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Abstract

Anxiety is a prominent and debilitating symptom in Alzheimer’s disease (AD) patients. Carriers 

of APOE4, the greatest genetic risk factor for late-onset AD, may experience increased anxiety 

relative to carriers of other APOE genotypes. However, whether APOE4 genotype interacts 

with other AD risk factors to promote anxiety-like behaviors is less clear. Here, we used 

open field exploration to assess anxiety-like behavior in an EFAD mouse model of AD 

that expresses five familial AD mutations (5xFAD) and human APOE3 or APOE4. We first 

examined whether APOE4 genotype exacerbates anxiety-like exploratory behavior in the open 

field relative to APOE3 genotype in a sex-specific manner among six-month-old male and 

female E3FAD (APOE3+/+/5xFAD+/−) and E4FADs (APOE4+/+/5xFAD+/−). Next, we determined 

whether circulating ovarian hormone loss influences exploratory behavior in the open field among 

female E3FAD and E4FADs. APOE4 genotype was associated with decreased time in the center 

of the open field, particularly among female EFADs. Furthermore, ovariectomy (OVX) decreased 

time in the center of the open field among female E3FADs to levels similar to intact and OVXed 

E4FAD females. Our results suggest that APOE4 genotype increased anxiety-like behavior in the 

open field, and that ovarian hormones may protect against an anxiety-like phenotype in female 

E3FAD, but not E4FAD mice.
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Introduction

Although memory dysfunction is the predominant behavioral hallmark of Alzheimer’s 

disease (AD), anxiety is a frequent comorbidity (Ferretti et al., 2001; Porter et al., 2003). 

Indeed, although the primary thrust of much AD research has been to uncover underpinnings 

of memory dysfunction, less is known about factors contributing to anxiety in AD patients. 

Anxiety disorders and AD disproportionately affect females relative to males (Altemus 

et al., 2014; Launer et al., 1999), and female sex exacerbates anxiety in AD patients 

(Tao et al., 2018). Women who underwent bilateral oophorectomy prior to menopause 

experience increased risk for AD (Rocca et al., 2007) and are more likely to experience 

anxiety symptoms (Rocca et al., 2008), suggesting that removal of estrogens negatively 

impacts multiple psychological realms. APOE4 genotype, the primary genetic risk factor 

for late-onset AD (Ertekin-Taner, 2007), has also been linked to increased anxiety in male 

and female AD patients (Michels et al., 2012). Although female sex, APOE4 genotype, 

and ovarian hormone loss have all been independently linked to increased anxiety in AD 

patients, these factors have not been examined in concert in mouse models of AD.

Interestingly, previous evaluations of anxiety-like behavior in rodent models of AD have 

yielded inconsistent and contradictory results. In some cases, transgenics including APP/PS1 

and 5xFAD mice, exhibited decreased or equivalent anxiety-like behavior in the open field 

or elevated plus maze relative to wild-type controls (Arendash et al., 2001; Jawhar et 

al., 2012; Radde et al., 2006). By contrast, increased anxiety-like behavior has also been 

reported, often in the same tasks or animal model that reportedly exhibited decreased 

anxiety-like behavior in previous studies (Flanigan et al., 2014; Lippi et al., 2018; Sterniczuk 

et al., 2010). Discordant findings in investigations of anxiety-like behaviors underscore the 

need for additional attention to be paid to modeling anxiety-like behaviors in rodent models 

of AD and determining how risk factors like APOE genotype, sex, and ovarian hormone loss 

influence these behaviors within these models.

Consistent with the human literature, male and female mice expressing APOE4 exhibit 

increased anxiety-like behavior relative to APOE3 carriers (Robertson et al., 2005; Siegel 

et al., 2012). However, whether this between-genotype difference persists in model in 

which mice also develop AD-like pathology remains an important question. In addition, 

although female sex increases risk for anxiety and for AD in humans, few existing studies 

evaluate sex differences in anxiety-like behavior in mouse models of AD. Unfortunately, 

many studies that include both males and females do not segregate data by sex, which 

could inadvertently occlude observation of sex differences in anxiety-like behaviors in 

these models. Given the differential contributions of sex, as well as APOE3 and APOE4 
genotypes, to anxiety in human patients (Michels et al., 2012; Tao et al., 2018), examining 

how these factors contribute to anxiety-like behavior against a background of AD pathology 

is a crucial step towards targeting anxiety-like symptomology in disease treatments. In the 

present study, exploration in an open field was used as a measure of anxiety-like behavior, 

as less time spent in the center of the open field is thought to indicate increased anxiety 

(Seibenhener and Wooten, 2015). Here, we used a mouse model of AD designed to model 

APOE-associated AD risk to test the hypotheses that APOE4 genotype exacerbates anxiety-
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like behavior in the open field relative to APOE3 genotype, and that ovarian hormone loss 

acts synergistically with APOE4 to exacerbate anxiety-like behavior in the open field.

Methods

Subjects

APOE-TR+/+/5xFAD+/− (EFAD) mice co-express five familial AD mutations (APP K670N/

M671L + I716V + V717I and PS1 M146L + L286V) under control of the neuron-specific 

mouse Thy-1 promoter, and human APOE3 or APOE4 (Youmans et al., 2012). Experimental 

mice were homozygous for human APOE3 (E3FAD) or APOE4 (E4FAD). EFAD mice 

were bred, weaned, and genotyped for APOE and 5xFAD status at the University of Illinois 

Chicago, (UIC; Animal use protocol 17-066) prior to being shipped to the University of 

Wisconsin-Milwaukee (UWM) at 2 months of age, where they were aged to 6 months before 

behavioral testing (UWM animal use protocol 19-20-03). Mice were housed in groups of 

3-5 per cage (at both UIC and UWM for Experiment 1a) or singly housed (Experiment 1b) 

and maintained on a 12 hr light/dark cycle with ad libitum access to food and water for 

the duration of the study. Mice were handled for 30 s/day for three days prior to behavior. 

Protocols and procedures followed the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals and were approved by the UIC Animal Care Committee and 

UWM Institutional Animal Care and Use Committee.

Surgery

Mice in Experiment 1 did not undergo surgical procedures. Two weeks prior to behavioral 

testing, female E3FAD and E4FAD mice in Experiment 2 underwent bilateral ovariectomy 

to eliminate ovarian hormones, and were also implanted with bilateral stainless steel 

cannulae into the dorsal hippocampus (DH) as described previously (Lewis et al., 2008) 

for subsequent experiments not reported here. During the procedure, mice were anesthetized 

with isofluorane (5% for induction, 2% for maintenance) in 100% oxygen. For analgesia, 

mice received carprofen MediGel 1 day before and 1 day after surgery, and received a 

subcutaneous injection of 5 mg/kg Rimadyl at the start of the surgical procedure.

Open Field (OF)

Data were collected in a 5-minute trial, during which mice explored a novel empty 

square arena (60 cm x 60 cm x 47 cm). The arena was illuminated by standing lights to 

approximately 75 lux. A luxometer was used before training to verify that the four corners 

of the OF were evenly illuminated and within 5 lux of each other. OF was used to measure 

general locomotor activity and time spent in the perimeter as an indicator of anxiety-like 

behavior (Prut and Belzung, 2003). The arena was divided into 16 squares via an automated 

grid system using ANYmaze software (San Diego Instruments), which was also used to 

record data. Time in the center squares of the arena, distance travelled, and speed were 

recorded. More time in the center was indicative of low anxiety levels, and higher values for 

distance and speed indicated increased activity (Bailey and Crawley, 2009).
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Statistical analyses

Statistical analyses were performed using GraphPad Prism 9 software. For Experiment 

1, differences were assessed using two-way ANOVAs with sex and genotype as between-

subject variables. For Experiment 2, differences were assessed using two-way ANOVAs 

with genotype and gonadal status as between-subject variables. Because APOE4 genotype 

and female sex are associated with greater anxiety in humans (Michels et al., 2012; Tao 

et al., 2018), we hypothesized that female E4FADs would exhibit the most anxiety-like 

behavior followed by female E3FADs and male E4FADs, and then male E3FADs. Due to 

these specific predictions, significant main effects were followed by planned Tukey’s post 
hoc comparisons. Statistical significance was set at p < 0.05 for all statistical tests. Trends 

were determined by p < 0.10. Effect sizes were calculated using η2.

Results

Experiment 1: APOE4 genotype increases anxiety-like behavior relative to APOE3 
genotype

Given the prevalence of anxiety in AD patients (Ferretti et al., 2001; Porter et al., 2003), 

particularly APOE4 carriers (Michels et al., 2012), anxiety-like behaviors were measured in 

male and female E3FAD (n = 16, male E3FAD; n = 16, female E3FAD) and E4FAD mice (n 

= 13, male E4FAD; n = 14, female E4FAD) using the open field (OF).

E4FADs, regardless of sex, spent significantly less time in the center of the OF than E3FADs 

(Fig. 1B; genotype effect: F(1, 55) = 6.89, p = 0.01, η2 = 0.11). This effect was prominent 

in E4FAD females, such that female E4FADs spent significantly less time in the center than 

female E3FADs (p = 0.04). The main effect of sex (F(1,55) = 0.02, p = 0.89) and genotype x 

sex interaction (F(1,55) = 1.44, p = 0.24) were not significant.

Females traveled further than males (Fig. 1C; F(1, 53) = 8.0 p = 0.007, η2 = 0.13). Female 

E4FADs traveled the furthest, moving longer distances than male E3FADs (p = 0.02). 

Average speed was also influenced by sex, such that females traveled faster than males (Fig. 

1D; F(1, 53) = 8.07, p = 0.006, η2 = 0.13). As with distance traveled, female E4FADs traveled 

significantly faster than male E3FADs (p = 0.02). The main effects of genotype (F(1, 53) = 

1.92, p = 0.17 for distance traveled; F(1, 53) = 2.01, p = 0.16 for average speed) and genotype 

by sex interactions (F(1, 53) = 0.06, p = 0.82, distance traveled; F(1, 53) = 0.08, p = 0.78 for 

average speed) were not significant for either measure.

Experiment 2: Ovariectomy increases anxiety-like behavior in E3FADs

Because oophorectomy before menopause increases AD risk (Rocca et al., 2007), and 

estrogens are anxiolytic (Walf and Frye, 2006), we sought to determine whether loss of 

ovarian hormones facilitates increased anxiety-like behavior in the OF in female EFADs. 

Here, we hypothesized that female E4FADs would spend significantly less time in the center 

of the OF than every other group, and that OVX would exacerbate this effect. Thus, we 

tested whether bilateral ovariectomy resulted in decreased time spent in the center of the OF 

in the EFAD model by comparing anxiety indices of the intact female E3FAD and E4FADs 

from Experiment 1 to OVXed female E3FAD (n = 32) and E4FADs (n=31).
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OVXed female EFADs spent significantly less time in the center of the OF relative to intact 

female EFADs (Fig. 2B; gonadal status effect: F(1,87) = 16.6, p < 0.0001, η2 = 0.15), and 

E4FADs spent less time in the center relative to E3FADs (Fig. 2B; genotype effect: F(1,87) 

= 4.14, p = 0.045, η2 = 0.04). These effects and their interaction (Fig. 2B; F(1,87) = 6.98 

p = 0.01, η2 = 0.06 ) were driven by intact female E3FADs spending significantly more 

time in the center than every other group (p = 0.006 vs OVXed E3FADs; p = 0.0005 vs 

intact E4FADs; p = 0.0002 vs OVXed E4FADs). Importantly, no differences were observed 

between OVXed E3FAD and E4FAD females, or intact and OVXed E4FADs, suggesting 

that OVX induces an E4FAD-like OF phenotype in female E3FADs. For distance traveled 

and average speed, two-way ANOVAs yielded no significant main effects or interactions, 

suggesting that all groups traveled similar distances at similar speeds.

Discussion

Given the prevalence of anxiety in AD patients (Ferretti et al., 2001), understanding 

whether genetic or sex-specific factors contribute to anxiety-like symptoms is crucial for 

development of therapeutics. The present study tested whether APOE4 genotype, female 

sex, and ovarian hormones contribute to increased anxiety-like behavior in a mouse model 

of AD designed to reproduce APOE-associated disease risk against a background of AD-like 

pathology. We hypothesized that the APOE4 genotype in this model would be associated 

with decreased time spent in the center of the OF relative to the APOE3 genotype, and that 

OVX would be anxiogenic for OF behaviors. Results indicate that APOE4 genotype was 

anxiogenic in the OF relative to APOE3 genotype, as was ovariectomy in female APOE3 
homozygotes. These data provide new insights into factors that may contribute to anxiety 

in women with AD and suggest that hormone therapy may help alleviate anxiety in some 

female patients.

In male and female mice expressing human APOE, APOE4 carriers exhibit more anxiety-

like behavior than APOE3 carriers (Robertson et al., 2005; Siegel et al., 2012). Data from 

human patients with probable AD mirror findings from animal models, in that APOE4 is 

anxiogenic relative to APOE3 (Robertson et al., 2005). These findings are consistent with 

our data demonstrating that E4FADs spent less time in the center of the OF compared 

to E3FADs, although this effect appears to be driven largely by female E4FADs. Others 

have found the APOE4 genotype to be anxiogenic in males in the elevated plus maze 

(Robertson et al., 2005). However, our results suggest minimal differences in OF behavior 

between male E3FAD and E4FADs, underscoring the need to use multiple behavioral tasks 

to provide a more complete understanding of how different APOE genotypes influence 

anxiety-like behaviors. Although the sex x genotype interaction was not significant, the 

markedly reduced center time for female E4FADs relative to E3FADs suggests that female 

sex may exacerbate anxiety-like behavior in APOE4 carriers.

We also found that female EFADs were more active than male EFADs, regardless of 

genotype, which is consistent with reports that female rodents are more active than males 

(Beatty, 1979; Rosenfeld, 2017). Although female E4FADs were the most active, they also 

spent the least amount of time in the center of the OF, suggesting that anxiety about being 
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in a novel environment may have resulted in rapid circling of the periphery in an attempt to 

escape.

Our results demonstrating that OVXed E3FADs were more anxious than intact E3FADs, 

and similarly anxious to E4FAD females, are consistent with data demonstrating that OVX 

increases anxiety-like behavior (de Chaves et al., 2009; Schoenrock et al., 2016). However, 

we saw no decrease in time spent in the center of the OF in OVXed E4FADs relative 

to intact E4FADs. This similarity may be attributed to the detrimental impact of APOE4, 

such that the already low amount of time spent in the center of the OF in E4FAD females 

prevented OVX from further decreasing this measure. Given that intact female E3FADs 

spent more time in the center of the OF than OVXed female E3FADs, our data suggest 

a neuroprotective role for ovarian estrogens against anxiety-like behaviors. If validated 

in future studies with other anxiety-like behaviors, then these findings may suggest that 

both ovarian status and APOE genotype should be taken into careful consideration when 

weighing treatment options for AD patients.

Future work should also examine whether estrogen replacement is anxiolytic in E3FADs and 

E4FADs, and in APOE3 and APOE4 human carriers. Here we employed only one method of 

assessing anxiety-like behaviors and examining additional indices of anxiety would provide 

a more complete understanding of contexts under which APOE4 and hormone loss are 

anxiogenic. Two important potential confounds must be considered in future experiments 

examining effects of OVX on anxiety-like behaviors in EFAD mice. First, mice from 

Experiment 2 underwent surgical procedures, whereas mice from Experiment 1 did not. 

However, two weeks elapsed between surgery and behavioral testing, which allowed for 

full recovery prior to OF and should have mitigated any lasting effects from surgery. 

Nevertheless, sham OVX and intracranial surgeries would serve as important controls in 

future work to support a causative role of OVX and rule out any detrimental effects of 

cannulation surgery on brain structures involved in modulating anxiety. Second, mice from 

Experiment 1 were group housed, whereas mice from Experiment 2 were singly housed. It 

is possible that group housing protected against anxiety-like behaviors in E3FADs, and that 

the anxiety-like phenotype present in OVXed E3FADs cannot be fully attributed to OVX. 

However, because mice were only singly housed for one week prior to testing, chronic or 

long-lasting effects of single housing, which is known to increase anxiety-like behaviors, 

is unlikely to have affected OF exploration in the present experiment. Nevertheless, 

disentangling the effects of single versus group housing in future work would strengthen 

the conclusion that OVX is responsible for an increased anxiety-like phenotype in E3FADs.

Given results showing a benefit for the potent estrogen 17β-estradiol (E2) on cognition 

and anxiety-like behaviors, E2 may also be therapeutic for anxiety in AD patients (Walf 

and Frye, 2006). Furthermore, researchers should explore whether timing of administration 

following gonadectomy impacts the ability of E2 to decrease anxiety-like behavior, given the 

critical window for estrogen replacement therapy for other cognitive behaviors. However, 

whether estrogen replacement therapy may resolve behavioral symptomology of AD in 

APOE4 carriers remains controversial and deserves further study. In addition, although 

the results of the present study suggest a detrimental role for APOE4 in promoting anxiety-

like behavior in the open field and a neuroprotective role for ovarian estrogens against 
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anxiety-like behavior in the open field, future work must be conducted to rule out possible 

contributions of experimental confounds related to housing or surgery on such behaviors.
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Highlights

• APOE4 genotype decreased time spent in the center of an open field

• Ovariectomy decreased center exploration time in APOE3+ females

• Estrogens may reduce anxiety-like behavior in APOE3+ but not APOE4+ 

females

• Future work should rule out potential confounds related to housing or surgery
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Fig 1. E4FADs exhibit more anxiety-like behavior in the open field than E3FADs.
(A) Track plots illustrate representative patterns of movement in the open field. (B) E4FAD 

females spent less time in the center relative to E3FADs (&p < 0.05, main effect of genotype; 

* p < 0.05, female E4FADs vs female E3FADs). (C,D) Female E4FADs traveled further 

(##p < 0.01, main effect of sex; *p < 0.05, female E4FAD vs male E3FAD) and faster on 

average (##p < 0.01, main effect of sex; *p < 0.05, female E4FAD vs male E3FAD) than 

male E3FADs.

Taxier et al. Page 11

Horm Behav. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Ovariectomy induces an APOE4-like anxiety phenotype in E3FAD females.
(A) Track plots illustrate representative patterns of movement in ovariectomized EFADs 

in the open field. (B) E3FAD females spent significantly more time in the center than 

E4FAD females (&p < 0.05, main effect of genotype), and intact E3FADs spent significantly 

more time in the center than OVXed EFADs ($$$p < 0.0001, main effect of OVX). Intact 

E3FADs spent significantly more time in the center relative to every other group (^^p < 0.01, 

significant interaction; **p < 0.01 vs OVXed E3FADs, ***p < 0.001 vs intact and OVXed 

E4FADs). (C,D) Distance traveled and average speed did not differ among female EFADs 

regardless of genotype or gonadal status.
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