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Abstract

Compared with apoE3, apoE4 is associated with increased risk to develop age-related cognitive
decline, particularly in women. In this study, young, middle-aged, and old female mice expressing
human apoE under control of the mouse apoE promoter were behaviorally analyzed. Cognitive
performance in the water maze decreased with age in all mice. Compared with apoE2 and apoE3
mice, apoE4 mice showed better cognitive performance and higher measures of anxiety than
apoE2 and apoE3 mice. Measures of anxiety correlated with cognitive performance in the water
maze and passive avoidance tests and might have contributed to the enhanced cognitive
performance of the apoE4 mice. ApoE4 mice showed better water maze learning and higher
cortical apoE levels than mice expressing apoE4 in astrocytes under control of the GFAP
promoter. This was not seen in apoE3 mice. There were no line differences in either genotype in
spatial memory retention in the probe trial following the last day of hidden platform training.
Thus, the promoter used to express apoE4 critically modulates its effects on brain function.
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In the brain, apolipoprotein E (apoE) plays an important role in lipid transport and
metabolism and repair following brain injury (Arendt et al., 1997; Mahley, 1988). The three
major human apoE isoforms are encoded by distinct alleles (¢2, £3, and &4; Mahley, 1988).
Compared with €2 and €3, &4 increases the risk of developing Alzheimer's disease (AD),
particularly in women (Farrer et al., 1997; Roses, 1994; Roses, 1995; Saunders et al., 1993).
Compared with £3, ¢4 also increases the risk of developing cognitive impairments following
various environmental challenges, including neurotrauma (Brichtova and Kozak, 2008;
Crawford et al., 2002; Nathoo et al., 2003) and ischemia (Guangda et al., 1999; Raber,
2004).
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The apoE4 protein also modulates cognitive function in nondemented elderly individuals.
ApoE4 is associated with impaired attention, working memory, and spatial memory in
elderly people (Berteau-Pavy et al., 2007; Greenwood et al., 2005a; Greenwood et al.,
2005b). In contrast to these findings, however, Alexander et al. showed that apoE4 is
associated with enhanced verbal fluency in elderly people (Alexander et al., 2007). The
discrepancy in these results might relate to the cognitive test used.

The effects of apoE4 on cognitive function at younger ages are less clear. ApoE4 was
reported to protect against lead toxicity and to improve mental development in infants
(Wright et al., 2003). Other studies found no association between general cognitive ability
and apoE4 in children over the age of 6 (Plomin et al., 1995; Shaw et al., 2007; Turic et al.,
2001; Yu et al., 2000). Similarly, there was no association between apoE4 and verbal and
non-verbal reasoning as assessed in the Moray House test in 11 yr old children (Deary et al.,
2002). However, when these study participants were tested again at age 80, apoE4 was
associated with cognitive decline (Deary et al., 2002). Furthermore, 19-21 yr old apoE4
women showed similar WAIS 1Q scores to non-apoE4 women (Yu et al., 2000). In contrast
to these findings, 7-10 yr old apoE4 children did not show spatial memory retention in the
Memory Island spatial navigation test (Acevedo et al., 2010) and 16-30 yr old apoE4
carriers performed less well on a maze test (Alexander et al., 2007). These data suggest that
in contrast to general cognitive ability and verbal and non-verbal reasoning, spatial learning
and memory might be particularly sensitive to detect negative effects of apoE4 at younger
ages.

Increased measures of anxiety are frequently associated with AD (de Toledo et al., 2004;
Gustavson and Cummings, 2004) and altered anxiety levels might contribute to performance
on cognitive tests. Anxiety symptoms, which are more common among AD patients with a
younger age at onset (under age 65; (Porter et al., 2003)), are inversely related to Mini-
Mental State Examination (MMSE) scores and correlated with disability in daily activities
(Gustavson and Cummings, 2004; Porter et al., 2003). As apoE4 is a risk factor for
developing AD at an earlier age (Farrer et al., 1997), it might contribute to this effect
(Raber, 2007). In probable AD (PRAD) patients, we found that female and male ¢4/¢4
individuals have higher anxiety scores than sex-matched ¢3/¢3 individuals (Robertson et al.,
2005, Pritchard et al., 2007). Non-cognitive behavioral changes, which include increased
anxiety levels, are the major cause of institutionalization of AD patients and a major concern
for their caregivers (Gilley et al., 1991; Morris et al., 1996; Rabins et al., 1982) and although
non-cognitive behavioral changes are a negative predictor of survival and quality of life for
AD patients (Barclay et al., 1985; Martin et al., 1994), they have received much less
attention than the cognitive impairments in AD. Most pharmacological strategies for
controlling behavioral changes, including treatment with benzodiazepines, cause
deterioration in mental performance and motor function (Burvill et al., 1991). However,
caregivers often demand therapeutic intervention regardless of the effects on cognitive and
motor function, underlining the need to increase our understanding of the potential
differential effects of apoE isoforms on anxiety. Furthermore, the differential effects of apoE
isoforms on measures of anxiety might not be limited to AD. For example, in patients with
chronic hepatitis C undergoing treatment with interferon, individuals with at least one &4
allele show more symptoms of anxiety than those without an ¢4 allele (Gochee et al., 2004).

The effects of apoE on cognitive function have been modeled in mice lacking murine apoE
(Apoe 77) and expressing human apoE in neurons under control of the neuron-specific
enolase (NSE) promoter or in astrocytes under control of the glial fibrillary acidic protein
(GFAP) promoter. In these mouse models, the effects of apoE4 expression on cognition and
behavior are modulated by sex. For example, 6 mo old NSE-apoE4 female, but not male,
mice show impaired object recognition and spatial learning and memory in the water maze
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compared with age-matched NSE-apoE3, Apoe ™, and wild type C57BL/6J female mice
(Raber et al., 1998; Raber et al., 2000b; Raber et al., 2002). Similarly, 6 mo old GFAP-
apoE4 female mice show impaired spatial memory retention in the water maze compared
with GFAP-apoE3 female mice (van Meer et al., 2007) and impaired object recognition that
was not observed in 6 mo old Apoe 7~ mice (Raber et al., 2002). The detrimental effects of
apoE4 on water maze learning and memory in female mice was more pronounced at 18 mo
of age (Raber et al., 2000). At this older age, however, male apoE4 mice still did not show
cognitive impairments in the water maze. This gender-dependent effect on age-related
cognitive decline (ACD) might not be limited to apoE4. In C57BL/6J wild type mice, the
age-related decline in water maze performance and passive avoidance memory retention was
also more pronounced in female than male mice (Benice et al., 2006).

Previously, we reported higher measures of anxiety in 6 mo old Apoe #~ male mice than in
sex-matched wild type controls (Raber et al., 2000a). Consistent with the PRAD data, there
were isoform-dependent effects of apoE on measures of anxiety in 6-8-mo old male

Apoe ™, NSE- and GFAP-apoE3 and apoE4 mice (Raber et al., 2000b; Robertson et al.,
2005). Apoe 7~ and apoE4 male mice showed increased measures of anxiety, whereas apoE3
mice behaved like wild type controls. These differential effects were age-dependent, as they
were not seen in 2-4-mo old male mice.

The effects of apoE on measures of anxiety and cognitive function can also be studied in
mice expressing human apoE isoforms under control of the mouse apoE promoter (targeted
replacement (TR) mice; Knouff et al., 1999; Sullivan et al., 1997; Sullivan et al., 2004). In
contrast to the NSE-apoE and GFAP-apoE models, in the TR mice apoE is expressed under
control of the mouse apoE promoter and therefore expressed in both the brain and the
periphery. In the brain, the use of different promoters to express apoE and important
physiological feedback loops might modulate the anatomical specificity and levels of apoE
expression and subsequently the effects of apoE on brain function. In addition, the presence
or absence of apoE in the periphery might also modulate the effects of apoE on brain
function. For example, in the adrenal gland, apoE mRNA is inversely related to
steroidogenesis (Nicosia et al., 1992; Prack et al., 1991) and Apoe 7~ mice show increased
adrenal glucocorticoid content and release following anxiety testing or restraint stress (Raber
et al., 2000). Enhanced glucocorticoid release following anxiety testing and restraint stress
were also seen in mice expressing apoE3 or apoE4 only in the brain (Robertson et al., 2005).
Thus, the behavioral phenotype of mice expressing apoE under control of the NSE or GFAP
promoter might be different from that of the TR mice.

Effects of apoE on cognitive function in the TR mice have been reported but the results are
inconsistent. While Mathis and co-workers reported impaired spatial memory retention in
the water maze of apoE4 female mice at 4-5 mo and 15-18 mo of age (Bour et al., 2008;
Grootendorst et al., 2005), we did not see impairments in spatial memory retention in the
water maze of apoE4 female or male mice at 5 mo of age following sham-irradiation (one
time anesthesia) at 2 mo of age (Villasana et al., 2006). Similarly, while Mathis and co-
workers reported no difference in passive avoidance memory retention of apoE3 and apoE4
mice at 4-5 mo of age but impaired passive avoidance retention of both male and female
apoE4 mice at older ages (Bour et al., 2008; Grootendorst et al., 2005), we found enhanced
passive avoidance memory retention of apoE3 and apoE4 male mice at 5 mo of age
compared with sex-matched apoE2 mice following sham-irradiation at 2 mo of age
(Villasana et al., 2008). Although the results were divergent, these data support that female
mice are more susceptible to the effects of apoE4, consistent with the increased
susceptibility of apoE4 female than male mice to develop cognitive impairment

following 137Cesium irradiation (Villasana et al., 2006). In the current study, we examined
whether apoE has isoform-dependent effects on measures of anxiety in female TR mice and
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whether these effects are age-dependent and associated with alterations in cognitive
performance and levels of apoE expression in brain areas involved in the regulation of
anxiety and cognitive performance, the amygdala, hippocampus, and cortex. In addition, we
compared the water maze performance and apoE expression levels of young TR female mice
with that of age-, sex-, and genotype-matched GFAP-apoE mice.

1. Methods

1.1. Animals

Human APOE TR mice expressing human apoE2, apoE3, or apoE4, under control of the
mouse apoE promoter and on the C57BL/6J background, were provided by Dr Patrick
Sullivan for breeding of the mice for this study (Knouff et al., 1999; Sullivan et al., 1997).
The colony was maintained by homozygous breeding. Young (6—8 mo), middle-aged (10-13
mo) and old (14-22 mo) female apoE2 (n = 31-43), apoE3 (n = 34-40), and apoE4 (n = 25—
39) mice were used for behavioral testing. In addition, young (6-8 mo) GFAP-apoE3 (n = 9)
and GFAP-apoE4 (n = 8) female mice were used for water maze testing. The mice were
maintained on a 12 h light/dark schedule (lights on at 6:00). Behavioral testing took place
during the light cycle. Laboratory chow (PicoLab Rodent diet 20, # 5,053; PMI Nutrition
International, St. Louis MO, USA) and water were given ad libitum. All procedures
conformed to the standards of the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Animal Care and Use Committee of the
Oregon Health and Science University.

1.2. Behavioral testing

The sequence of behavioral testing was open field activity, elevated zero maze, elevated plus
maze, Morris water maze, and passive avoidance. This order of testing was used to begin
with the least stressful tests and end with those thought to be most stressful. Deaths or
illnesses in the mice resulted in some mice only being included in some of the tests. Table 1
shows the number of mice for each genotype and age group included in each behavioral test.

1.2.1. Open field activity—Exploratory activity was assessed in the open field. Mice (N
=117) were placed in a lit open arena with clear Plexiglas walls (40.6 x 40.6 cm) equipped
with infrared photocells interfaced with a computer (Hamilton-Kinder, Poway, CA).
Distance moved was recorded for a single 10-min session. The open field arena was cleaned
with 5% acetic acid between mice.

1.2.2. Elevated zero maze—Anxiety-like behavior was assessed in the elevated zero
maze and elevated plus maze. The elevated zero maze consisted of two open and two closed
areas (35.5 cm in length, each; Hamilton-Kinder, Poway, CA). The closed areas were
surrounded by opaque walls (15 cm tall), with no walls surrounding the open areas. Mice (N
= 112) were placed into the maze facing one of the closed areas and were allowed to explore
for a single 10-minute trial. More anxious mice will spend more time in the closed areas of
the maze (Shepherd et al., 1994). Distance moved and the percentage of time in the open and
closed areas were measured with a video tracking system (Noldus, Leesburg, VA). The zero
maze was cleaned with 5% acetic acid between mice.

1.2.3. Elevated plus maze—Anxiety-like behavior was also assessed in the elevated plus
maze. The maze consisted of two open and two closed arms equipped with infrared
photocells interfaced with a computer (34 cm in length, each; Hamilton-Kinder, Poway,
CA). The closed arms were surrounded by black walls (15 cm tall), with no walls
surrounding the open arms. Mice (N = 120) were placed into the intersection of the maze
facing one of the closed arms and were allowed to explore for a single 10-min trial. More
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anxious mice will spend more time in the closed arms of the maze (Pellow et al., 1985).
Distance moved and the percentage of time in the open and closed arms were measured. The
maze was cleaned with 5% acetic acid between mice.

1.2.4. Morris water maze—Spatial learning and memory requiring navigation was
assessed in the Morris water maze. A circular pool (diameter 140 cm) was filled with water
and divided into four imaginary quadrants for the purpose of testing and probe trial data
analysis. Mice (N = 94) were assigned to four testing groups using a randomized block
design. Each group was trained to find a platform in a different quadrant of the pool to avoid
any potential quadrant bias. Mice were first trained to swim to a platform with a visible
beacon marking the location of the platform (nonspatial learning, days 1-2) and then trained
to swim to a platform hidden beneath opaque water (spatial learning, days 3-5) in two daily
sessions, spaced 3.5 h apart and each consisting of 3 sixty-second trials (10 min intertrial
intervals). During visible platform training, the platform was moved to a different quadrant
of the pool for each session. During hidden platform training, the platform remained in the
same quadrant. Mice were placed into the pool facing the wall in nine different locations
around the pool. The starting location changed from trial to trial. Mice had to rely on spatial
cues in the room to find the hidden platform. Mice that failed to find the platform within the
60-sec trial were led to the platform and allowed to remain on the platform for 3 sec.

Swimming patterns were recorded using a video tracking system (Noldus, Leesburg, VA),
set at six samples/seconds. The distance from the mouse to the platform was summed across
all samples during the trial (cumulative distance to the platform). Mice with better spatial
learning will swim closer to the platform location during the trial and thus will have lower
cumulative distance scores (Benice et al., 2006; Gallagher et al., 1993). The time to find the
platform (latency) and the average swim speeds were also analyzed. Sixty second probe
trials (no platform), designed to examine the extent of spatial discrimination learning, were
performed 1 h after the last hidden platform training session on days 3-5. For the probe
trials, mice were placed in the quadrant opposite from the target quadrant (where the
platform was located during hidden platform sessions).

1.2.5. Passive avoidance—Emotional learning and memory were assessed in a passive
avoidance test. Mice (N = 113) were individually placed into one compartment of a chamber
containing two equally sized sound attenuating compartments (24.5 x 19 x 23 cm),
separated by a gate (Hamilton-Kinder, Poway, CA). After a 5-sec acclimation period, a
house light turned on in the chamber containing the mouse and the connecting gate between
the chambers opened. In general, mice will step quickly through the gate and enter the dark
compartment because mice prefer to be in the dark. Upon entering the dark compartment,
the mice received a brief foot shock (0.3 mA for 3 sec), and were immediately removed
from the chamber. If the mouse remained in the light compartment for the duration of the
trial (120 sec), the gate closed and the mouse was removed from the light compartment. The
next trial began after an intertrial interval of 180 sec. Mice were trained until they met a
learning criterion of three consecutive trials without entering the dark compartment, or up to
10 trials, whichever came first. The chambers were cleaned with 5% acetic acid between
trials for each mouse and between testing of individual mice. After a 24 h retention period,
the mice were placed back into the light compartment, and the time to re-enter the dark
compartment (latency) was measured up to 300 sec. No shock was administered during the
testing phase if the mouse entered the dark compartment before 300 sec had elapsed. The
number of trials to reach criterion during training and the latency to re-enter the dark
compartment 24 h later were measured.
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1.3. ApoE Western blot analyses

Young TR mice expressing human apoE2, apoE3, or apoE4 and GFAP-apoE3 and GFAP-
apoE4 female mice (n = 14) and old TR female mice expressing human apoE2, apoE3, or
apoE4 (n = 9) were killed by cervical dislocation and their brains quickly removed. An
Apoe '~ mouse was killed similarly to serve as a negative control for apoE expression on all
western blots. Following a cut along the midline, one hemibrain was used to dissect the
amygdala as described (Raber et al., 1997). The other hemibrain was used to dissect the
hippocampus and cortex, as described (Bongers et al., 2004). The tissues were homogenized
using 1 mL (cortex samples) or 0.5 mL (hippocampus or amygdala samples) of RIPA buffer
(Pierce Pharmaceuticals, Rockford, IL) containing a cocktail of protease inhibitors (Sigma,
Saint Louis, MO). Homogenized tissues were spun at 12,0009 for 15 min, and the
supernatants were transferred to new tubes and kept for analysis. Protein concentrations
were determined using a Nanodrop Spectrometer (Nanodrop ND-1000).

For each sample and lane, 40 ug of protein was used for western blot analysis. Proteins were
first denatured for 15 min by boiling them in a solution of Laemmli's buffer containing 2-
mercaptoethanol (Sigma-Aldrich). Pre-prepared gels (Criterion Bio-Rad Ready Gels, 4-15%
TrisxHCI, 18 well) were placed in the electrophoresis apparatus. In addition to the tissue
samples, one lane was used for the Precision plus Protein Western Standard (Bio-Rad). Gels
were run using a Bio-Rad Power Pac for 60 min at 175 V. Subsequently, proteins were
transferred to PVDF membranes for 90 min at 30 V.

Once proteins were transferred to the membranes, the membranes were placed in blocking
buffer (5% dry-milk in PBS containing 0.5% Tween 20 (TBS-Tween)) for 1 h. Membranes
were washed with the TBS-Tween buffer (4 x 5 min) and incubated with the dry-milk buffer
containing S-actin antibody (Santa Cruz Biotechnology, raised in mouse, 0.5 ug/mL) for 12
h at 4 °C. Membranes were washed with TBS-Tween buffer (4 x 5 min) and incubated in the
dry-milk buffer containing the secondary antibody for detecting the primary antibody
against S-actin, donkey anti-mouse-HRP (Santa Cruz, 1 ug/mL) for 1 h and the secondary
antibody for detecting the protein ladder, Precision protein StrepTactin-HRP (Bio-Rad; 5
u1L). Subsequently, the membranes were incubated in Immun-Star HRP (Bio-Rad) for 5 min
and imaged (FluorChem Q, Alpha Innotech, San Leandro, CA). After imaging, the
antibodies were stripped from the membranes using stripping buffer (Pierce
Pharmaceuticals) for 5 min at room temperature. Membranes were reblocked in blocking
buffer (5% dry-milk TBS-Tween) for 1 h. Membranes were then washed in TBS-Tween
buffer (4 x 5 min) and incubated with apoE antibody (Calibiochem; raised in goat; 1 : 4,000)
for 12 h at 4 °C. Membranes were washed in TBS-tween buffer (4 x 5 min) and incubated in
secondary antibody, antigoat-HRP (raised in donkey, 1 zg/mL, Santa Cruz Biotechnology).
Pixel densities of the $-actin and apoE bands were determined using FluorChem Q software.
Background levels were automatically determined by the software using upper- and lower-
edge interpolation. Semi quantification using densitometry for the s-actin and apoE bands
were measured for each sample. The results are presented as a ratio between the apoE and -
actin bands.

1.4. Statistical analysis

Analysis of variance (ANOVA) was used to assess the effects of genotype and age on
performance in the behavioral tests. A repeated measure ANOVA was used to assess
learning and memory in the water maze training sessions and probe trials (repeated factor:
session and probe trial; Fisher's LSD post-hoc test used when appropriate). Duncan's post-
hoc tests were performed to compare performance between genotypes and age groups when
appropriate. Pearson and Spearman's correlations were used to assess potential correlations
between measures of anxiety in the elevated zero maze and elevated plus maze and
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measures of learning and memory in the Morris water maze and the passive avoidance tests.
For the semiquantification of immunoblots, results for each brain area were analyzed using
one-way ANOVAs and Bonferroni's post-hoc tests. p < 0.05 was considered significant for
all tests.

2.1. Impaired spatial learning of middle-aged and old mice and impaired spatial memory of
old mice in the Morris water maze

During the visible platform training sessions (days 1-2), middle-aged apoE4 mice swam
faster than middle-aged apoE3 mice and old apoE4 mice swam faster than both old apoE2
and apoE3 mice (effect of genotype (F2 g5 = 7.09, p < 0.01) on average swim speed and an
age x genotype interaction (F4 g5 = 2.62, p = 0.04)). The cumulative distance to the platform
decreased over the visible training sessions (main effect of session on cumulative distance to
the platform; F1 g5 = 119.23, p < 0.001), suggesting that the mice learned the task. Across all
sessions and age groups, apoE4 mice showed a lower cumulative distance to the visible
platform than apoE2 and apoE3 mice (main effect of genotype; F, g5 = 17.10, p < 0.001).
Across all sessions and genotypes, young mice showed a lower cumulative distance to the
visible platform than both middle-aged and old mice (main effect of age; F, g5 = 8.20, p <
0.01). There was no interaction between genotype and age for the visible platform training
sessions. As swim speed can influence cumulative distance to the platform during water
maze training, average swim speed during the visible platform training was used as a
covariate in the statistical analysis. The effects of genotype and age did not change when the
average swim speed during the visible session was included as a covariate (Fig. 1A,
covariate adjusted means = SEM). The results for time to reach the platform (latency) during
the visible training sessions were similar to those for cumulative distance to the platform.

During the hidden training sessions (days 3-5), the cumulative distance to the platform
decreased over the sessions (main effect of session on cumulative distance to the platform;
F1.85 = 54.66, p < 0.001), indicating that the mice learned the hidden task as well. Across all
sessions and across all age groups, apoE4 mice showed a lower cumulative distance to the
hidden platform than apoE2 and apoE3 mice (main effect of genotype; Fp g5 = 4.43,p =
0.02). Across all hidden sessions and across all genotypes, young mice showed a lower
cumulative distance to the hidden platform than middle-aged and old mice (main effect of
age; F» g5 = 5.19, p < 0.01), but there was no genotype x age interaction. When average
visible session swim speed was included as a covariate, the effect of age remained, with
young mice showing a lower cumulative distance to the platform compared with middle-
aged and old mice (Fig. 1B, covariate adjusted means = SEM). The effect of genotype,
however, became nonsignificant (F, g4 = 3.05, p > 0.05; Fig. 1B, covariate adjusted means *
SEM), suggesting that the lower cumulative distance to the platform of apoE4 mice was due
to their faster swim speeds. During the hidden training sessions, the effect of age on the
latency to reach the platform was similar to those found for cumulative distance to the
platform. In contrast to the effects of genotype on cumulative distance to the platform, the
effect of genotype on latency to reach the platform remained significant when average swim
speed during the visible sessions was included as a covariate in the analysis.

When spatial memory retention was assessed in the probe trials (no platform, days 3-5),
there was a probe trial x genotype x age interaction (Fg 162 = 2.71, p < 0.01). Thus, the
effects of genotype and age were explored for each probe trial separately. Young and
middle-aged mice showed a lower cumulative distance to the platform location (during the
hidden training sessions) compared with old mice in probe trial 1 (main effect of age; F, g1
=7.14, p <0.01; Fig. 2A) and in probe trial 2 (main effect of age; F» g5 = 4.03, p = 0.02;
Fig. 2B). In probe trial 3, young, but not middle-aged, mice showed a lower cumulative
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distance to the platform location compared with old mice (main effect of age; F, g5 = 6.15, p
< 0.01; Fig. 2C). There was no interaction between genotype and age for any of the probe
trials. Importantly, there were no genotype differences in any of the probe trials.

2.2. Enhanced passive avoidance learning in apoE4 mice and impaired passive avoidance
memory retention in old apoE2 mice

One animal was removed from the passive avoidance analysis due to a failure to enter the
dark compartment during the first passive avoidance learning trial. For passive avoidance
learning (trials to criterion), there was a genotype x age interaction (F4 104 = 4.17, p < 0.01).
Thus, the effect of genotype on trials to criterion was explored within each age group using
separate one-way ANOVAs. In the young mice, apoE2 and apoE4 mice required fewer trials
to reach criterion than apoE3 mice (main effect of genotype; F» 24 = 5.85, p < 0.01; Fig.
3A). In the middle-aged mice, apoE3 and apoE4 mice required fewer trials to reach criterion
than apoE2 mice (main effect of genotype; F, 21 = 6.94, p < 0.01; Fig. 3A). In the old mice,
apoE4 mice required fewer trials to reach criterion than both apoE2 and apoE3 mice, while
apoE3 mice required fewer trials to reach criterion than apoE2 mice (main effect of
genotype; Fp 59 = 16.14, p < 0.001).

For passive avoidance memory retention (latency to reenter the dark compartment), there
was a genotype x age interaction (F4 106 = 4.03, p < 0.01). Thus, the effect of genotype on
test duration was explored within each age group using separate one-way ANOVAs. In both
the young and middle-aged mice, there was no effect of genotype on latency to re-enter the
dark compartment. However, in the old mice, apoE2 mice showed a lower latency to re-
enter the dark compartment than apoE3 and apoE4 mice (main effect of genotype; F g0 =
10.58, p < 0.001; Fig. 3B).

2.3. Decreased activity of apoE4 mice in the open field

As exploratory behavior and measures of anxiety can contribute to performance in cognitive
tests, we assessed whether there are genotype differences in exploratory behavior in the
open field or measures of anxiety in the elevated zero maze or elevated plus maze. Across
all age groups, apoE4 mice moved less in the open field than apoE2 and apoE3 mice (main
effect of genotype; F, 108 = 17.66, p < 0.001; Fig. 4). Middle-aged and old mice moved less
in the open field than young mice across all genotypes (main effect of age; F» 108 = 16.36, p
< 0.001; Fig. 4), but there was no genotype x age interaction.

2.4. Increased measures of anxiety in apoE4 mice in the elevated zero maze and elevated

plus maze

Across all age groups, apoE4 mice spent less percent time in the open areas of the elevated
zero maze than apoE2 and apoE3 mice (main effect of genotype; F3 103 = 18.09, p < 0.001;
Fig. 5). Young mice spent less percent time in the open areas of the elevated zero maze than
middle-aged and old mice across all genotypes (main effect of age; F = (2, 103) = 4.83,p =
0.01; Fig. 5). ApoE4 mice also spent less percent time in the open arms of the elevated plus
maze than apoE2 and apoE3 mice, while apoE2 mice spent less percent time in the open
arms of the elevated plus maze than apoE3 mice (main effect of genotype; F2 109 = 6.90, p <
0.01; Fig. 6). Middle-aged mice spent less percent time in the open arms of the elevated plus
maze than young and old mice across all genotypes (main effect of age; F, 199 = 3.61, p =
0.03; Fig. 3), but there were no interactions between genotype and age for either test. As
apoE4 mice were less active in the open field, we reanalyzed the data using the total distance
moved as a covariate to exclude the possibility that differences in overall activity levels
contributed to the genotype differences in measures of anxiety. The effects of genotype and
age remained significant for both the elevated zero maze and plus maze when total distance
moved in each maze was included as a covariate in each analysis.
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2.5. Association between measures of anxiety and learning and memory

To determine whether measures of anxiety might have contributed to performance on the
cognitive tests, we assessed potential correlations between measures of anxiety (the percent
time spent in the open areas of the elevated zero maze and open arms of the elevated plus
maze) with measures of learning and memory in the Morris water maze and the passive
avoidance tests. During the visible training sessions of the water maze, the mice with higher
measures of anxiety showed better performance. Percent time in the open areas of the
elevated zero maze correlated with cumulative distance to the platform (r = 0.29, p < 0.01;
Fig. 7A) and latency to reach the platform (r = 0.32, p < 0.01; Fig. 7B) during the visible
training sessions of the water maze. There were trends of percent time in the open arms of
the elevated plus maze correlating with cumulative distance to the platform and latency to
reach the platform during the visible training sessions of the water maze, but they did not
reach significance (r = 0.21, p = 0.06 and r = 0.21, p = 0.05, respectively). Measures of
anxiety did not correlate with spatial learning during the hidden sessions of the water maze
or spatial memory retention in the water maze probe trials.

During passive avoidance learning, the mice with higher measures of anxiety showed better
performance as well. Percent time in the open areas of the elevated zero maze correlated
with trials to criterion during passive avoidance training (r = 0.43, p < 0.001; Fig. 7C).
Similarly, percent time in the open arms of the elevated plus maze correlated with trials to
criterion during passive avoidance training (r = 0.42, p < 0.001; Fig. 7D). Percent time in the
open areas of the elevated zero maze or open arms of the plus maze did not correlate with
latency to re-enter the dark compartment 24 h after passive avoidance training.

2.6. Comparison between targeted replacement and GFAP apoE3 and apoE4 mice in the

water maze

We compared the direction and magnitude of the genotype effect of the young TR mice in
the water maze with that of age-matched GFAP-apoE mice. While there was no difference
in the ability of apoE3 TR mice and GFAP-apoE3 mice to locate the platform in the water
maze, apoE4 TR mice outperformed GFAP-apoE4 mice (F1 15 = 5.02, p = 0.04; Fig. 8A). In
contrast to the water maze learning curves, when spatial memory retention was assessed in
the probe trial following the last day of hidden platform training, there were no line
differences between the cumulative distance to the target location in either apoE3 or apoE4
mice (Fig. 8B). ApoE4 mice showed less spatial memory retention than apoE3 mice and
showed a higher cumulative distance to the target location.

2.7. ApoE expression levels in the amygdala, hippocampus, and cortex of targeted
replacement and GFAP apoE mice

Next, we determined whether the genotype differences in measures of anxiety and cognitive
performance are associated with genotype differences in apoE expression in the amygdala,
hippocampus, or cortex. As shown in the inset of Fig. 9, immunoreactivity of apoE was
specific, as no protein was detected in brain tissue of an Apoe ¥~ mouse. There were no
significant differences between apoE expression in the amygdala or hippocampus of young
and old apoE2, apoE3, or apoE4 TR mice (Fig. 9). However, in the cortex of apoE2 mice,
young mice had significantly more apoE than old mice (Fs 15 = 3.7; p < 0.03). Such an age
effect was not seen in the cortex of apoE3 or apoE4 mice.

In the amygdala (Fs 15 = 6.2; p = 0.009), hippocampus (Fs 15 = 4.2; p = 0.026), and cortex
(Fs.15 = 3.7, p = 0.033), apoE levels were higher in apoE2 than apoE4 mice (Fig. 9). In the
amygdala, there was a trend towards higher apoE levels in apoE3 than apoE4 mice and
lower apoE levels in apoE3 than apoE2 levels but that did not reach significance (p = 0.1).
To determine whether potential differences in apoE expression could have contributed to the
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divergent water maze learning curves of TR apoE4 and GFAP-apoE4 mice, we compared
apoE expression in these two models. There was no difference in apoE expression in the
amygdala or hippocampus of TR apoE4 and GFAP-apoE4 mice (Fig. 10; p = 1.0). However,
apoE4 levels were lower in the cortex of GFAP-apoE4 than apoE4 TR mice (F7 18 =8.3; p <
0.01; Fig. 10). In contrast to apoE4 mice, apoE expression levels were lower in the
amygdala (F7 15 = 8.3; p = 0.001), hippocampus (F7 15 = 3.9; p = 0.008), and cortex (F7 15 =
6.9; p = 0.01) of GFAP-apoE3 mice than apoE3 TR mice (Fig. 10). In contrast to the TR
mice, apoE expression levels were lower in the amygdala (p = 0.002) and hippocampus (p =
0.001), with a trend towards lower apoE levels in the cortex (p = 0.09) of the GFAP-apoE3
mice than GFAP-apoE4 mice.

3. Discussion

While apoE4 modulates measures of anxiety in probable AD patients (Robertson et al.,
2005) and the risk to develop AD and cognitive impairments in nondemented healthy elderly
(Berteau-Pavy et al., 2007; Farrer et al., 1997; Greenwood et al., 2005a; Greenwood et al.,
2005b; Saunders et al., 1993), little is known about the potential relationship between
apoE4, measures of anxiety, and cognitive performance across ages. In the present study, we
behaviorally analyzed female apoE TR mice expressing apoE under control of the mouse
apoE promoter. ApoE4 mice showed decreased activity levels and higher measures of
anxiety than mice expressing apoE2 or apoE3 across all ages. The increased measures of
anxiety of the apoE4 mice may have contributed to their enhanced performance in the water
maze and passive avoidance tests. In addition, middle-aged and old mice showed impaired
task learning during the visible sessions and impaired spatial learning during the hidden
sessions of the water maze compared with young mice. In the water maze probe trials, only
old mice showed impaired spatial memory retention compared with young mice. These
findings show a consistent age-related decline in learning and memory across all genotypes.

In contrast to learning and memory, there were no consistent age-related effects on measures
of anxiety. In the elevated zero maze, young mice showed the highest measures of anxiety,
whereas in the elevated plus maze, middle-aged mice showed the highest measures of
anxiety. However, in both tests old female mice of all genotypes showed lower measures of
anxiety than younger mice. These findings are consistent with observations in humans,
where healthy aging is generally associated with a decrease in anxiety levels (for a review,
see Jorm, 2000).

ApoE4 female TR mice showed enhanced performance during water maze and passive
avoidance training. As apoE4 female mice showed both enhanced task learning during the
visible platform sessions and enhanced spatial learning during the hidden sessions, we
cannot exclude the possibility that enhanced ability to learn the task contributed to the
enhanced spatial learning in the mice. These cognitive data are consistent with our earlier
studies in apoE4 TR female mice (Villasana et al., 2006; Villasana et al., 2008) but
inconsistent with the impaired cognitive function in apoE4 TR mice reported by Mathis and
co-workers (Bour et al., 2008; Grootendorst et al., 2005). Differences in environmental
conditions, such as environmental stress, might have contributed to these divergent findings.
ApoE4 is only a risk factor to develop ACD and cognitive impairments following
environmental challenges. Consistent with this scenario, we found that apoE4 female mice
are more susceptible to the detrimental effects of 137Cs cranial irradiation on water maze
performance than apoE2 female mice and on passive avoidance learning than apoE2 and
apoE3 female mice (Villasana et al., 2008).

Based on the enhanced water maze learning curves of the apoE4 TR mice, we compared the
water maze performance of TR and GFAP-apoE mice. There was a striking similarity
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between the ability of apoE3 TR mice and GFAP-apoE3 mice to locate the platform in the
water maze and spatial memory retention in the probe trial. This was particularly remarkable
considering the relative large line differences in apoE expression in the amygdala,
hippocampus, and cortex, with much lower levels of apoE expression in GFAP-apoE3 than
apoE3 TR mice. In contrast to the apoE3 mice, TR apoE4 mice showed much better water
maze learning than GFAP-apoE4 mice but no difference in spatial memory retention in the
probe trial following the last day of hidden training. In addition, apoE expression in the
amygdala and hippocampus was similar in the apoE4 TR and GFAP-apoE4 mice. Only in
the cortex apoE4 levels were lower in GFAP than TR mice. Based on the lower cortical
apoE levels and reduced water maze performance of GFAP-apoE4 than apoE4 TR mice and
the trend towards lower apoE levels in apoE4 than apoE3 TR mice, one might conclude that
it is beneficial to increase apoE4 levels. However, the fact that GFAP-apoE4 mice show
worse spatial memory retention than mice lacking apoE (van Meer et al., 2007) indicates
that this might not be the case.

ApoE levels were higher in the amygdala, hippocampus, and cortex of apoE2 than apoE4
TR female mice. These results are consistent with the reported trend towards higher apoE
levels in the hippocampus, frontal cortex, and cerebellum of 3-5 mo old TR male mice
(Sullivan et al., 2004). In young mice, there was a trend towards higher apoE levels in the
amygdala of apoE3 than apoE4 TR mice which was not seen in the hippocampus or cortex.
Such a trend was seen in the hippocampus and cortex of the old TR mice. These results are
consistent with the lack of genotype differences in the hippocampus, frontal cortex, and
cerebellum of 3-5 mo old TR male mice (Sullivan et al., 2004) but at odds with the higher
apoE levels in the hippocampus and cortex of 5 mo old apoE3 than apoE4 TR female mice
(Ramaswamy et al., 2005). Differences in the age of the mice and in environmental
conditions potentially affecting apoE transcriptional and translational regulation might have
contributed to these slightly divergent findings.

ApoE isoforms may differentially modulate anxiety levels by acting in the amygdala, which
plays an important role in the regulation of anxiety (Amaral, 2002; Davidson, 2002; Davis,
1992). Compared with wild type and NSE-apoE3 male mice, NSE-apoE4 male mice show
lower levels of microtubule-associated protein 2-positive neuronal dendrites in the amygdala
(Robertson et al., 2005). Interestingly, in AD there is amygdala atrophy and in nondemented
individuals amygdala atrophy is more pronounced in ¢4 homozygotes than heterozygotes
(den Heijer et al., 2002; Lehtovirta et al., 1996). Thus, apoE isoforms may differentially
affect amygdalar integrity and volume, and as a consequence have differential effects on
measures of anxiety. Further research is warranted to ascertain the extent of amygdalar
integrity and atrophy in TR apoE mice.

Measures of anxiety in the elevated zero maze and plus maze correlated with the cognitive
measures of cumulative distance to the visible platform and latency to reach the platform in
the water maze and with trials to reach criterion during passive avoidance learning.
Therefore, in apoE4 mice, increased anxiety levels may contribute to their superior
performance in parts of the water maze and passive avoidance tests. These findings are
consistent with those from previous studies where mice that show increased measures of
anxiety also show better cognitive performance in the Morris water maze training sessions
(Acevedo et al., 2006; Villasana et al., 2006) and the passive avoidance test (Acevedo et al.,
2006; Acevedo et al., 2006; Acevedo et al., 2008). However, not all studies in mice show
similar associations. Although NSE-apoE4 and Apoe ~ male mice show higher measures of
anxiety compared with wild type and NSE-apoE3 male mice (Robertson et al., 2005), there
was no genotype difference in cognitive performance in these mice at 6 (Raber et al., 1998)
or 18 mo of age (Raber et al., 2000b). Similarly, while NSE-apoE4 female mice show poorer
cognitive performance than NSE-apoE3, wild type, or Apoe 7~ female mice, there was no
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genotype difference in measures of anxiety (unpublished observations). In contrast to what
is seen in the TR mice in the current study, in mice lacking histamine Hj receptors,
decreased anxiety levels were associated with improved learning and memory in the Barnes
maze (Rizk et al., 2004). Similarly, in healthy human apoE4 carriers, increased anxiety
levels were associated with impaired performance on the Wisconsin Card Sorting Test
(Caselli et al., 2004). Elevated anxiety levels are associated with elevated levels of
glucocorticoids and epinephrine, and in healthy participants, elevated glucocorticoids and
epinephrine levels are associated with increased long-term memory for emotional faces and
visual slides, respectively (Cahill and Alkire, 2003; Putman et al., 2004). This complex
relationship might involve an inverted-U shape relationship, with moderate levels of cortisol
facilitating memory and cognition while higher levels impair memory and cognition (Abrari
et al., 2009; Andreano and Cahill, 2006; Domes et al., 2005). Thus the relationship between
measures of anxiety and cognitive performance is complex and the direction of the
relationship might depend on the anxiety and cognitive tests used, how much anxiety is
increased, and genetic factors. Nonetheless, our results highlight the importance of
measuring anxiety levels when assessing cognitive function.

We observed impaired passive avoidance memory retention in old apoE2 female mice, as
indicated by a decreased latency to re-enter the dark compartment. This result contrasts with
the superior cognitive function in elderly women carrying the ¢2 allele compared with those
carrying 3 or ¢4 alleles (Kang et al., 2005). To determine whether decreased anxiety levels
in the apoE2 mice might have contributed to their decreased passive avoidance memory
retention, we assessed measures of anxiety and the correlation between measures of anxiety
and latency to re-enter the dark compartment during the passive avoidance test only in the
old mice in an exploratory analysis. Old apoE2 female mice showed decreased anxiety
levels compared with old apoE4 mice (data not shown). However, percent time in the open
areas/arms of the elevated zero maze and plus maze did not correlate with latency to re-enter
the dark compartment (data not shown), suggesting that decreased anxiety levels did not
contribute to poorer passive avoidance memory retention in the old apoE2 mice. The
impaired passive avoidance retention in old apoE2 mice may be due to their vulnerability to
develop atherosclerosis compared with apoE3 and apoE4 mice (Knouff et al., 1999).

In conclusion, this study supports a role for apoE in regulating measures of anxiety. The
apoE4 mice show the highest levels of anxiety across all ages examined. Measures of
anxiety correlated with performance in the water maze and passive avoidance tests, and
increased anxiety levels might have contributed to the superior performance of apoE4 mice
in the water maze and passive avoidance tests. These findings demonstrate the importance of
assessing measures of anxiety when assessing cognitive function.
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Fig. 1.

Increased task learning in the Morris water maze in young female mice and apoE4 female
mice. (A) Young mice showed a lower cumulative distance to the platform in the visible
platform training sessions compared with middle-aged and old mice. ApoE4 mice showed a
lower cumulative distance to the visible platform compared with apoE2 and apoE3 mice.
The inset shows cumulative distance to the visible platform collapsed across age, as there
was no interaction between age and genotype. (B) Young mice showed a lower cumulative
distance to the hidden platform compared with middle-aged and old mice. Note: the graphs
represent visible session swim speed covariate-adjusted means = SEM #p < 0.05 versus
middle-aged and old mice. *p < 0.05 versus apoE2 and apoE3 mice. n = 6—19 mice per
genotype per age.
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Impaired spatial memory retention in the Morris water maze probe trials in old female mice.
(A and B) OIld mice showed an increased cumulative distance to the platform location
during the hidden trials compared with middle-aged and young mice in probe trials 1 and 2.
(C) Old mice showed an increased cumulative distance to the platform location during the
hidden trials compared with young mice in probe trial 3. p < 0.05 versus other groups. n =
6-17 mice per genotype per age.
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Fig. 3.

Enhanced passive avoidance learning in apoE4 female mice and impaired passive avoidance
retention in old apoE2 female mice. (A) Young apoE3 mice and middle-aged and old apoE2
mice required more trials to reach criterion during passive avoidance training. (B) Old
apoE2 mice showed reduced latency to re-enter the dark compartment where they previously
received an aversive stimulus 24 h after training. *p < 0.05 versus apoE3 and apoE4

mice. &p < 0.05 versus apoE2 and apoE4 mice. n = 7-25 mice per genotype per age.
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Fig. 4.

Reduced activity levels in the open field among middle-aged and old female mice and
apoE4 female mice. Middle-aged and old mice moved less distance in the open field
compared with young mice. ApoE4 mice moved less distance than apoE2 and apoE3 mice.
The inset shows total distance moved collapsed across ages, as there was no interaction
between age and genotype. #p < 0.05 versus middle-aged and old mice. *p < 0.05 versus
apoE2 and apoE3 mice. n = 7-27 mice per genotype per age.
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Fig. 5.

Increased measures of anxiety in the elevated zero maze among young female mice and
apoE4 female mice. Young mice spent less time in the open areas of the zero maze
compared with middle-aged and old mice. ApoE4 mice spent less time in the open areas of
the zero maze compared with apoE2 and apoE3 mice. The inset shows the percentage of
time spent in the open areas collapsed across ages, as there was no interaction between age
and genotype. #p < 0.05 versus middle-aged and old mice. *p < 0.05 versus apoE2 and
apoE3 mice. n = 6-25 mice per genotype per age.
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Fig. 6.

Increased measures of anxiety in the elevated plus maze among middle-aged female mice
and apoE4 female mice. Middle-aged mice spent less time in the open arms of the plus maze
compared with young and old mice. ApoE4 mice spent less time in the open arms of the plus
maze compared with both apoE2 and apoE3 mice, while apoE2 mice spent less time in the
open arms compared with apoE3 mice. The inset shows the percentage of time spent in the
open arms collapsed across ages, as there was no interaction between age and genotype. #p <
0.05 versus young and old mice. *p < 0.05 versus apoE2 and apoE3 mice. &p < 0.05 versus
apoE3 mice. n = 7-26 mice per genotype per age.
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Measures of anxiety were correlated with learning and memory in the Morris water maze
and passive avoidance tests. (A) Percent time in the open areas of the elevated zero maze
correlated with the mean cumulative distance to the platform in the visible platform training
sessions of the Morris water maze. (B) Percent time in the open areas of the elevated zero
maze correlated with the mean latency to reach the platform in the visible platform training
sessions of the Morris water maze. (C) Percent time in the open areas of the elevated zero
maze correlated with the number of trials to reach criterion in passive avoidance training.
(D) Percent time in the open arms of the elevated plus maze correlated with the number of
trials to reach criterion in passive avoidance training.
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Fig. 8.

Comparison of water maze performance between young apoE targeted replacement and
GFAP-apoE mice. (A) GFAP-apoE4 mice showed poorer water maze learning (increased
cumulative distance to the target platform) than apoE4 targeted replacement mice. This was
not seen in the two lines of apoE3 mice. (B) GFAP-apoE and apoE targeted replacement
mice showed similar genotype differences in spatial memory retention in the probe trial
following the last day of hidden platform training with apoE4 mice showing worse spatial
memory retention than apoE3 mice. n = 6-19 mice per genotype.
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ApoE expression levels in the amygdala, hippocampus, and cortex of young and old apoE
targeted replacement mice. ApoE levels are expressed relative to p-actin levels. The inset

shows representative S-actin and apoE levels in brain tissue of a human apoE targeted

replacement mouse and an Apoe 7~ mouse. Lane 1 shows the protein ladder, lane 2 shows
the S-actin and apoE levels in brain the tissue of a targeted replacement mouse, and lane 3
shows the g-actin levels in brain tissue of an Apoe ~mouse. n = 3 mice per genotype per

time point.
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ApoE expression levels in the amygdala, hippocampus, and cortex of young apoE targeted
replacement and GFAP-apoE mice. ApoE levels are expressed relative to g-actin levels. n =

15 mice.
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Number of apoE targeted replacement mice within each genotype and age group included in the behavioral

Table 1
tests
Behavioral test Age ApOE28  ApoE3?  ApoE4@
Open field YoungP 9 10 9
Middle-aged® 7 8 10
oigd 27 20 17
Elevated zero maze  yoyngb 9 10 9
Middle-aged® 6 8 1
oIgd 25 17 17
Elevated plus maze Youngb 8 10 9
Middle-aged® 7 8 12
olgd 26 22 18
Morris water maze  yqyngP 8 10 9
Middle-aged® 6 8 9
olqd 19 17 8
Passive avoidance  youngb 8 10 9
Middle-aged® 7 7 10
oigd 25 21 16

a . .
ApoE = apolipoprotein E.

bYoung = 6-8 mo of age.

cMiddle-aged =10-13 mo of age.

d

Old = 14-22 mo of age.
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