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Young APOE4 targeted replacement mice exhibit poor
spatial learning and memory, with reduced dendritic
spine density in the medial entorhinal cortex
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The apolipoprotein E4 (APOE-<4) allele is the strongest genetic risk factor for developing late-onset Alzheimer’s disease, and
may predispose individuals to Alzheimer’s-related cognitive decline by affecting normal brain function early in life. To in-
vestigate the impact of human APOE alleles on cognitive performance in mice, we trained 3-mo-old APOE targeted replace-
ment mice (E2, E3, and E4) in the Barnes maze to locate and enter a target hole along the perimeter of the maze. Long-term
spatial memory was probed 24 h and 72 h after training. We found that young E4 mice exhibited significantly impaired
spatial learning and memory in the Barnes maze compared to E3 mice. Deficits in spatial cognition were also present in
a second independent cohort of E4 mice tested at 18 mo of age. In contrast, cognitive performance in the hidden platform
water maze was not as strongly affected by APOE genotype. We also examined the dendritic morphology of neurons in the
medial entorhinal cortex of 3-mo-old TR mice, neurons important to spatial learning functions. We found significantly
shorter dendrites and lower spine densities in basal shaft dendrites of E4 mice compared to E3 mice, consistent with
spatial learning and memory deficits in E4 animals. These findings suggest that human APOE-¢4 may affect cognitive func-

tion and neuronal morphology early in life.

[Supplemental material is available for this article.]

Apolipoprotein E (ApoE) is a small (34-kDa) secreted glycoprotein
synthesized in the CNS by glial cells, and a major constituent of
high-density lipoprotein particles (Beffert et al. 1998). The APOE
gene has three common alleles in human populations: APOE-¢2,
APOE-£3, and APOE-g4. These alleles code for polymorphic forms
of ApoE that differ by amino acids at residues 112 and 158 (Zannis
etal. 1982). ApoEis a ligand for the low-density lipoprotein recep-
tor family of endocytic receptors, and plays a role in the redistribu-
tion of lipids and the regulation of cholesterol homeostasis
(Beffert et al. 1998; Kim et al. 2009).

The strong link between the APOE-g4 allele and increased
risk of late onset Alzheimer’s disease (AD) (Corder et al. 1993;
Saunders et al. 1993; Strittmatter et al. 1993) has led to studies
of isoform-specific roles for ApoE in CNS structure and function.
APOE-¢4 carriers have differences in age-related cortical thickness,
cognitive decline, and intrinsic functional brain network activity
in the absence of AD pathological changes (Shaw et al. 2007;
Burggren et al. 2008; Caselli et al. 2009; Huang 2010; Brown
et al. 2011; Verghese et al. 2011; O’Dwyer et al. 2012). APOE-¢4
carriers also display deficits in episodic memory and show age-
related memory decline earlier in life than noncarriers (Caselli
etal. 1999; Nilsson et al. 2006). Similarly in mice, behavioral mea-
sures of spatial cognition are negatively affected in older (15-18
mo) targeted replacement (TR) mice expressing human ApoE4
compared to those expressing the E3 isoform (Bour et al. 2008;
Andrews-Zwilling et al. 2010). Together, these reports suggest
that APOE genotype differentially modulates cognitive processes
during normal aging, and suggest that it may be possible to detect
E4-related learning and memory deficits early in life.
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APOE TR mice are an attractive model for behavioral studies
of disease susceptibility. Expression of human ApoE is driven by
the endogenous murine APOE promoter and no gross pathological
changes to brain organization are evident (Sullivan et al. 1997;
Kitamura et al. 2004; Korwek et al. 2009). In this model, the contri-
bution of each ApoE isoform to a variety of CNS functions can be
tested to determine adverse or protective mechanisms that influ-
ence AD risk. ApoE4 reduces dendritic complexity and spine den-
sity in vivo (Wang et al. 2005; Dumanis et al. 2009) and negatively
affects hippocampal long-term potentiation (Trommer et al. 2004;
Korwek et al. 2009; Chen et al. 2010). APOE4 TR mice have alter-
ations in elements of the glutamate—-glutamine cycle, and exhibit
a seizure phenotype correlated with abnormal cortical EEG ac-
tivity, indicating a disruption in the balance of excitatory and
inhibitory neurotransmission (Hunter et al. 2012; Dumanis et
al. 2013). These reports provide compelling evidence for abnor-
mal neuronal function in E4 mice that may lead to cognitive
impairment.

In this study, we asked whether deficits in spatial learning
and memory previously reported in older E4 mice could be detect-
ed in younger animals using two behavioral paradigms: the Barnes
circular maze and the hidden platform water maze (HPWM)
(Barnes 1979; O’Leary and Brown 2012; Washington et al.
2012). In addition, we examined whether APOE alleles differen-
tially regulate dendritic morphology of principal cells in the me-
dial entorhinal cortex (MEC), an important source of cortical
input conveying spatial information to the hippocampus, and a
structure that plays a critical role in spatial representation and
navigation (van Groen et al. 2003; Witter and Moser 2006; van
Strien et al. 2009). Importantly, the entorhinal cortex is also a
site of early dysfunction and neuronal loss in AD (Van Hoesen
et al. 1991; Gomez-Isla et al. 1996).
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Results

Young APOE4 TR mice exhibit impaired spatial

learning and memory in the Barnes maze

To determine whether APOE genotype affected spatial learning
and memory early in life, we trained 3-mo-old APOE TR mice
(E2,n=12; E3, n=10; E4, n = 13) of mixed sexes to locate a target
hole (TH) in a circular Barnes maze consisting of 20 holes evenly
spaced along the perimeter (Barnes 1979; Berta et al. 2007).
Occupancy plots were generated for mice of each APOE genotype
and combined across trials by training day (TD) to demonstrate
spatial location and time spent in the maze (Fig. 1A). During
TD1, mice from all three genotypes actively explored all of the
holes along the perimeter of the maze in order to locate the TH (ar-
row). By TD4, E2 and E3 mice spent little time investigating false
holes, as indicated by the cooler colors appearing adjacent to false
holes (Fig. 1A). In contrast, occupancy plots for E4 mice on TD4
show warm colors surrounding false holes, indicating a greater
degree of time spent investigating other portions of the maze
(Fig. 1A).

We quantified the latency to escape the maze. There was a sig-
nificant effect of APOE genotype (F,96) = 21.36, P < 0.001) and
TD (F(3,06) = 108.56, P < 0.001) on latency, but no interaction be-
tween factors. Each group of mice learned to locate the TH, but
post hoc analyses revealed that E4 mice required significantly
more time than E3 animals to locate the TH and escape the maze
at each TD (TD1, P < 0.05; TD2, P < 0.001; TD3, P < 0.001; TD4,
P < 0.05), suggestive of learning deficits in the spatial task (Fig.
1B). Escape latency was not significantly different between E2
and E3 animals. We also divided the surface area of the Barnes

maze into four equally sized zones containing five holes each,
and measured time spent actively exploring the zones. We found
that all groups increased the percent time exploring the target
zone across TDs (F(3,06) = 18.70, P < 0.001), with no effect of
APOE genotype (Fig. 3A,B, see below). When escape latency was
examined across the first four training trials during TD1, signifi-
cant main effects of APOE genotype (F2,96 = 3.73, P < 0.05) and
trial (F3,06) = 21.14, P < 0.001) were found, indicative of increased
performance within the first TD. However, post hoc group differ-
ences were only detected on trial four (P < 0.05) (Supplemental
Fig. 1). Escape latencies were similarly affected by APOE genotype
in both females (F(2,39) = 8.73, rP< 001) and males (F(2,48) =1 761,
P<0.001) (E2, F=6/M=6; E3, F=5/M=35; E4, F=5/M=38)
(Supplemental Fig. 2A).

In addition to escape latency across training, we measured to-
tal distance traveled as a conventional measure of behavioral per-
formance on the Barnes maze. We also measured average speed
and total number of nose pokes to assess locomotor activity and
exploratory drive, respectively (Fig. 1C,D). We found significant
main effects of APOE genotype (F(2,06) = 9.02, P < 0.001) and TD
(F(3,06) = 63.88, P <0.001) on total distance traveled (data not
shown), with no interaction between factors. E4 mice traveled far-
ther than E3 mice to the reach the TH on TD2 (P < 0.001) and TD3
(P<0.01). We found a significant interaction between APOE
genotype x TD on average speed (F(s 96y = 3.03, P < 0.01), with
significant main effects of both APOE genotype (F(2 96, = 20.22,
P <0.001) and TD (F3,96) = 16.14, P < 0.001) (Fig. 1C). Post hoc
comparisons revealed no differences between E3 and E4 genotype
on the first 3 d of training. However, E4 mice were significantly
slower on the maze than E3 mice on TD4 (P < 0.001). E2 speed

was also significantly slower than that
of E3 mice on TD4 (P < 0.05). As for ex-
ploratory drive, E4 mice maintained a
high level of nose poke investigations

—O—APOE2 throughout training, while E2 and E3
=O—APOE3 mice showed decreases over time (Fig.
—e— APOE4

1D). Significant main effects for APOE
genotype (F(2,96) = 16.73, P < 0.001) and
TD (F(3,96) =17.69, P< 0.00]) on total
nose pokes were detected, with no inter-
action between factors. Post hoc analyses
revealed no differences in performance
on TD1, although significant differences
for E4 mice did appear on subsequent
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TDs (TD2, P <0.001; TD3, P < 0.01;
TD4, P < 0.01). We subtracted the num-
ber of TH investigations from total nose
pokes during training to determine total
errors made. Expression of total errors
made during training did not differ con-
siderably from our graphs showing total
nose pokes; Figure 1D is thus doubly in-
formative in that it provides evidence
for increased errors in young E4 mice.
Test performances in any of these mea-
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Figure 1. Young APOE4 TR mice exhibit poor spatial learning in the Barnes maze. Three-month-old
APOE TR mice (E2, n=12; E3, n = 10; E4, n = 13) were trained to use visuospatial cues to locate a TH in
the perimeter of the maze. (A) Occupancy plots for each APOE genotype were generated to visualize
exploration on individual TDs; TD4 and TD1 are shown. Arrows indicate the TH. (B) E4 mice exhibit in-
creased latency to escape the maze over four TDs compared to E3 mice that cannot be attributed to
differences in running speed (C). (D) Whereas exploratory activity did not differ by genotype on
TD1, E4 animals spent more time investigating false holes than E2 or E3 mice on subsequent TDs
(see also A). Two-way ANOVA with repeated measures: (*) P < 0.05, (**) P<0.01, (***) P < 0.001,

E4 vs. E3. (*) P< 0.05, E2 vs. E3.
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sures were not significantly different be-
tween E2 and E3 animals.

Twenty-four hours and 72 h after
the last training trial, the TH was closed
and animals were tested in a single 90-
sec probe trial to assess long-term spatial
memory (Fig. 2). During the 24-h probe,
we found a trend toward increased prima-
ry latency in E4 mice, defined as the time
required to initially reach the closed TH

TD3 TD4
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Figure 2. Spatial memory is impaired in young APOE4 TR mice 72 h after training. During the probe trials, the TH was closed and all mice were given
90 sec to freely explore the maze. (A) Twenty-four hours after training, E4 mice showed a trend toward higher primary latency. (B—D) There was no effect
of APOE genotype on primary errors, primary speed, or total nose pokes on the maze. (E,F) Seventy-two hours after training, E4 mice showed increased
primary latency and more primary errors compared to E3 mice. (G—H) Primary speed and total nose pokes did not differ between APOE genotypes.
One-way ANOVA: (*) P< 0.05, (**) P<0.01, E4 vs. E3.

(Fi2,31)=3.28, P=0.058) (Fig. 2A). Primary latency in E4 mice E3 mice in any behavioral measures (Table 1). However, E2 mice
(17.93 + 2.90 sec) during the first probe trial was lower than the es- did show significant differences in several locomotor and explor-
cape latency recorded during TD4 (43.85 £ 5.45 sec), demonstrat- atory measures compared to E3 mice.

ing improved performance between TD4
and the probe trial. No differences in pri-
mary errors (Fig. 2B), primary speed (Fig.
2C), or total nose pokes (Fig. 2D) were de-
tected between groups during the 24-h
probe trial. When we evaluated spatial
preference for the closed TH and two ad-
jacent holes, we found a significant effect
of TH investigation in all TR mice com-
pared to non-THs on the opposite side
of the maze (F(l,62) =79.31, P< 0.001)
(Fig. 3C,D). At 72 h, there was a difference
in primary latency (F(z30)=4.90, P<
0.05) between groups, with E4 mice re-
quiring significantly more time to locate 24 Fii Piohe 72 hr Probe
the TH than E3 mice (32.22 £ 6.55 sec

vs. 11.24 £ 5.22 sec; post hoc analysis, ®

P <0.05) (Fig. 2E). Primary errors were .

also elevated in E4 mice (APOE genotype,

F(3,30)= 6.70, P < 0.01; post hoc analysis,

P < 0.05) (Fig. 2F). No differences in pri- *

mary speed (Fig. 2G) or total nose pokes
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ence for the. closed TH (Fq,s8) = 43.97, Figure 3. Young APOE TR mice develop and express a spatial discrimination bias in the Barnes maze.
P <0.001) (Fig. 3D). (A) A standard Barnes maze for behavioral testing in mice is shown. During the spatial acquisition phase

Prior to Barnes maze testing, we re-  of Barnes maze testing, the maze was divided into four zones of equal size surrounding the center of the
corded behavior in an open field to iden- ~ maze, with each encompassing five holes. (B) At 3 mo of age, all APOE groups increased percent time
tify any gross differences in locomotor spent in the zone containing the TH (target zone) over the four TDs. (C) During the 24-h and 72-h
probe trials, total investigations of the closed TH and adjacent holes were averaged for each mouse.
TR . In addition, average investigations of the three opposite holes (nontarget) were collected. (Middle
terfere with initial Barnes maze habit- |,k arrow) closed TH, (black arrows) adjacent targets, (black X) non-THs. (D) All 3-mo-old APOE TR
uation or training. We did not identify  mice express a spatial preference for the THs over non-THs. Two-way ANOVA: (*) P < 0.05, (***) P <
significant differences between E4 and  0.001, THs vs. non-THs.
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Table 1. Locomotor and exploratory activity in APOE TR mice at 3 and 18 mo of age in a circular open field test

3 mo 18 mo
Behavioral measure APOE2 APOE3 APOE4 APOE2 APOE3 APOE4
Time in inner zone (%) 9.37£0.83 14.88 £1.26 16.30 + 2.44* 12.70 £ 2.74 13.53£1.97 13.18 £ 2.61
Time in outer zone (%) 90.63 +0.83 85.12+1.26 83.70 + 2.44* 87.30+2.74 86.47 £1.97 86.82 +2.61
Total distance traveled (m) 40.41 £1.98 27.31+1.64 24.38 £ 1.48*** 25.52+2.15 21.87 £1.79 21.78 £3.16
Average speed (cm/s) 13.48 £ 0.66 9.10 £ 0.55 8.13 £ 0.50*** 8.51+£0.72 7.30 £ 0.60 7.25+1.06
Rearing (s) 31.26 £2.79 21.92 +1.97 18.01 £ 2.30** 33.51 £3.56 17.81£2.33 12.49 £ 241
Grooming (s) 5.74+£1.20 10.10 £1.25 8.64 £1.22 3.41 £1.21 7.67 £1.60 6.77 +1.65

Behavior in a circular open field was recorded in young (3 mo: E2, n=12; E3, n=13; E4, n=17) and old (18 mo: E2, n=8; E3, n=10; E4, n=9) APOE TR
mice prior to Barnes maze testing. Locomotor activity, exploration, and % time within the outer zone were elevated in young E2 mice. In the 18-mo cohort,
rearing behavior was elevated in E2 mice. There were no differences observed between E4 and E3 mice in any behavioral measures and at either age. One-way

ANOVA: (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, E2 or E4 vs. E3.

Together, these data show that 3-mo-old APOE4 TR mice ex-
hibit performance deficits in the spatial acquisition phase and
probe trials of the Barnes maze compared to the APOE3 TR mice
that are not due to differences in locomotor activity or exploratory
drive.

No deficit in spatial learning in young APOE4 TR
mice in the hidden platform water maze

The HPWM task is another highly utilized behavioral test for as-
sessing spatial learning and memory in rodents. We trained a com-

parable population of naive young (3-mo-old) APOE TR mice (E2,
n=10; E3, n = 12; E4, n = 9) of mixed sexes to find a hidden plat-
form over four TDs using a protocol similar to that of the Barnes
maze. In addition, we tested our mice in the same behavioral suite
and utilized the same distal, extra-maze visual cues.

We found a significant main effect of TD on cumulative dis-
tance to platform (F3 g4 = 64.30, P < 0.001), but no effect of
APOE genotype (F2,g4) = 2.06, P = 0.15) (data not shown). When
we considered latency to reach the platform as our dependent
measure, we found a significant main effect of TD as well
(F(3,84) = 76.70, P < 0.001), with no effect of APOE genotype (Fig.
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Figure 4. Young APOE4 TR mice exhibit impaired spatial memory, but not learning, in the HPWM. A naive cohort of 3-mo-old APOE TR mice (E2,
n=11; E3, n=12; E4, n=9) were tested in the HPWM. (A) Time in seconds (latency to platform) to reach the hidden platform was measured over
four TDs (HD 1-4). Behavioral performance in the hidden platform phase and during visible platform trials (VT) of the HPWM was not affected by
APOE genotype. (B) Distance traveled during these sessions was also measured. E2 mice swam farther than E3 mice on the first 2 d of training, but per-
formed similarly to E3 mice on subsequent days. (C) Occupancy plots comparing activity patterns on HD1 and HD4 in our TR mice illustrate improved
performance over training, as well as a hyperactive phenotype in our E2 mice. Arrows indicate target quadrant. (D) During the probe trial 72 h after train-
ing, no difference in percent time spent in the target quadrant was detected between APOE groups. Within-group analyses show that E3 mice alone spent
more time in the target quadrant than chance. (E) During the probe trial 72 h after TDs, no genotype differences in platform site crossings were found.
Two-way ANOVA with repeated measures: (*) P < 0.05, E4 vs. E3; (**P<0.01, E2vs. E3. One-way ANOVA: (*%%) P < 0.001, E3 (% time in target vs. other
quadrants). Within-group t-tests: (*) P < 0.05, E3 (% time in target quadrant vs. 25%).

www.learnmem.org 259 Learning & Memory



Impaired cognition and dendritic spines in APOE4 mice

4A). Post hoc analyses revealed that genotype influenced the out-
come at TD2 only (E4 vs. E3, P < 0.05). However, TD accounted for
61% of the variability in our model, while only 2% was due to
APOE genotype. No main effects of APOE genotype were found
when analysis was restricted by sex (E2, F=4/M =6; E3, F=8/
M = 4; E4, F = 4/M = 5), though post hoc comparisons did detect
adifference in performance on HD2 in females (P < 0.01, E4 vs. E3)
(Supplemental Fig. 2C). All groups reduced total distance traveled
to platform over TDs (F(3,g4) = 64.62, P < 0.001), with E2 mice trav-
eling farther than E3 mice during the first2d (TD1, P < 0.01; TD2,
P <0.01) (Fig. 4B). E2 swim speeds were significantly higher than
those of E3 mice (TD1, P < 0.01; TD2, P < 0.05; TD4, P < 0.01)
(data not shown). However, we did not detect differences in
swim speeds or total distance traveled to platform between E3
and E4 mice over training. Occupancy plots comparing patterns
of activity in the HPWM on HD1 and HD4 qualitatively demon-
strate greater spatial bias at the end of training for all APOE groups,
though E2 swim patterns appear influenced by increased locomo-
tor activity (Fig. 4C).

Seventy-two hours after training, we removed the hidden
platform and recorded behavior in a single 90-sec probe trial to
assess long-term memory (LTM) trace stability. APOE genotype
did not affect the percentage of time spent in the target quadrant
between groups (F29) = 1.67, P = 0.21), although within-group
t-tests revealed above chance (25%) navigation in the target quad-
rant for E3 mice alone (t1) = 2.96, P <0.05) (Fig. 4D). When
compared to percent time spent in other quadrants, only E3
mice spent significantly more time in the target quadrant (target
vs. other quadrants, P <0.001). We also counted the number
of platform site crossings in the target quadrant as a more strin-
gent measure of memory performance (Fig. 4E), but did not detect
differences in crossings or time spent swimming toward the plat-
form site between groups. There was no effect of sex on any be-
havioral measures in the LTM probe. To test the visual acuity
of our young TR mice, we ran three sequential trials (90 sec; in-
ter-trial interval [ITI] = 30 min) 1 h after the 72-h probe with
the platform 2 cm above the water’s surface in a new quadrant
each trial. Latency to reach the platform was shorter for all
groups relative to TD4, with no genotype differences detected
(Fig. 4A).

Thus, unlike in the Barnes maze, APOE genotype did not in-
fluence behavioral performance in the spatial acquisition phase of
the HPWM. However, E2 and E4 performance in a single probe tri-
al was affected.

Eighteen-month-old APOE4 TR mice exhibit spatial
learning deficits in the Barnes maze

To determine whether behavioral performance deficits seen in
young E4 mice on the Barnes maze persisted or were exacerbated
later in life, we trained a naive 18-mo-old cohort of TR mice (E2,
n=_8; E3, n=10; E4, n=9) to locate a randomly assigned TH us-
ing identical test procedures. Prior to habituation, we again as-
sessed locomotor activity and exploratory drive in a circular
open field (Table 1). All groups spent most of the time exploring
the outer zone of the maze (86.88 £+ 1.40%), with no differences
among APOE genotypes. Likewise, no differences were detected
in total distance traveled, average speed, or grooming behavior
during 300 sec of free exploration. Duration of rearing behavior
was significantly elevated in E2 mice (F324) = 14.87, P < 0.001;
post hoc analysis, P < 0.01), but not different between E3 and
E4 animals.

We carried our 18-mo-old TR mice through the Barnes maze
spatial acquisition phase 24 h later. As with the younger cohort,
we found significant main effects of APOE genotype (F,72) =
4.83, P <0.05) and TD (F(3,72)=23.16, P < 0.001) on total dis-
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tance traveled, with E4 mice traveling farther than E3 mice to
reach the TH (data not shown). In addition, we found significant
main effects of APOE genotype (F(2,72) = 7.01, P <0.01) and TD
(F3,72) = 58.38, P <0.001) on latency to escape the maze, but
no interaction between factors (Fig. 5A). All groups required
over 90 sec on TD1 to locate and enter the TH, with no differences
in performance between E3 and E4 mice. By TD4, E3 mice required
18.6 £ 2.0 sec to escape the maze, whereas E4 mice required over
twice that time, although this difference was not statistically sig-
nificant (P > 0.05). Post hoc analyses revealed that E4 mice re-
quired significantly more time to escape the maze than E3 mice
on TD2 (P < 0.05).

When the maze was split into four zones, we found that all TR
mice expressed a similar spatial preference for the target zone over
TDs (F(3,72) = 19.24, P < 0.001) (Fig. SC). Due to an inconsistent
number of females vs. males in our 18-mo-old APOE groups, we
pooled E2 and E3 mice as non-E4 carriers (non-E4, F = 7/M = 11;
E4, F=4/M=35) and compared their behavior to that of
E4 mice. We were able to detect an effect of APOE genotype on la-
tency to escape the maze in males (F(; 42y = 12.61, P < 0.01), but
not in females (P> 0.05), with E4 males performing slower
(Supplemental Fig. 2B). In addition to escape latency, average
speed over the course of training was similar to that of our younger
cohort (Figs. 1C, 5B). We found significant main effects of APOE
genotype (F,72)=4.01, P <0.05) and TD (F(3,72) = 34.68, P <
0.001) on speed, with post hoc analyses showing that E3
mice perform faster than E4 mice on TD3 (P <0.01) and TD4
(P <0.001). Finally, total nose pokes and total errors made over
training were similar to those of our younger cohort (data not
shown). Significant main effects were detected for APOE geno-
type (F(2,72) = 519, rP< 005) and TD (F(3,72) = 701, rP< 0001)
on total nose pokes, with no interaction between factors. Test per-
formance was not significantly different between 18-mo-old E2
and E3 mice.

Twenty-four hours and 72 h after the last training trial, spa-
tial LTM was probed in individual 90-sec trials with the TH closed.
No genotype differences were detected in primary latency during
the 24-h probe (F(z 23y = 1.30, P> 0.05) (Fig. SD). Interestingly,
the difference in E4 escape latency at TD4 (47.1 + 5.8 sec) vs. E3
escape latency (18.6 £ 2.0 sec) was no longer present 24 h later
(E3,19.5 £ 3.6 sec; E4, 18.7 * 2.4 sec). When we examined prima-
ry errors, we found no differences between groups (F, 23, = 3.36,
P =0.053) (Fig. 5D). However, we did detect genotype differences
in primary speed (F3,23) = 3.96, P <0.05) and total nose pokes
(F(2,24) = 6.96, P < 0.01) (data not shown), with E4 mice perform-
ing the slowest and investigating the fewest holes in total com-
pared to E2 (P < 0.05) or E3 mice (P < 0.01), respectively. When
we assessed behavioral performance 72 h after training, we detect-
ed an effect of APOE genotype on primary latency (F;21) = 5.58,
P < 0.01) (Fig. 5D), although this was restricted to the comparison
between E4 and E2 animals (P < 0.01). E3 mice had a primary la-
tency of 19.5 * 3.1 sec, whereas E4 mice required 27.9 £ 2.8 sec to
investigate the closed TH (not significant). We did not detect
group differences in primary errors, primary speed, or total nose
pokes in the 72-h probe.

Thus, within a naive cohort of 18-mo-old APOE TR mice, we
were able to detect a pattern of activity in the spatial acquisition
phase of the Barnes maze similar to that in our 3-mo-old mice.

APOE genotype alters dendritic morphology

in layers I /Il MEC pyramidal cells

Based on our behavioral results with young TR mice, we were in-
terested in determining whether APOE genotype differentially
affected dendritic morphology in MEC principal cells. We used
a cohort of 3-mo-old female APOE TR mice (E2, n=3; E3, n=4;
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Figure 5. Impaired spatial learning on the Barnes maze in an older cohort of APOE4 TR mice. Naive 18-mo-old APOE TR mice (E2, n=8; E3, n=10; E4,
n = 9) were trained on the Barnes maze to assess cognitive function in old age. (A) APOE genotype influenced latency to TH. Eighteen-month-old E4 mice
required more time to find the TH and escape the maze than E3 mice on TD2. (B,C) Differences in running speeds between APOE genotypes were only
detected on TD3 and TD4, reflecting a similar pattern of locomotor activity in our younger cohort. Additionally, all APOE groups developed a spatial bias
in the Barnes maze. (D) Primary latency and primary errors were not affected by APOE genotype 24 h after training. By 72 h, primary latency was sig-
nificantly affected by APOE genotype, though no effect on primary errors was evident. Primary latency performance was significantly elevated in E4
mice compared to that in E2 mice. Two-way ANOVA with repeated measures: (*) P < 0.05, E4 vs. E3.

E4, n = 4) that had not undergone behavioral testing, and ana-
lyzed their brains using Golgi-Cox impregnation (Dumanis et al.
2009). Pyramidal cells within MEC layers II/III (E2, n=38; E3,
n = 6; E4, n = 10) were traced, coded, and analyzed by a blinded
investigator (Fig. 6A). APOE genotype had a significant effect on
total dendritic length of these cells (F(2,21) = 3.66, P < 0.05) (Fig.
6B): total length of MEC pyramidal cell dendrites was 33% shorter
in E4 brains compared to E3 brains (P < 0.05). No significant dif-
ference in total dendritic length was observed between cells in
E2 and E3 brains. We found significant main effects of APOE
genotype (F42)=3.52, P <0.05) and dendritic compartment
(F(1,42) = 4.28, P <0.05) on length of MEC pyramidal cell den-
drites, with post hoc analyses revealing significantly shorter basal
shaft dendrites in E2 (P < 0.05) and E4 (P < 0.001) MEC neurons
compared to E3 neurons. In contrast, APOE genotype did not af-
fect length of apical dendrites (Fig. 6B). No differences in node
(branch) number or number of primary dendrites leaving the
cell soma were detected (data not shown).

In addition to dendritic length, we analyzed dendritic spine
density of layers II/III MEC pyramidal cells (Fig. 6C). We found a
significant effect of APOE genotype on spine density (F(2,1s) =
7.01, P<0.01), with E4 cells possessing 18% fewer spines/10
wm of dendritic segment compared to E3 cells (P < 0.05) (Fig.
6D). Spine densities did not differ between E2 and E3 cells. We
also compared spine densities within apical dendrites and basal
shaft dendrites. We found significant main effects of APOE
genotype (F 36 = 8.25, P <0.01) and dendritic compartment
(F1,36) = 8.27, P < 0.01), with a significant interaction between
factors (Fz,36) = 3.78, P < 0.05). Post hoc analyses revealed that
E4 dendritic spine density was significantly (34%) lower in basal
shaft dendrites compared to E3 (P < 0.001), but not in apical den-
drites (Fig. 6D).
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Discussion

APOE is a polymorphic gene in humans that alters risk of CNS dis-
ease late in life and may alter normal brain function early in life.
In this series of experiments, we found that young (3 mo) APOE4
TR mice had spatial learning and memory deficits as determined
in the Barnes maze, and that E4 genotype was associated with re-
ductions in MEC dendritic length and spine density at this age.
Impaired spatial learning in E4 animals was also detected in an in-
dependent older cohort (18 mo) of mice, demonstrating a contin-
uous, negative effect of E4 genotype on behavioral performance
into late adulthood. These data support the idea that APOE geno-
type differentially modulates cognitive function throughout the
lifespan, with E4 already affecting cognitive processes early in life.

Deficits in spatial learning and memory due to E4 have main-
ly been reported in older mice (Bour et al. 2008; Andrews-Zwilling
et al. 2010), although some reports demonstrate impaired spatial
recognition and contextual fear conditioning in younger animals
(Grootendorst et al. 2005; Segev et al. 2013). To probe spatial cog-
nition in young (3 mo) TR mice, we used two behavioral para-
digms: the Barnes maze and the HPWM. The Barnes maze is a
dry-land maze well suited for assessing spatial learning and mem-
ory in mice (Mayford et al. 1996; O’Leary and Brown 2012). Similar
to the water maze, mice are trained to use visuospatial cues in the
local or extra-maze environment to orient themselves and find
a specific target. The task is typically acquired over several training
trials and can be easily modified to suit the experimental needs of
the investigator (Koopmans et al. 2003; Bour et al. 2008; O’Leary
and Brown 2012). We found that young E4 mice exhibited a strong
deficit in behavioral performance during the spatial acquisition
phase, suggestive of impaired spatial learning (Fig. 1B). This behav-
ioral deficit in E4 mice was not due to differences in locomotor
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Figure 6. Dendritic length and spine density of layers Il /Il MEC pyramidal cells is reduced in young APOE4 TR mice. Basal dendrites, but not apical or
apical oblique, are affected. (A) Representative photomicrograph showing the laminar distribution of Golgi impregnated cells in the MEC: (left) hippo-
campal dorso-ventral axis and surrounding cortex (bar, 500 um); (right) rotated image of the MEC with dorso-ventral axis shown on the left (bar, 200
wm). (B) Dendritic length of MEC pyramidal cells was measured in 3-mo-old APOE TR mice (E2, n = 3/8 cells; E3, n = 4/6 cells; E4, n = 4/10 cells). Total
dendritic length in E4 mice was significantly reduced compared to that in E3 mice. Basal shaft dendrites were found to be significantly shorter in E2 and E4
cells compared to those in E3 cells. (C) Representative photomicrographs of basal dendritic segments for each APOE genotype. (D) Total dendritic spine
density in E4 mice was significantly reduced relative to that in E3 mice. When analyzed as a function of dendritic compartment, E4 basal shaft dendrites

alone exhibited reduced spine density. One-way or two-way ANOVA: (*) P < 0.05, (***) P < 0.001, E4 vs. E3.

activity across TDs, as post hoc analyses show that running speeds
differed between E4 and E3 mice on TD4 only (Fig. 1C). Likewise,
E4 behavioral deficits were not due to decreased exploratory drive,
astotal nose pokesremained elevated in E4 mice relative to E3 mice
during training (Fig. 1D). In our older cohort of mice (18 mo), we
were able to detect a similar pattern of behavioral performance
during spatial acquisition (Fig. SA-C). APOE genotype influenced
latency to locate the TH and escape the maze, with post hoc tests
revealing significantly worse performance in E4 mice on TD2 com-
pared to E3. Performance differences between these groups on the
two remaining TDs approach significance under post hoc analyses.
The pattern of locomotor activity (Fig. SB) and exploration across
training was similar in young and old TR mice, suggesting use of a
spatial strategy to find the TH. To quantitatively express this strat-
egy, we evaluated percent time spent in the target zone in young
and old TR mice, which showed expression of a spatial bias over
training (Figs. 3A,B, 5B). Importantly, occupancy plots generated
on TD4 for young E4 mice did not show preferences for other re-
gions of the maze or for specific holes other than the TH, lending
support for the establishment of a goal-specific spatial discrimina-
tion bias (Fig. 1A). Finally, to determine whether poor baseline per-
formance and locomotor activity in young E4 mice played arole in
poor overall performance on the Barnes maze, we analyzed escape
latencies and average speeds of TR mice over the first four training
trials (TD1) (Supplemental Fig. 1). Trial 1 escape latencies and run-
ning speeds (data not shown) were not affected by APOE genotype,
suggesting that all mice had similar baseline activity upon expo-
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sure to Barnes maze training. Taken together, our Barnes maze
data showing behavioral performance deficits in APOE4 TR mice
provide evidence for E4-induced learning impairment early in life.

We sought to minimize or eliminate the influence of non-
mnemonic factors in our behavioral tasks. Nonetheless, several
factors unassociated with spatial learning processes may have
influenced behavioral performance in our mice. For instance,
heightened levels of anxiety or fear in our E4 mice may have re-
sulted in increased escape latency in Barnes maze training.
Though we did not measure anxiety levels in our mice directly,
we habituated our experimental animals to testing and handling
procedures prior to administration of the Barnes maze in order to
reduce stress. We also cleaned the maze thoroughly after each ex-
perimental trial to help eliminate odor trails left by previously
tested mice. Occupancy plots did not detect E4-specific freezing
behavior upon initial exposure to the Barnes maze (TD1) or
at the end of training (TD4) (Fig. 1A). We also did not detect
genotype differences in latency to exit the center of the maze,
a potential measure of stress reactivity. Importantly, decreased
motivation and/or attention in E4 mice may have also played a
role in Barnes maze performance deficits. Bright overhead light-
ing and weak aversive auditory stimulus (WAAS) were used to
drive escape motivation in TR mice in place of deprivation proce-
dures (Koopmans et al. 2003). These stimuli may have been per-
ceived by E4 mice differently upon initial exposure to the maze
and/or over TDs. We hypothesize that a lack of motivation or at-
tentiveness to spatial cues would interfere with baseline activity or

Learning & Memory



Impaired cognition and dendritic spines in APOE4 mice

spatial discrimination in the maze and confound our other depen-
dent measures. However, escape latencies and speed measured on
the first trial of TD1 did not reveal group differences in baseline lo-
comotor activity (Supplemental Fig. 1). In addition, we did not
detect genotype differences in the development of a spatial bias
during training in either young or old TR mice (Figs. 3A,B, 5C).

Probe trials assessing long-term spatial memory in our young
and old mice were conducted 24 h and 72 h after successful Barnes
maze training. Importantly, all 3-mo-old TR mice showed a clear
preference for investigating the closed TH and two adjacent holes
compared to non-THs on the opposite side of the maze (Fig.
3C,D). Eighteen-month-old E3 and E4 mice showed a similar spa-
tial preference (data not shown). During the 24-h probe, no effect
of APOE genotype on two indicators of spatial memory, primary
latency and primary errors, was detected in either age group
(Figs. 2A,B, SD). Performance on these measures may reflect treat-
ment of the 24-h probe as the first trial of a “fifth” TD, suggesting
that, in spite of the performance deficit exhibited earlier during
training, E4 mice eventually learn the task and perform compara-
bly to E3 mice. When we examined behavior in the 72-h probe, we
found significant performance deficits in young E4 mice on pri-
mary latency and primary errors (Fig. 2E,F). This increase in errors
and time required to locate the closed TH could be due to several
causes. One possibility is that successive probe testing in our ani-
mals may have led to enhanced extinction learning in young E4
mice. However, we would not expect that a single 90-sec probe tri-
al would induce extinction of the original spatial memory trace, as
the spatial location of the TH was established in 16 training trials
spanning 4 d. Moreover, primary latency and primary error mea-
surements in the 72-h probe did not change in young E2 and E3
mice. A second possible cause underlying decreased performance
in E4 mice in the 72-h probe may be a change in motivation or at-
tention from the previous probe trial. Such changes may lead to
differences in performance between probe trials and APOE geno-
type, while not necessarily reflecting impaired spatial memory.
A third possibility is that E4 mice were least able to recall the TH
location compared to other APOE genotypes.

Using the HPWM, we did not detect overt genotype differ-
ences in spatial learning in young TR mice (Fig. 3). Importantly,
the Barnes maze differs from the HPWM in that mice are allowed
to naturally traverse the open field and freely explore the maze in
order to locate the TH. Thus, performance on the Barnes maze re-
flects a balance between two innate drives in addition to learning
and memory processes: a natural tendency to avoid open spaces
set against an active drive to freely explore a novel environment.
In contrast, the HPWM requires mice to constantly navigate a
large pool in search of a platform and is not suitable for active ex-
ploration. Moreover, repeated training trials in the HPWM are
more stressful and physically taxing to the animal than on the
Barnes maze (Aguilar-Valles et al. 2005; Harrison et al. 2009).
We hypothesize that, in the absence of free exploration, an ele-
vated stress response in the water maze may facilitate spatial
learning in young E4 mice and mask adverse effects of E4 on spa-
tial cognition. In line with this hypothesis, acute elevations in
stress-induced corticotrophin-releasing hormone have been
shown to enhance excitatory transmission and hippocampal-
dependent memory (Chen et al. 2012). APOE genotype had no
overall effect on spatial acquisition or probe trial performance in
HPWM, though within-group analyses show E3 mice perform
well in the probe (Fig. 4A,D,E). E4 mice did not demonstrate a
spatial preference for the target quadrant, suggesting a deficit in
retention memory. These data potentially reflect a masking influ-
ence of HPWM-induced stress activation on cognitive processing,
resulting in similar behavioral performance during hidden plat-
form training, but not in probe trial performance. In a recent
study, 6- to 8-mo-old E4 TR mice exhibited enhanced spatial
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learning in the water maze when considering cumulative distance
to platform (Siegel et al. 2012). Interestingly, measures of anxiety
were also elevated in E4 animals compared to age-matched E2 and
E3 mice, supporting a role for stress in behavioral performance.
Normal aging may counteract stress-induced facilitation of cogni-
tive processing in E4 TR mice trained in the water maze, making
phenotypic differences easier to detect in older mice (Bour et al.
2008; Andrews-Zwilling et al. 2010). Deficits in spatial acquisition
were clearly present in both young and old E4 TR mice in the
Barnes maze (Figs. 1, 4), which may reflect a more natural expres-
sion of spatial acquisition and memory processes that is sensitive
to subtle deficits in cognitive function. It is important to note that
despite impaired spatial learning in E4 mice, all animals were able
to acquire the task over the course of four TDs (Figs. 1B, 4A;
Supplemental Fig. 1A,B). We conclude that APOE4 has a subtle,
but negative, impact on spatial cognition in TR mice that can be
detected very early in adulthood. These results support the utility
of the Barnes maze as an attractive assay to screen therapeutics
aimed at targeting ApoE or its receptors, without the need to treat
and test older mice.

Behavior of TR mice recorded in the open field satisfied a key
objective relevant to our Barnes maze study: to determine if base-
line differences in locomotor or exploratory activity would inter-
fere with habituation or training. Open field testing also exposed
TR mice to handling procedures, which may have helped reduce
anxiety in subsequent behavioral testing. No differences in loco-
motor activity or exploration were detected between E3 and E4
mice at 3 or 18 mo of age (Table 1). In contrast, Siegel et al.
(2012) found that young and old E4 TR mice exhibit reduced ex-
ploration in an open field compared to age-matched E2 and E3
mice. This discrepancy may be due to the shorter duration of re-
cording per test session in our study (5 min compared to 10
min), which could have allowed for greater bouts of inactivity
in E4 mice following comparable amounts of active exploration
in the first 5 min of the task. Interestingly, our young E2 mice
showed increased performance in all behaviors measured in the
open field besides grooming, though this hyperactive phenotype
did not manifest during Barnes maze testing. We did detect elevat-
ed swim speeds and distance traveled in young E2 mice in the
HPWM, making probe trial performance difficult to interpret for
the E2 mice.

We chose to investigate dendritic morphology in female TR
mice based on the demonstrated sensitivity of cognitive perfor-
mance in females to the APOE-e4 allele (Supplemental Fig. 1;
Raber et al. 2000; Bour et al. 2008; Andrews-Zwilling et al. 2010;
Siegel et al. 2012). Compared to E3 mice, E4 mice showed lower
dendritic spine densities of layers II/III pyramidal cells in the
MEC and shorter overall length of dendritic arbors at 3 mo of
age (Fig. 6). This observation is of particular relevance to our
behavioral studies, as the entorhinal cortex is a key relay structure
between the hippocampus and a variety of subcortical regions and
association areas of cortex that convey multimodal and highly
processed unimodal information (Canto et al. 2008). In humans,
the entorhinal cortex (Brodmann area 28) is a large structure in
the ventromedial temporal lobe that sends extensive projections
to the hippocampal formation via the perforant pathway (Van
Hoesen 1997). It is one of the first structures to exhibit neurofibril-
lary tangles in AD, and exhibits massive neuronal loss in superfi-
cial layers as the disease progresses (Van Hoesen et al. 1991;
Braak and Braak 1995; Gomez-Isla et al. 1996). Interestingly, EC
cortical volume and subregional thickness are reduced in cogni-
tively normal APOE-¢4 carriers (Shaw et al. 2007; Burggren et al.
2008; Donix et al. 2010), suggesting an early manifestation of
cortico-hippocampal dysfunction in prodromal AD. Analyses of
Golgi-stained MEC neurons by dendritic compartment reveal
that reductions in total dendritic length and spine density of E4
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neurons were due to differences in basal shaft dendrites, but not
apical or apical oblique dendrites (Fig. 6B-D). These differences
may be functionally associated with our behavioral studies using
the Barnes maze, as basal shaft dendrites of MEC layers II /111 cells
likely receive intrinsic collateral innervation from MEC superficial
and deep layer neurons (Quilichini et al. 2010; Canto and Witter
2012). Reduced dendritic length and spine densities of basal shaft
dendrites, but not apical dendrites, may reflect impaired local pro-
cessing of spatial information within the MEC that disrupts spa-
tial learning and memory. Apical dendrites of MEC layers II/111
cells extend toward the pial surface and branch into tufts within
layer I and superficial layer II, where they receive dense innerva-
tion from structures conveying sensory information: i.e., olfacto-
ry cortex, pre-subiculum, and postrhinal cortex (Burwell and
Amaral 1998; Canto and Witter 2012). Visual testing revealed
no group differences in young APOE TR mice (Fig. 3A), suggesting
that sensory input into the MEC is not disrupted in these mice and
does not underlie impaired behavioral performances. Further
studies using TR mice could be done to determine whether E4 ge-
notype affects firing properties of layers II/I1I principal cells in ad-
dition to altering dendritic morphology.

In summary, we detected APOE4-induced deficits in spatial
cognition using the Barnes maze in two independent cohorts of
animals at different ages. Furthermore, we found impaired den-
dritic morphology in E4 neurons in the MEC. Impaired spatial
learning and memory in E4 TR mice likely reflect functional
changes to neuronal networks subserving spatial information pro-
cessing. These data suggest that ApoE isoforms affect normal MEC
structure and normal brain functions of learning and memory ear-
ly in life, which in later life may contribute to AD-related risk.

Materials and Methods

Animals

APOE2, APOE3, and APOE4 TR mice express each of the human
APOE isoforms under the control of endogenous murine APOE
regulatory sequences (Sullivan et al. 1997). All TR mice were on
a C57BL/6] genetic background. Animals were maintained in a
temperature and humidity controlled vivarium at Georgetown
University Medical Center, provided food and water ad libitum,
and subjected to a standard 12-h light/dark cycle. Behavioral ma-
nipulations were performed during the light phase. All experi-
ments were conducted in accordance with NIH guidelines for
the care and use of laboratory animals, and were reviewed and
approved by the Georgetown University Animal Care and Use
Committee.

Open field test

All mice were transported to a behavioral testing suite in their
home cages and allowed to acclimate for 15 min. Locomotor ac-
tivity, exploration, and general state anxiety were assessed using
a circular open field maze (880-mm diameter, 55-mm wall height)
constructed of white, nonreflective polyethylene plastic. The in-
ner zone was situated in the center of the open field and was bor-
dered by the outer zone, which comprised 54% of the maze area.
Testing began by placing the mouse in the center of the inner zone
and allowing 300 sec of free exploration. Behavioral activity was
recorded via an overhead CCD camera linked to a computer run-
ning ANYmaze 4.7 tracking software (Stoelting Co.). Locomotor
activity and exploratory drive was assessed via the following
parameters: total distance traveled (m), average running speed
(cm/sec), and duration of rearing behavior (sec). General state
anxiety was estimated using time spent in outer vs. inner zone ex-
pressed as a percentage (%) and duration of grooming activity
(sec). After each mouse was tested, the maze was thoroughly
cleaned with a soap solution followed by water to remove odors.
All behavioral testing procedures were conducted by an investiga-
tor blinded to APOE genotype.
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Barnes maze—apparatus and testing conditions

The circular apparatus used (San Diego Instruments) was con-
structed of white polyethylene plastic (915-mm diameter; 115-
cm height) and contained 20 circular holes (50-mm diameter)
evenly spaced along the perimeter of the maze. Only the TH was
deep enough for an animal to enter, and led to an escape chamber
(108 mm x 55 mm x 55 mm) beneath the maze floor. Testing
procedures and distal visual cues were modified to enhance visuo-
spatial learning and memory (O’Leary and Brown 2012). We
used a WAAS (78-dB blow-dryer simulation, Columbia River
Entertainment, 2001) and bright overhead lighting (10.8 x 10?
lux) to drive escape motivation. We also placed visual cues on
the floor of the testing suite, as several animals peered over the
edge of the maze in pilot experiments. Three-month-old (16
female/19 male) and 18-mo-old (12 female/15 male) TR mice
completed three phases of Barnes maze testing: habituation, ac-
quisition, and probe.

Habituation phase

At least 24 h after open field testing, animals were habituated to
the Barnes maze testing conditions and allowed to freely explore
the apparatus for 120 sec before being gently guided to a TH.
Mice were given an additional 120 sec inside the escape chamber
before being removed and returned to their home cages.

Spatial acquisition (learning) phase

Twenty-four hours after habituation, TR mice learned over 4 d
(four trials/TD, ITI = 15 min, 16 trials total) to use distal visual
cues to locate the TH and escape. At the beginning of a trial, ani-
mals were placed under a start box in the center of the maze for 10
sec before the start box was removed. A trial was terminated when
the mouse had entered the TH or when 180 sec had elapsed. The
position of the TH was randomly assigned and differed between
habituation and spatial acquisition phases as well as between
age groups. Latency to escape the maze by entering the TH (sec)
was calculated to assess spatial learning, while total distance trav-
eled (m) and average speed (cm/sec) were calculated to detect dif-
ferences in locomotor activity. The number of hole investigations
(total nose pokes) was counted as an indicator of exploration dur-
ing the trials.

Probe (memory) phase

Twenty-four hours and 72 h after the last training trial, the TH was
closed and spatial memory was assessed in 90-sec probe trials by
measuring the latency to the closed TH (primary latency). Speed
(primary speed) and number of investigations of false holes before
reaching the TH (primary errors) were assessed in addition to total
nose pokes. After each trial, the Barnes maze was thoroughly
cleaned with a soap solution followed by water to remove odors.

Hidden platform water maze—apparatus and testing

conditions

The HPWM utilized the same distal visual cues as for the Barnes
maze. The apparatus consisted of a large tank (1.22-m diameter)
filled with opaque water maintained at 25°C, with a hidden plat-
form (101-mm diameter) submerged just below the surface. The
location of the hidden platform remained constant throughout
training trials, but was switched during visible platform trials at
the end of testing.

Spatial acquisition (learning) phase

Naive 3-mo-old APOE TR mice (17 male/12 female) were trained
over the course of 4 d (four trials/TD, ITI = 20 min, 16 trials total)
to locate the position of the hidden platform. Mice were intro-
duced into the pool and tracked during a 90-sec training trial us-
ing the ANYmaze system. A training trial was terminated once the
animal located the platform and remained for 2 sec, subsequently
being removed after 60 sec. If an animal did not successfully find
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the hidden platform, it was gently guided to the platform and al-
lowed to remain for 60 sec before being removed. Latency to find
the hidden platform (sec), distance traveled (m), and average
speed (cm/sec) were calculated to assess spatial learning and loco-
motor activity over TDs.

Probe (memory) phase

Seventy-two hours after the last training trial, the hidden platform
was removed and spatial memory was assessed in a single 90-sec
probe trial. Average time spent in the target quadrant was record-
ed as well as number of platform site crossings.

Visible platform phase

One hour after the probe trial, TR mice were tested for visual acu-
ity in the water maze using a visible platform placed in a new
quadrant each trial. Latency to reach the platform, distance trav-
eled, and swim speed were recorded in each of three trials (90 sec,
ITI = 20 min).

Golgi staining and analysis of dendritic morphology
Brains from naive 3-mo-old APOE TR mice were dissected and pro-
cessed for Golgi staining using the FD Rapid Golgi Stain kit (FD
NeuroTechnologies, Inc.) as described previously (Dumanis
et al. 2009; Hoe et al. 2009). Briefly, we immersed brains in solu-
tions A and B for 2 wk at room temperature before transferring
to solution C for 48 h at 4°C. Sagittal sections (150-pm thick)
were sliced on a vibratome and mounted on gelatin-coated slides
(Lab Scientific). The MEC was identified in three to four sections/
brain using a mouse brain atlas (Paxinos and Franklin 2001).
Clustered bands of Golgi stained cells were observed in MEC layers
11/11T and were delineated by the mostly acellular molecular layer I
near the pial surface and the lamina dissecans (layer IV) (Fig. 6A).
Only fully impregnated layer II/III pyramidal neurons with clear
dendritic arbors were chosen for analysis. Z-stacked images were
acquired under bright field microscopy using an Axioplan 2 up-
right microscope (Zeiss Microsystems, Inc.). The files were then
coded and analyzed in a blinded manner using the open-source
image processing suite Fiji (Schindelin et al. 2012). Total dendritic
length was assessed for each neuron by tracing main dendritic
processes extending from the soma and their branches.
Dendritic segments chosen for spine analysis were randomly se-
lected from basal and apical arbors while excluding the initial seg-
ment (20 wm) of the main apical shaft and apical tufts.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 5
unless noted otherwise. Differences between means were assessed
by t-test, one-way ANOVA, or two-way ANOVA with repeated mea-
sures, followed by Tukey’s HSD and Bonferonni post hoc tests
where appropriate. Descriptive statistics are expressed as mean *
SEM, with significance set at P < 0.05.
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