexplored areas (e.g., the
previously blocked arm). Mice with intact recognition memory will prefer to explore a novel
arm over the familiar arms, whereas mice with impaired spatial memory will enter all arms
randomly.

2.3. Statistical analysis

Statistical analysis of most data was performed by analysis of variance (ANOVA), with one
between-subjects factor (genotype) and, when appropriate, a within-subjects factor (e.g.,
day). The Y-maze first-choice arm data were analyzed by chi-square test. When significant
effects were found, the data were further analyzed by post hoc comparison tests (Tukey’s,
Dunnett’s, or Fisher’s LSD). The level of significance was set at p < 0.05. Statistical
analyses were carried out using the Prism software (GraphPad, La Jolla, CA).

3. Results

3.1. Four months

Behavioral testing was initiated in young adulthood at four months of age, when mice were
first tested on the elevated zero maze, followed by the open field test and then by the novel
object recognition test.

3.1.1. Elevated zero maze—Mice were first tested for anxiety-like behavior on the
elevated zero maze. Four animals (1 ApoE3, 2 FDDy/ApoE3, and 1 ApoE4) fell off the
open areas of the maze during testing and were excluded from the data analysis. Fig. 1
shows the percentage of time spent in the open areas of the zero maze. Although ApoE4
mice spent more time in the open areas on average than mice of the other genotypes, one-
way ANOVA found no significant effect of genotype, A3,78) = 0.72, p=0.5434.

3.1.2. Open field—Following the elevated zero maze test, mice were assessed for
general locomotor activity levels and anxiety-like behavior in the open field. The results of
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the open field test over the three-day period are shown in Fig. 2. As shown in Fig. 2A, two-
way ANOVA on the mean distance traveled during the 10-min testing period over three days
found a significant main effect for day, A2,164) = 167.7, p< 0.0001, indicating that mice
habituated to the box over the three-day period, but no significant main effect for genotype,
F3,82) = 0.25, p=0.8617, or interaction between genotype and day, A6,164) =1.19, p=
0.3144, indicating that mice of all genotypes habituated to the box in a similar manner.
Similarly, the analysis of the time spent traveling at speed greater than 50 mm/s yielded a
significant main effect for day, A2,164) = 235.2, p< 0.0001, but no significant genotype
main effect, A3,82) =0.17, p=0.9181, or day x genotype interaction, A6,164) =1.11, p=
0.3594 (Fig. 2B). Thus, no differences were found among the four genotypes in measures of
general locomotor activity. Fig. 2C shows the mean time spent in the center of the open
field. On Day 1, ApoE4 mice spent more time in the arena center than mice of the other
genotypes. On Days 2 and 3, ApoE4 and FDDgZ/ApoE4 mice spent more time in the center
than FDDy/ApoE3 or ApoE3 mice, with FDDg /ApoE3 mice spending the least amount of
time. However, while ANOVA showed a significant main effect for day, A2,164) = 6.61, p<
0.01, it found no significant main effect for genotype, A3,82) = 1.64, p=0.1864, or
significant interaction between day and genotype, A6,164) = 1.53, p=0.1726. As indicated
in Fig. 2D, the analysis of the number of entries into the arena center also showed a
significant main effect for day, A2,164) = 63.27, p< 0.0001, but no significant genotype
main effect, A3,82) = 0.78, p=0.5058, or significant day x genotype interaction, AH6,164) =
0.75, p=0.6099.

3.1.3. Novel object recognition—One day after the completion of the open field test,
the novel object recognition test was conducted to examine mice for visual recognition
memory. The three-day open filed test had served as habituation for this test. Eleven mice (4
ApoE3, 4 FDD /Apo£3, and 3 FDDy /ApoE4) that spent less than 10 s in total exploring
the objects on either the training day or the test day were excluded from the statistical
analysis. Fig. 3A depicts the time spent exploring two identical objects on the training day.
Two-way ANOVA found no significant effect for side (i.e., left vs. right), A1,71) = 0.40, p=
0.5289, indicating that mice spent the equal amount of time exploring the two identical
objects. There was also no significant main effect for genotype, A3,71) = 0.34, p=0.7995,
or significant interaction between side and genotype, A3,71) = 0.69, p=0.5597. The mean
time spent exploring the novel and familiar objects on the test day (24 h after the training
session) is shown in Fig. 3B. A significant main effect for novelty was found, A1,71) =
28.3, p<0.0001, indicating that, overall, mice spent significantly more time exploring the
novel object than the familiar object. However, there was no significant genotype main
effect, A3,71) = 0.82, p=0.4869, or significant interaction between novelty and genotype,
A3,71) = 0.08, p=0.9713, showing that mice of all genotypes explored the novel and
familiar objects in a similar manner. The analysis of the discriminatory ratios also showed
no significant effect of genotype, A3,71) = 0.86, p= 0.4647, although, as can be seen in Fig.
3C, FDDkZ/ApoE3 mice had a lower mean discriminatory ration than did mice of the other
genotypes. Thus, at 4 months of age, no significant differences were found among the
genotypes in long-term visual recognition memory.
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3.2. Six months

3.2.1. Morris water maze reference memory task—Mice were tested in the Morris
water maze for spatial reference memory at 6 months of age. Five mice (4 ApoE3and 1
FDDg/ApoE3) were dropped from the study prior to the start of this experiment. As shown
in Fig. 4A and B, the visible platform task conducted prior to the reference memory task
revealed no significant differences among the four genotype groups in path length traveled,
A3,77) = 1.23, p=0.3031, or swim speed, A3,77) = 0.39, p=0.7579, indicating that mice
of the four genotypes did not differ in visual-motor abilities. Fig. 4C depicts the mean path
length traveled by mice during the acquisition phase of the hidden platform task. Two-way
ANOVA revealed a significant main effect for day, A5,385) = 54.19, p< 0.0001, indicating
animals’ acquisition of reference memory for the platform location. However, there was no
significant main effect for genotype, A3,77) = 0.23, p=0.8781, or significant interaction
between day and genotype, A15,385) = 0.84, p=0.6328, showing that mice of all four
genotypes learned the task in a similar way. On the probe trial given 48 h after the last
acquisition session, as shown in Fig. 4D, the analysis of the percentage of path length
traveled in the four quadrants revealed no significant differences among the genotypes, with
mice of all genotypes traveling the largest proportion of path length in the quadrant in which
the platform had been formerly located (Quadrant 4). ANOVA showed a significant main
effect for quadrant, A3,231) = 26.75, p < 0.0001, but no significant genotype main effect,
H3,77) = 1.43, p=0.2415, or quadrant x genotype interaction, A9,231) = 0.68, p=0.7274.
Similarly, no significant differences were detected among the genotypes in the analysis of
the percentage of time spent in the four quadrants, with ANOVA showing a significant main
effect for quadrant, A3,231) = 22.12, p< 0.0001, but no significant genotype main effect,
H3,77) = 0.49, p=0.6935, or quadrant x genotype interaction, A9, 231) = 0.67, p=0.7313
(Fig. 4E). As can be seen in Fig. 4F, the analysis of the number of counter crossings in the
target quadrant revealed no significant effect of genotype, A3,77) = 0.14, p=0.9333. There
was also no significant effect of genotype on the average proximity to the former platform
location, A3,77) = 0.21, p=0.8892 (Fig. 4G). In sum, at 6 months of age, no differences
were found among the four genotypes in either the acquisition or retention of spatial
reference memory in the Morris water maze.

3.3. Twelve months

3.3.1. Morris water maze reference memory task—At 12 months of age, mice
were tested for spatial reference memory again in the Morris water maze. At this age, the
number of daily trials was reduced to three. In addition, a second probe trial was given 5
days after the last acquisition session to examine animals’ retention of spatial reference
memory with a longer retention interval. Nine mice (1 Apo£3, 1 FDDy /ApoE3, 1 Apo£4,
and 6 FDDg,/ApoE4) were dropped from the study prior to the start of testing at this age.
Fig. 5A and B shows the path length traveled and swim speed, respectively, in the visible
platform task conducted prior to the reference memory task at this age. There were no
significant genotype effects in either path length, A3,69) = 0.11, p=0.9564 (Fig. 5A), or
swim speed, A3,68) = 2.30, p=0.0849 (Fig. 5B). As shown Fig. 5C, in the acquisition
phase of the reference memory task, two-way ANOVA on path length traveled to reach the
hidden platform showed a significant main effect for day, A3,204) = 31.88, p< 0.0001, and

Neurobiol Learn Mem. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biundo et al.

Page 10

a significant main effect for genotype, A3,68) = 6.34, p< 0.001, but no significant day x
genotype interaction, A3,204) = 0.69, p= 0.7183. Tukey’s multiple comparison test
revealed a significant difference between ApoE3and FDDy,/ApoE4 mice on the fourth day
(p<0.01). Fig. 5D-G shows the results of the first probe trial conducted 48 h after the last
acquisition session. The analysis of the percentage of path length traveled in the four
quadrants found a significant main effect for quadrant, A3,204) = 45.72, p < 0.0001, but no
significant main effect for genotype, A3,68) = 1.29, p=0.2842, or significant quadrant x
genotype interaction, A9,204) = 0.51, p=0.8651 (Fig. 5D). Similarly, the analysis of the
percentage of time spent in the quadrants showed a significant main effect for quadrant,
F(3,204) = 31.74, p < 0.0001, but no significant main effect for genotype, A3,68) = 2.16, p
=0.1011, or significant quadrant x genotype interaction, A9,204) = 1.20, p=0.2964 (Fig.
5E). However, as can be seen in Fig. 5F, there was a clear trend in the number of counter
crossings in the target quadrant (Quadrant 1), in which ApoE3 mice crossed the target
counter more than did mice of the other genotypes. One-way ANOVA found a genotype
effect that was almost significant, A3,68) = 2.63, p=0.0571. As shown in Fig. 5G, the
analysis of the average proximity to the former platform location also showed a genotype
effect that approached significance, A3,68) = 2.46, p=0.0699. Fig. 5SH-K shows the results
of the second probe trial given five days after the last acquisition. As shown in Fig. 5H,
ApoE3 mice swam a longer distance in the target quadrant than in the other quadrants, while
mice of the other genotypes did not. However, ANOVA found a significant main effect for
quadrant, A3,204) = 49.82, p< 0.0001, but no significant main effect for genotype, A3,68)
=1.12, p=0.3479, or significant quadrant x genotype interaction, /9,204) = 1.67, p=
0.0971. As shown in Fig. 51, the analysis of the percentage of time spent in the quadrants
showed a significant main effect for day, A3,204) = 36.00, p < 0.0001, and a significant
quadrant x genotype interaction, A9,204) = 2.47, p < 0.05, but no significant main effect for
genotype, A3,68) = 1.07, p=0.3694. Tukey’s multiple comparison test revealed that Apo£E3
mice spent a significantly larger proportion of time in the target quadrant than did FDD,/
ApoE4 mice (p< 0.05), and that ApoE3 mice also spent a significantly smaller proportion of
time in the opposite quadrant (Quadrant 3) than did FDDg /ApoE4 mice (p < 0.01). As
shown in Fig. 5J, while Apo£3 mice crossed the counter in the target quadrant more than did
mice of the other genotypes, ANOVA did not reveal any significant effect of genotype,
F(3,68) = 1.65, p=0.1864. The analysis of the proximity to the former platform location
found a near significant genotype effect, A3,68) = 2.700, p=0.0525 (Fig. 5K). Thus, the
results of the reference memory task at 12 months indicated that FDDy/ApoE4 mice were
impaired in both the acquisition and retention of spatial reference memory relative to ApoE3
mice at this age.

3.3.2. Morris water maze working memory task—Following the second probe trial
at 12 months, mice were subjected to a working memory task in the Morris water maze, in
which the location of the hidden platform was varied daily. One FDD,/ApoE3 mouse died
prior to the start of this experiment. Fig. 6 illustrates animals’ performance, as measured by
the path lengths traveled on the three trials averaged across the last three days of testing. As
can be seen in the figure, Apo£3 mice had shorter mean path lengths on Trials 2 and 3 than
did mice of the other genotypes. However, two-way ANOVA found a significant main effect
for trial, A2,134) = 4.55, p < 0.05, but no significant main effect for genotype, A3,67) =
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2.24, p=0.0918, or significant trial x genotype interaction, A6,134) = 0.32, p=0.9248. Yet,
post hoc comparisons (Dunnett’s) across trials revealed that the mean distance traveled by
ApoE3mice on Trial 3 was significantly smaller than that on Trial 1 (p < 0.05) and Trial 2
(0 < 0.05). By contrast, the path lengths traveled on Trial 2 or Trial 3 by mice of the other
three genotypes did not differ significantly from the path length on Trial 1, indicating that
the significant main effect for trial was primarily due to the improvement in performance by
ApoE3mice. Thus, at 12 months of age, ApoE3 mice exhibited superior performance on the
working memory task in the Morris water maze compared to mice of the other three
genotypes.

3.4. Sixteen—seventeen months

3.4.1. Morris water maze reference memory task—At 16-17 months of age, mice
were tested again for spatial reference memory in the Morris water maze and given three
trials a day. Five mice (1 ApoE3, 3 ApoE4, and 1 FDDy /ApoE4) were dropped from the
study prior to the start of testing at this age. Fig. 7A and B shows the results of the visible
platform task conducted prior to the reference memory task. Two mice (1 ApoE4and 1
FDDk/ApoE4) that exhibited floating behavior during the task were excluded from the
analysis of swim speed. ANOVA revealed no significant differences among the four
genotype groups in path length traveled, A3,62) = 0.40, p=0.7523 (Fig. 7A), or swim
speed, A3,60) = 0.67, p=0.5748 (Fig. 7B). In the hidden platform task at this age, no
significant differences in performance among the genotypes were found during acquisition
(Fig. 7C), with two-way ANOVA showing a significant main effect for day, A6,372) = 8.10,
p < 0.0001, but no significant main effect for genotype, A3,62) = 0.58, p=0.6274, or day x
genotype interaction, A18,372) = 0.66, p = 0.8483. Fig. 7D-G shows the results of the first
probe trial conducted 48 h after the last acquisition session. One ApoE4 mouse was dropped
from the study prior to the start of this probe trial. The analysis of the percentage of path
length traveled in the four quadrants (Fig. 7D) found a significant quadrant main effect,
A3,183) = 60.93, p<0.0001, as well as a significant quadrant x genotype interaction,
H9,183) = 2.89, p< 0.01, but no significant main effect for genotype, A3,61) =0.60, p=
0.6186. Post hoc comparisons (Tukey’s) revealed that Apo£4 mice traveled significantly
larger proportion of distance in the target quadrant (Quadrant 2) than ApoE3 (p < 0.001),
FDD /Apo£E3 (p < 0.05), or FDDk,/ ApoE4 (p < 0.01) mice. Similarly, the analysis of the
percentage of time spent in the four quadrants (Fig. 7E), from which two mice (1 Apo£4 and
1 FDD /ApoE4) that floated during the trial were excluded, showed a significant quadrant
main effect, A3,177) = 43.73, p< 0.0001, and a significant quadrant x genotype interaction,
H9,177) = 2.38, p< 0.05, but no significant main effect for genotype, A3,59) =1.28, p=
0.2912. Tukey’s multiple comparison test further demonstrated that ApoE4 mice spent a
significantly larger proportion of time in the target quadrant (Quadrant 2), compared to
ApoE3 (p< 0.001), FDDk/ApoE3 (p < 0.05), or FDDy/ApoE4 (p < 0.01) mice. As shown
in Fig. 7F, while ApoE4 mice had a larger number of counter crossings in the target quadrant
on average than mice of the other genotypes, ANOVA found no significant effect of
genotype, A3,61) = 0.69, p=0.5624. There was also no significant effect of genotype on the
proximity to the former platform position, A3,61) = 1.76, p= 0.1637 (Fig. 7G). Fig. 7TH-K
shows the results of the second probe trial conducted five days after acquisition. One
FDD Z/Apo£3 mouse whose video track was briefly jumped during testing was excluded
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from analyses involving distance (i.e., the percentage of path length and the proximity), but
it was included in the analyses of the other measures (i.e., the percentage of time and the
number of counter crossings) since it was determined that these measurements were not
affected by the tracking error. As can be seen in Fig. 7H, the analysis of the percentage of
path length traveled in the four quadrants found a significant main effect for quadrant,
A3,180) = 83.63, p<0.0001, as well as a significant quadrant x genotype interaction,
F9,180) = 2.95, p< 0.01, but no significant main effect for genotype, A3,60) =1.38, p=
0.2576. Post hoc comparisons (Tukey’s) indicated that ApoE4 mice traveled a significantly
larger proportion of distance in the target quadrant than FDDg/ApoE3 (p < 0.05) or FDDg,/
ApoE4 (p< 0.01) mice. Similarly, the analysis of the percentage of time spent in the
quadrants (Fig. 71) found a significant main effect for quadrant, A3,183) = 76.27, p<
0.0001, and a significant quadrant x genotype interaction, A9,183) = 2.45, p< 0.05, but no
significant genotype main effect, A3,61) = 0.56, p= 0.6432. Tukey’s comparisons revealed
that ApoE4 mice spent a significantly larger proportion of time in the target quadrant than
FDD /ApoE4 mice (p< 0.01), and that ApoE4 mice also spent a significantly smaller
proportion of time in the opposite quadrant (Quadrant 4) than FDDy/ApoE4 mice (p <
0.05). No significant effect of genotype was found on the number of counter crossings in the
target quadrant, A3,61) = 0.62, p=0.6047, although, again, the mean was the highest for
ApoE4 mice (Fig. 7J). No significant effect of genotype was found on the average proximity
to the former platform location, A3,60) = 1.37, p=0.2621 (Fig. 7K). In sum, while no
differences among the genotypes were found during acquisition, ApoE4 mice exhibited
better retention of spatial reference memory than did mice of the other genotypes at 16-17
months of age.

3.4.2. Y-maze two-trial task—Following the last probe trial, the two-trial Y-maze task
was conducted to evaluate mice for short-term spatial recognition memory. One FDDy,/
ApoE4 mouse was dropped from the study prior to the start of this experiment. Fig. 8A
shows the mean number of total arm entries during the 5-min test trial, which is an index for
animals’ total activity levels. There was a significant effect of genotype, A3,59) = 3.26, p<
0.05, and post hoc comparison test (Tukey’s) indicated that FDDy,/ApoE4 mice were more
active than FDDg,/ApoE3 mice (p < 0.05). Given the significant genotype effect on the
number of total arm entries, the percentage of entries into each arm, instead of raw numbers
of arm entries, was used to analyze animals’ preference for the novel arm vs. the known arm.
As depicted in Fig. 8B, the analysis of the percentage of entries into the three arms found a
significant main effect for arm, A2,118) = 25.85, p< 0.0001, but no significant genotype
main effect, A3,59) = 1.50, p= 0.2243, or arm x genotype interaction, A6,118) = 2.15, p=
0.0528. Tukey’s multiple comparisons between the arms revealed that the novel arm was
entered significantly more proportion-wise than the known arm by ApoE3 (p < 0.0001) and
FDD /Apo£E3 (p < 0.01) mice, but not by ApoE4 or FDD /ApoE4 mice. Also, the
percentage of the number of entries into the novel arm was significantly larger compared to
the start arm for Apo£3 (p < 0.0001), FDDy/ApoE3 (p < 0.0001), and FDDg /ApoE4 mice
(p < 0.05), but not for ApoE4 mice. Fig. 8C compares the percentage of time spent in the
novel arm only. One-way ANOVA revealed a small but significant effect of genotype,
H3,59) = 2.78, p=0.0490. Post hoc comparisons (uncorrected Fisher’s LSD) showed that
ApoE3 mice entered the novel arm significantly more proportion-wise than Apo£4 (p <
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0.05) or FDDg/ApoE4 mice (p < 0.05). Fisher’s LSD test was used here because, despite
the significant overall effect of genotype, uncorrected comparison tests did not reveal any
significant differences among the genotypes. As indicated in Fig. 8D, the analysis of the
time spent in the three arms found a significant main effect for arm, A2,118) =5.41, p<
0.01, but no significant interaction between arm and genotype, A6,118) = 0.88, p= 0.5108,
or significant main effect for genotype, A3,59) = 2.52, p= 0.0665. Tukey’s comparisons
between the arms showed that ApoE3 mice spent significantly more time in the novel arm
than in the known arm (p < 0.01), while mice of the other three genotypes did not. Fig. 8E
depicts the mean time spent in the novel arm alone. As can be seen, ApoE3 mice spent the
largest amount of time, followed by FDDg,/ApoE3 mice, and then by ApoE4 and FDDy,/
ApoE4 mice. ANOVA found a genotype effect that was almost significant, A3,59) = 2.73, p
= 0.0518. Independent £tests conducted separately showed that Apo£3 mice spent
significantly more time in the novel arm than ApoE4 mice, #33) = 2.19, p< 0.05, and

FDD /ApoE4 mice, 31) = 2.19, p< 0.05. Finally, we examined how many mice in each
genotype group chose the novel arm as the first entry. As indicated in Fig. 8F, the percentage
of mice that entered the novel arm first was the highest for Apo£3 mice (84%), compared to
FDDk /ApoE3 (64%), ApoE4 (56%), or FDDk |/ ApoE3 (64%) mice, although a chi-square
analysis did not show significance, y2(3, V= 63) = 3.50, p= 0.3207. In sum, the results of
the two-trial Y-maze task demonstrated that, at 16—17 months of age, ApoE3 mice, and, to a
lesser extent, FDDkZApo£3 mice distinguished between the novel and familiar arms better
than ApoE4 or FDDg,/ ApoE4 mice after a 1-h retention interval.

4. Discussion

In the present study, the same cohort of male ApoE3, FDDk,/ ApoE3, ApoE4, and FDDy,/
ApoE4 mice was assessed longitudinally for cognitive behavioral changes. The results
indicated that mice carrying the ApoE4 allele displayed working/short-term spatial memory
impairment relative to mice carrying the ApoE3allele starting in middle age, while long-
term spatial memory of ApoE4 mice was not adversely affected even at 16-17 months. In
addition, the FDD mutation impaired working/short-term spatial memory in mice carrying
the ApoE3allele and produced impaired retention of long-term spatial memory in mice
carrying the ApoE4 allele in middle age. Finally, we noticed a long-term retention memory
decline of Apo£3and FDDy /Apo£3 mice compared to ApoE4 mice at 16-17 months.

The results, which are summarized in Table 4, show that spatial memory deficits first appear
at 12 months of age. FDDgZ/ApoE4 mice were impaired in both the acquisition and
retention of spatial reference memory compared to Apo£3 mice, while neither FDDg,/
ApoE3nor ApoE4 mice were significantly impaired in either acquisition or retention
relative to ApoE3mice (Fig. 5C-K). In the MWM working memory task (Working MWM),
in which the location of the hidden platform was varied daily, Apo£3 mice showed a
significant gain in performance over the three trials, while mice of the other genotypes did
not (Fig. 6), indicating that mice with the ApoE4 allele had compromised working memory
function compared to mice with ApoE3allele at this age. The present results also suggest
that the FDD mutation induced working memory impairment in mice with the ApoE3allele.
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At 16-17 months, ApoE4 mice displayed superior retention of spatial reference memory
relative to mice of the other three genotypes, as indicated by their significantly larger
proportions of both path length traveled and time spent in the target quadrant (Fig. 7D, E, H
and ). However, our ApoE3and ApoE4 mice did not differ in performance on the second
probe trial given 5 d after acquisition. Our results also indicated that, while FDDy,/ApoE4
mice showed impaired retention of reference memory relative to Apo£4 mice on both probe
trials, FDDg/ApoE3 mice showed equivalent levels of performance on the probe trials to
ApoE3 mice, which suggests that the FDD mutation may preferentially affect mice carrying
the ApoE4 allele in spatial reference memory retention.

The Y-maze two-trial test conducted at the same age revealed impairment of short-term
spatial recognition memory in mice carrying ApoE4in comparison to mice carrying ApoE3.
Specifically, after a 1-h retention interval, ApoE3 mice, and, to a smaller degree, FDDg}/
ApoE3 mice distinguished between the novel and familiar arms better than did ApoE4 or
FDD /ApoE4 mice, as indicated by the percentage of arm entries (Fig. 8B and C) as well as
the time spent in the arms (Fig. 8D). These findings suggest that the ApoE4 allele induces
short-term spatial recognition memory deficits at this age. Previously, deficits in short-term
(5 m) spatial recognition memory in female, but not male, Apo£4 mice on a C57BL/6J
background relative to sex-matched Apo£3 mice have been reported in young age (4-5
months) by a study that used a spatial object recognition task (Grootendorst et al., 2005),
although the same group showed, using the same procedure, that, in late middle age (15-18
months), female ApoE4 mice performed better than ApoE3 mice, while finding no
difference between male Apo£3and ApoE4 mice (Bour et al., 2008). The present results
also showed that, while FDDg /ApoE3 mice performed better than ApoE4 and FDD,/
ApoE4 mice on this task, they did not achieve the same level of performance as ApoE3 mice
in either measure, suggesting that the FDD mutation produced mild interference with short/
term spatial recognition memory in mice carrying the Apo£3allele at this age.

Altogether, our data depict roles for Bri2 and ApoE4 proteins in a long-term memory
regulation pathway. A single mutation in one /tm2b/Bri2 allele can affect both long-term and
working memory, while ApoE4 seems to regulate short-term/working memory. The presence
of FDD mutation and Apo£4 leads to an exacerbation of long-term memory retention,
further suggesting that these two actors play a role, likely in the hippocampus.
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Fig. 1.
Mean (£S.E.M.) percentage of time spent in the open areas of the elevated zero maze at 4

months of age. No significant effect of genotype was found.
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Fig. 2.

Pegrformance in the open field at 4 months of age. Data are expressed as means (+S.E.M.)
during the 10-min testing period over 3 days. (A) Total distance traveled. (B) Amount of
time in which the animal ambulated at speed greater than 50 mm/s. There were no
differences among the genotypes in general locomotor activity or habituation. (C) Amount
of time the animal spent in the center of the arena (20 cm x 20 cm). (D) Total number of
entries into the arena center. No significant differences were found in anxiety-related
behavior.
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Fig. 3.

Pegrformance on the novel object recognition test at 4 months of age. Data are expressed as
means + S.E.M. (A) Performance on the training day with two identical objects. Mice of all
the genotypes spent equal time on the two identical objects. (B) Performance on the testing
day after a 24-h retention interval. Mice of all the genotypes spent more time exploring the
novel object than the familiar object. Statistical analysis was performed by Two-way RM
ANOVA followed by uncorrected Fisher’s LSD ("p < 0.05, **p < 0.01). (C) Discriminatory
ratios. No significant differences were found among the genotypes.
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Fig. 4.

Performance in the Morris water maze at 6 months of age. Data are expressed as means +
S.E.M. (A and B) Performance on the visible platform task. There were no significant
differences among the genotypes in path length traveled (A) or swim speed (B). (C)
Acquisition of spatial reference memory in the hidden platform task. Mean path lengths
across 6 daily trials are shown. There were no differences among the genotypes in
performance during acquisition. (D-G) Performance on the 60-s probe trial given 2 days
after the last acquisition session. (D) Percentage of path length traveled in the four
quadrants. (E) Percentage of time spent in the four quadrants. (F) Number of counter
crossings in the target quadrant (Quadrant 4). (G) Average proximity to the former platform
location. No significant differences were found among the genotypes in any of the measures.
Statistical analysis was performed by Two-way RM ANOVA followed by Tukey’s multiple
comparisons test ("p < 0.05, " p< 0.01, " p< 0.001, " p< 0.0001).
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Pegrformance in the Morris water maze at 12 months of age. Data are expressed as means +
S.E.M. (A and B) Performance on the visible platform task. There were no significant
differences among the genotypes in path length traveled (A) or swim speed (B). (C)
Acquisition of spatial reference memory in the hidden platform task. Mean path lengths
across 3 daily trials are shown. ApoE3 mice traveled a significantly shorter distance to the
hidden platform than did FDDk/ApoE4 mice on the fourth day. “*p < 0.01, ApoE3vs.
FDDk/ApoE4. (D-G) Performance on the first 60-s probe trial given 2 days after
acquisition. No significant differences were found among the genotypes in (D) the
percentage of path length traveled in the four quadrants or (E) the percentage of time spent
in the four quadrants. (F) Number of counter crossings in the target quadrant (Quadrant 1).
ApoE3 mice crossed the target counter more than did FDDg ZApoE4 mice (p < 0.05, see
text). (G) Average proximity to the former platform location. ApoE3 mice swam closer to
the former platform location than did FDDy/ApoE4 mice (p < 0.01, see text). (H-K)
Performance on the second 60-s probe trial given 5 days after acquisition. (H) Percentage of
path length traveled in the four quadrants. No significant differences were found among the
genotypes. (1) Percentage of time spent in the four quadrants. ApoE3mice spent a
significantly larger proportion of time in the target quadrant, as well as a significantly
smaller proportion of time in the opposite quadrant, than did FDDy,/ ApoE4 mice. *p <

Neurobiol Learn Mem. Author manuscript; available in PMC 2016 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Biundo et al.

Page 24

0.05, ™ p < 0.01, ApoE3vs. FDDk /ApoE4. (J) Number of counter crossings in the target
quadrant (Quadrant 1). No significant differences were found among the genotypes. (K)
Average proximity to the former platform location. Apo£3 mice swam closer to the former
platform location than did FDDg /ApoE4 mice (p < 0.05, see text). Statistical analysis was
performed by Two-way RM ANOVA followed by Tukey’s multiple comparisons test and
Ordinary one-way Anova followed by Tukey’s multiple comparisons test (in F) (*p <

0.05, ™ p<0.01, ™ p<0.001, "™ p< 0.0001).

Neurobiol Learn Mem. Author manuscript; available in PMC 2016 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Biundo et al.

Page 25

600 -

(cm)

200 4 =~ ApoE3(n=20)
— — FDDw/ApoE3 (n=15)
-i—- ApoE4 (n=20)
" -0~ FDD,/ApoE4 (n=16)
| ! —
1 2 3

Trial

Performance on the working memory task in the Morris water maze. Data are expressed as
means + S.E.M. Path lengths traveled on the 3 daily trials averaged across the last 3 test days
are shown. Only ApoE3 mice significantly improved performance across trials. *p < 0.05,
vs. Trial 1, ApoE3.
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Fig. 7.

Performance in the Morris water maze at 16-17 months of age. Data are expressed as means
+ S.E.M. (A and B) Performance on the visible platform task. There were no significant
differences among the genotypes in path length traveled (A) or swim speed (B). Two mice (1
ApoE4and 1 FDDg,/ApoE4) that floated were excluded from the swim speed analysis. (C)
Acquisition of spatial reference memory in the hidden platform task. Mean path lengths
across 3 daily trials are shown. There were no differences among the genotypes in
performance during acquisition. (D-G) Performance on the first 60-s probe trial given 2
days after the last acquisition session. (D) Percentage of path length traveled in the four
quadrants. (E) Percentage of time spent in the four quadrants. Two mice (1 ApoE4and 1
FDDk/ApoE4) that floated were excluded from the analysis. ApoE4 mice swam longer
distance and spent more time in the target quadrant (Quadrant 2) than did mice of the other
genotypes, indicating superior retention of memory of the former platform location. “p <
0.05, ™ p<0.01, ™ p< 0.001, vs. ApoE4, Quadrant 2. No significant differences were found
among the genotypes in (F) the number of counter crossings in the target quadrant or (G) the
average proximity to the former platform location. (H-K) Performance on the second 60-s
probe trial given 5 days after the last acquisition session. (H) Percentage of path length
traveled in the four quadrants. One FDDZ/Apo£3 mouse was excluded from this analysis
due to a video tracking error. ApoE4 mice swam a larger proportion of distance in the target
quadrant (Quadrant 2) than did FDDk/ApoE3and FDDk/ApoE4 mice. “p < 0.05, *p <
0.01, vs. ApoE4, Quadrant 2. #p < 0.05, ApoE3vs. ApoE4, Quadrant 3. (1) Percentage of
time spent in the four quadrants. ApoE4 mice spent a larger proportion of time in the target
quadrant (Quadrant 2) than did FDDgZApoE4 mice. *p < 0.05, vs. ApoE4, Quadrant 2. #p <
0.05, ApoE4 vs. FDDk /Apo£4, Quadrant 4. No significant differences were found among
the genotypes in (J) the number of counter crossings in the target quadrant, or (K) the
average proximity to the former platform location. One FDDg,/Apo£3 mouse was excluded
from the proximity analysis due to a video tracking error.
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Fig. 8.

Performance on the 5-min test trial of the two-trial task in Y-maze at 16—-17 months of age.
Data are expressed as means + S.E.M. (A) Total number of arm entries. FDDg /ApoE4 mice
made significantly more arm entries than did FDDg/ApoE3 mice. *p < 0.05. (B) Percentage
of arm entries. ApoE3and, to a smaller degree, FDDy /Apo£3 mice entered the novel arm
significantly more than the known arm, while ApoE4 and FDDg,/ApoE4 mice did not. Also,
ApoE3, FDDk /ApoE3, and, to a smaller degree, FDDg /ApoE4 mice entered the novel arm
significantly more than the start arm, while Apo£4 mice did not. “p< 0.05, " p< 0.01, ™"
< 0.0001, vs. novel. (C) Percentage of entries into the novel arm. Apo£3 mice entered the
novel arm significantly more than did ApoE4 and FDDy,/ApoE4 mice. (D) Time spent in
the arms. Only Apo£3 mice spent significantly more time in the novel arm than in the
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known arm. **p < 0.01, vs. novel. (E) Time spent in the novel arm. No significant
differences were found among the genotypes. (F) Number of animals that chose the novel
arm as the first entry. ApoE3 mice had the highest percentage of animals that entered the
novel arm first.
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Table 2

12-mo; platform 1.

Day Triall Trial2 Trial 3
1 S NW SW

2 W SE SW

3 NS N W

4 E NW SW

6 (probe 2d) SW

9 (probe 5d) SW
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Table 3

16-17-months; platform 2.

Day Triall Trial2 Trial 3
1 N SW NE

2 W NNE NW

3 NE NWW  SW

4 NW SWw N

5 SW NE W

6 NE NW SWw
7 NWw  SwW NNE
9 (probe 2d) NE

12 (probe 5d) NE
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Summary of the analysis and the phenotypes of the mice of the different genotypes. ApoE3 (E3), FDDg,/
ApoE3 (FIE3), ApoE4 (E4), FDDy /Apo4 (F/E4). The tests showing statistically significant differences are in

bold.
EZM OF NOR

4 Months of age

E3 No anxiety deficit No general locomotor activity levels and anxiety-like No visual recognition memory deficit
deficits

F/E3  No anxiety deficit No general locomotor activity levels and anxiety-like No visual recognition memory deficit
deficits

E4 No anxiety deficit No general locomotor activity levels and anxiety-like No visual recognition memory deficit
deficits

F/E4  No anxiety deficit No general locomotor activity levels and anxiety-like No visual recognition memory deficit
deficits

MWM

6 Months of age

E3 No long term spatial memory deficit

F/E3 No long term spatial memory deficit

E4 No long term spatial memory deficit

FIE4 No long term spatial memory deficit
MWM Working MWM

12 Months of age

E3 No long term spatial memory deficit No spatial working memory deficit

F/E3 No long term spatial memory deficit *Spatial working memory deficit

E4 No long term spatial memory deficit *Spatial working memory deficit

F/E4 *Long term spatial memory deficit *Spatial working memory deficit
MWM Y Maze

17 Months of age

E3 *Long term spatial memory deficit No short-term spatial recognition memory deficit

F/E3 *Long term spatial memory deficit *Mild short-term spatial recognition memory deficit

E4 No long term spatial memory deficit *Short-term spatial recognition memory deficit

F/IE4 *Long term spatial memory deficit *Short-term spatial recognition memory deficit
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