
UCSF
UC San Francisco Previously Published Works

Title
Female mice with apolipoprotein E4 domain interaction demonstrated impairments in 
spatial learning and memory performance and disruption of hippocampal cyto-architecture

Permalink
https://escholarship.org/uc/item/6xv014gp

Authors
Adeosun, Samuel O
Hou, Xu
Shi, Lili
et al.

Publication Date
2019-05-01

DOI
10.1016/j.nlm.2019.03.012
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6xv014gp
https://escholarship.org/uc/item/6xv014gp#author
https://escholarship.org
http://www.cdlib.org/


Female Mice with Apolipoprotein E4 Domain Interaction 
Demonstrated Impairments in Spatial Learning and Memory 
Performance and Disruption of Hippocampal Cyto-Architecture

Samuel O. Adeosun1,2, Xu Hou1,2, Lili Shi1, Craig A. Stockmeier2,3, Baoying Zheng1, Robert 
L. Raffai7, Karl H. Weisgraber6, Thomas H. Mosley5, and Jun Ming Wang1,2,3,4,5

1Department of Pathology, University Mississippi Medical Center, Jackson, Mississippi, 39216

2Program in Neuroscience, University Mississippi Medical Center, Jackson, Mississippi, 39216

3Department of Psychiatry and Human Behavior, University Mississippi Medical Center, Jackson, 
Mississippi, 39216

4Department of Pharmacology and Toxicology, University Mississippi Medical Center, Jackson, 
Mississippi, 39216

5Memory Impairment and Neurodegenerative Dementia Center, University Mississippi Medical 
Center, Jackson, Mississippi, 39216

6Emeritus Investigator, Gladstone Institute of Neurological Disease, University of California, San 
Francisco, CA 94141

7University of California, San Francisco and VA Medical Center, San Francisco, CA 94121

Abstract

Our previous work reported cognitive impairments in both young and old mice, particularly in 

female mice expressing mouse Arg-61 apoE, with a point mutation to mimic the domain 

interaction feature of human apoE4, as compared to the wildtype mouse (C57BL/6J) apoE. In this 

study, we further evaluated water maze performance in the female Arg-61 mice at an additional 

time point and then investigated related hippocampal cyto-architecture in these young female 

Arg-61 apoE mice vs. the wildtype mice. The results of behavioral performance consistently 

support our previous report that the young female Arg-61 apoE showed cognitive impairment 

versus C57BL/6J at the same age. The cyto-architectural results showed that volume of the 

granular cell layer (GCL) was significantly larger in both 5- and 10-month old Arg-61 apoE mice 

versus C57BL/6J mice. While the number of newborn calretinin-positive neurons was greater in 

the sub-granular zone (SGZ) in 5-month old Arg-61 mice, this number dropped significantly in 10-

month old Arg-61 mice to a lower level than in age-matched C57BL/6J mice. In addition, the 

amyloid β species was significantly higher in 5-month old Arg-61 mice versus age-matched 
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C57BL/6J mice. In conclusion, impaired cognitive functions in female Arg-61 apoE mice appear 

correlated with larger GCL volume and higher calretinin-positive cell number and suggest a 

compensatory cellular response that may be related to amyloid beta perturbations early in life. 

Therefore this study suggests a novel cyto-architectural mechanism of apoE4-dependent 

pathologies and increased susceptibility of APOEε4 subjects to Alzheimer’s disease.
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1. INTRODUCTION

Human apolipoprotein E (apoE) ε4 remains the most important genetic risk factor for late 

onset AD. ApoE4 subjects in various age brackets also have smaller hippocampal volume 

and this applies to both AD (Lehtovirta et al., 1995; Pievani et al., 2011) and healthy 

subjects (Burggren et al., 2008; O’Dwyer et al., 2012), and particularly to healthy women 

(Cohen et al., 2001) as well as women with MCI (Fleisher A, 2005). Furthermore, the 

APOEε4 gene is associated with enhanced longitudinal hippocampal volume loss (Jak et al., 

2007; Moffat et al., 2000) and whole brain atrophy rates are positively correlated with 

APOEε4 gene-dose in late middle-aged individuals (Chen et al., 2007). Hippocampal 

volume and shrinkage/atrophy of the hippocampus impacts and predicts memory functions, 

performance and intelligence in humans (Andreasen et al., 1993; Cohen et al., 2006; Dolek 

et al., 2012; Grundman et al., 2003; Lye et al., 2006, 2004; Petersen et al., 2000; Stoub et al., 

2010). As with smaller hippocampal volume, several studies have reported diminished 

cognitive functions in apoE4 subjects with or without AD (Caselli, 2009; Dik et al., 2001). 

Even more interesting is the fact that this AD-independent cognitive impairment may also be 

independent of old age as cognitive impairments have been reported in young human apoE4 

subjects (Acevedo et al., 2010; Deary et al., 2002) and young mice, expressing apoE4 (Liraz 

et al., 2013). These findings suggest that apoE4 may negatively impact cognitive functions 

even early in life perhaps due in part to the hippocampal cyto-architecture impairments 

associated with apoE4.

The Arg-61 apoE mouse, an established model of apoE4 domain interaction, was developed 

through site directed mutagenesis (Thr61→Arg61), of the endogenous mouse apoE gene 

that was made to display domain interaction, the main biophysical and pathological feature 

that differentiates apoE4 from apoE2 and apoE3 (Dong and Weisgraber, 1996; Hatters et al., 

2005; Raffaï et al., 2001). We previously reported impaired learning and memory functions 

in both young and old mice expressing Arg-61 apoE (Adeosun et al., 2014), especially in 

females. In this study, we carried out hippocampus-dependent learning and memory tests on 

5- and 10-month old female Arg-61 and C57BL/6J mice. In addition, we explored changes 

of hippocampal cyto-architecture in these Arg-61 apoE mice and C57BL/6J controls. We 

hypothesized that young Arg-61 apoE mice may have smaller hippocampal volume 

compared to wildtype mice, a factor that may, at least in part, be related to their impaired 

cognitive functions.
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2. MATERIALS AND METHODS

2.1 Mice

Arg-61 apoE mice were backcrossed for more than 10 generations into the C57BL/6J as 

previously described (Raffaï et al., 2001, Zhong et al., 2009, Zhong et al., 2008). C57BL/6J 

mice used as controls were obtained from Taconic Labs (Hudson, NY 12534, USA). This 

study was carried out in strict adherence to the recommendations in the Guide for the Care 

and Use of Laboratory Animals of the National institute of Health. The protocol 

(protocol#1155B) was approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of Mississippi Medical Center. All efforts were made to 

minimize suffering and the number of animals used.

2.2 Materials.

Rabbit polyclonal calretinin D29k (Cat#214 102) and Aβ 38/40/42; 1:500 (Cat#218 711 

Clone 88B12) were purchased from Synaptic Systems (Goettingen, Germany); Mouse anti 

NeuN (MAB377) from Millipore (Burlington, MA); Rabbit anti-GAPDH antibody (Cat# 

sc-25778) from SantaCruz Biotechnologies (Dallas, TX). Donkey anti mouse CY3 and 

donkey anti-rabbit 488 secondary antibodies (for IHC); IRDye 680RD donkey anti-mouse 

(Cat# 926–68072) and IRDye donkey anti-rabbit (Cat# 926–32213) secondary antibodies 

from Licor (Lincoln, NE) (for dot blot analysis); normal goat (Cat# S1000) and horse sera 

(Cat# S2000) from Vista Labs (Burlingame, CA); Triton X-100 (Cat# T8787) and DPX 

mountant from Sigma-Aldrich (St. Louis, MO).

2.3 Cognitive performance and brain sample collection

The cognitive performance was evaluated by Radial-Arm Water Maze (RAWM), Novel Arm 

Discrimination (NAD), and Spontaneous Alternation in Y-Maze (SAYM) in young and old 

mice, as reported previously (Adeosun et al., 2014). At the end of the behavioral 

experiments, mice were sacrificed at 5 or 10 months-of-age after deep anesthesia with 

isoflurane and cardiac perfusion with PBS. Brain tissue harvesting and processing for 

histological staining and protein preparation were done as previously described (Adeosun et 

al., 2014).

2.4 Nissl staining

Each twelfth section (40 μm thick) obtained through the rostro-caudal extent of the brain 

was mounted on glass slides and Nissl staining was done according to the procedure 

described in the ‘Allen Reference Atlas’.

2.5 Immunohistochemistry and unbiased stereology

Immunohistochemical staining was carried out on each twelfth section throughout the 

rostro-caudal length of the brain as described (Adeosun et al., 2014) with a few 

modifications. Briefly, sections were incubated overnight with shaking at 4°C with primary 

antibodies (NeuN 1:500; Calretinin 1:200) diluted with blocking buffer (1X PBS; 0.4% 

Triton X-100; 2% normal goat serum and 2% normal donkey serum) containing 2.5% each 

of goat and donkey normal sera. Sections were washed and detected with the appropriate 
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secondary antibodies. The appropriate negative controls (no primary antibody) were carried 

out along with the stained samples to determine antibody specificity and/or non-specific 

staining.

Unbiased stereology of the region of interest (ROI) was carried out as previously described 

(Adeosun et al., 2012). The region of interest included the granular and molecular layers of 

the dentate gyrus and the hilus.

2.6 Hippocampal volume measurement

Montage images of the whole hemi-brain section were taken at 10X objective magnification 

using a microscope controlled by the Slidebook 6.0.7 Software (Intelligent Imaging, Denver, 

CO). Each twelfth section (40 μm) was evaluated, resulting in 6–7 sections containing parts 

of the hippocampus per animal. The hippocampus, dentate gyrus (DG), granular cell layer 

(GCL) or CA2–3 of the dentate gyrus were manually traced with a mouse one at a time (Fig. 

2a and 2b) and ‘masked’ within each montage image. The surface area of the respective 

masked region-of-interest was generated in μm2 using the mask statistic menu in the 

Slidebook program. For each region-of-interest, the estimated volume for each animal was 

obtained by multiplying the sum of the surface area (in μm2) of all sections measured with 

the section interval (12 sections × 40 μm = 480μm) (Ojo et al., 2013; Peirce et al., 2003). 

The averages of these resulting volumes were then compared between C57BL/6J and Arg-61 

mice.

2.7 NeuN-positive cell density and relative cell number determination

Three sections from the 10-month old mice containing the hippocampus with similar shapes 

located between bregma −1.455mm and −2.355mm (According to ‘Allen Reference Atlas’) 

were used to determine the NeuN-positive cell density within the GCL of each mouse. 

Images were taken at 40X and two 50μm × 50μm squares were positioned within the layer 

of cells as shown within the ‘apex’ and ‘crest’ (Fig. 6A) of each section. Cells that were in 

focus and that fell within the square were counted. Cells that crossed the green (top and left) 

lines were included while those that crossed the red lines (bottom and right) lines were 

excluded (Fig 6A-i). The mean cell count for each mouse was obtained after which the mean 

values for all C57BL/6J and Arg-61 mice were compared by Student’s t-test. The relative 

NeuN cell number within the GCL was obtained by multiplying the cell density obtained for 

each mouse by the volume measured in each mouse. The number presented was expressed 

relative to the mean obtained for C57BL/6J mice.

2.8 Cell size determination

The sizes of NeuN+ cells in the GCL were measured by sampling 10 cells (with nuclei) 

from 4 different positions within each of 3 sections of similar shapes. This made a total of 

(10×4×3) 120 cells measured per mouse. The respective percentile (10th, 20th, …100th; i.e. 

from smallest to largest) sizes were obtained for each animal.

2.9 Dot blot

After mice were sacrificed, the hippocampus was dissected and frozen on dry ice. 

Hippocampal protein was extracted with RIPA buffer supplemented 1:100 with Halt protease 
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inhibitor cocktail. Protein concentrations were determined by BCA assay and protein 

homogenates were normalized to 2μg/μL with RIPA-Halt. 1.5μL (3μg) of homogenate was 

spotted on nitrocellulose membrane and allowed to air-dry for 4 hours. Membranes was 

incubated overnight at 4°C with shaking in a mix of primary antibodies (mouse anti Aβ 
38/40/42; 1:500 [Cat# C1 88B12 Synaptic Systems] and Rabbit anti-GAPDH; 1:1000 [Cat# 

sc, SantaCruz Biotechnologies]). Membranes were washed with PBS-Tween20 and then 

incubated for 1hr at room temperature with a mix of IRDye 680RD donkey anti-mouse and 

IRDye donkey anti-rabbit (Cat# 926–68072 and Cat# 926–32213, respectively; Licor) both 

at 1:10,000 dilution. The membrane was then washed for 15mins three times with PBS-

Tween 20 and scanned with the Odyssey scanner. The image was acquired and analyzed 

using the Licor Image Studio version 5.0. Optical densities of individual Aβ signal in each 

spot were normalized with the respective GAPDH signal.

2.10 Statistics

Two way ANOVA was used to analyze the effects of age and genotype in 5- and 10-month 

old C57BL/6J and Arg-61 mice. When data included either only 5- or 10-month old mice, 

independent sample Student’s t-test was used. Data are presented as mean±SEM and two-

sided α-level of statistical significance was set at 0.05.

3. RESULTS

3.1. Cognitive impairment in young female, but not in male, Arg-61 apoE mice

The behavioral performance of the 10-month old Arg-61 mice demonstrated significant 

cognitive impairments. The analysis showed a significant difference in the latency (time-to-

target) during the training trials was specifically impaired among young females (Arg-61 vs. 

C57BL/6J), but not young males (Adeosun et al., 2014). The percentage time-in-target 

(duration, Fig. 1A) of young female Arg-61 mice in the 30 seconds probe trial showed 

spatial memory impairment as they ‘lost’ the preference for the target, while the C57BL/6J 

mice and the male arg-61 mice retained it (two-way ANOVA, F(1,16) = 3.93, *p < 0.05 for 

female Arg-61 vs. C57BL/6J; and F(1, 16) = 5.49, *p < 0.05 for female vs. male Arg-61 

apoE mice, respective). The percentage entry-into-target (frequency, Fig. 1B) only showed a 

trend of significance (F(1,16) = 2.43, p = 0.13 for female Arg-61 vs. C57BL/6J mice). These 

data suggest that, in addition to the previously reported impairments of time-to the target, the 

time-in the target arm (spatial memory) in old Arg-61 mice (Adeosun et al., 2014), these 

cognitive impairments are also consistently observed in the young female Arg-61 mice. 

Taken together the results suggest that domain interaction in apoE protein not only correlates 

with impairment in older animals but also may actually work independent of age as 

significant impairment was found also in young female animals. To evaluate if the Arg-61 

apoE domain interaction has the similar pathoneurobiological effects with human apoE4 on 

disruption of hippocampal cyto-architecture, the following results were obtained.

3.2. Larger relative volumes of hippocampal regions in Arg-61 mice

The volume of areas measured included the whole hippocampus (excluding the fimbria), the 

dentate gyrus (as shown in Fig. 2A) and lastly, CA2–3 (not shown) in Nissl-stained sections 

of 5-month old female C57BL/6J and Arg-61 apoE mice. There was no significant 
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difference in the whole hippocampus volume between C57BL/6J and Arg-61 mice 

(13.47±0.62mm3 vs. 13.89±0.47mm3; p=0.614; Fig. 2B). There was also no significant 

difference in the CA2–3 volume between C57BL/6J and Arg-61 mice in absolute terms 

(0.86±0.11mm3 vs. 0.95±0.11 mm3; p=0.593), or when expressed relative to body weight 

(35.8±6.2 vs. 40.2±4.4 mm3g−1; p=0.586), The volume of CA2–3 did not significantly differ 

between C57BL/6J and Arg-61 mice when expressed as a percentage of the whole 

hippocampus (6.3±0.6% vs. 6.8±0.6%; p=0.602) (figures not shown). However, there was a 

trend for a 17.5% marginal increase in dentate gyrus volume in Arg-61 apoE mice 

(3.50±0.18mm3) versus C57BL/6J mice (2.98±0.14mm3) (p=0.058) (Fig. 2C). Furthermore, 

there was a significant higher percentage of their hippocampus represented by the dentate 

gyrus (25±0.5% vs. 22±0.2%; p=0.001) in Arg-61 vs. C57BL/6J mice, respectively (Fig. 

2D). Neither the mice body weights (24.2±1.54g vs. 23.4±0.27g; p>0.05) nor the number of 

sections measured (6.75±0.25 vs. 6.75±0.25; p>0.05) were significantly different between 

C57BL/6J and Arg-61 apoE mice. While there was no significant difference in the whole 

hippocampal volume between Arg-61 and C57BL/6J mice and since the dentate gyrus 

contains the granular cell layer (GCL) made up of the cell bodies of the dentate gyrus 

neurons, these data suggest that the cellular layer of the hippocampus may be larger in the 

young Arg-61 apoE mice compared to age-matched C57BL/6J mice.

3.3 More CR+ cells in the hippocampal subgranular zone of Arg-61 mice

We previously reported an increase in doublecortin-positive (DCX+) cells in the subgranular 

zone (SGZ) of the hippocampus of young Arg-61 apoE mice vs. C57BL/6J mice, which 

supports the possibility that more new cells are being added to the GCL. However, as we and 

others (Heine et al., 2004) have reported, especially in young rodents, it is likely that many 

of the DCX+ cells die before reaching maturity. To further investigate the basis of the 

potentially larger GCL volume in Arg-61 apoE mice and a potential age-dependent 

difference, we analyzed the number of new-born calretinin-positive (CR+) neurons being 

added to the GCL in the 5- and 10-month old C57BL/6J and Arg-61 female mice. While CR

+ neurons were found in several areas of the brain including several layers of the cortex, our 

focus was on the hippocampus. CR+ neurons were observed more frequently in the ventral 

than dorsal portions of the hippocampus as reported (Fujise et al., 1997; Fujise and Kosaka, 

1999). The majority of the observed CR+ neurons in the ventral levels of the hippocampus 

are the larger, mossy cells located within the hilar portions of the dentate gyrus (Brandt et 

al., 2003). The second category of CR+ neurons are smaller than the hilar types and are 

located within the SGZ at the junction of the granular cell layer and the hilus (Fig. 3A–3B). 

This category of CR+ neurons consists of post-mitotic newborn neurons which transiently 

express the protein as they develop into maturity. These cells are more mature than the DCX

+ cells that we previously studied in these mice and are therefore more likely to survive to 

maturity as NeuN-expressing neurons of the GCL (Brandt et al., 2003; Liu et al., 1996).

There was neither a genotype nor an age effect on the number of hilar CR+ cells (Two-way 

ANOVA, genotype effect, F (1, 11) =0.034; p>0.05; Age effect, F (1, 11) =0.029; p>0.05; 

genotype X age interaction, F (1, 11) =0.091; p>0.05) (Fig. 3C). However, for the SGZ CR+ 

cells, there was a significant genotype effect (F (1, 11) =6.651; p=0.026), age effect (F (1, 

11) =35.50; p<0.0001) and genotype X age interaction effect (F (1, 11) =27.53; p=0.0003) 
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(Fig. 3C). The stereology estimation suggests a trend that 5-month-old Arg-61 apoE mice 

have more than twice the number of SGZ CR+ cells compared to age-matched C57BL/6J 

female mice (1285.7±154.3, CE=0.12 vs. 531.4±32.8, CE=0.062; Tukey’s post-hoc test 

p>0.05), amounting to a 142% trend increase over the counts in C57BL/6J mice (Fig. 3D). 

Interestingly, while there was no significant change in SGZ CR+ cell between 5- and 10-

months in C57BL/6J mice (531.4±32.8, CE=0.062 vs. 462.9±76.0, CE=0.0164; Tukey’s 

post-hoc test p>0.05), the high counts of CR+ cells in Arg-61 mice saw a significant 84% 

drop between 5- and 10-months (1285.7±154.3, CE=0.12 vs. 205.7±39.6, CE=0.16; Tukey’s 

post-hoc test p<0.0001).

In all groups, we confirmed that the stereological estimation was optimal as coefficients of 

error (CE= Standard error of mean/Mean) were less than the corresponding coefficients of 

variation (CV=Standard deviation/Mean) (Volz et al., 2011).

3.4 Domain interaction in mouse Arg-61 apoE stimulates the Aβ formation

Human ApoE4 is known to impact Aβ formation in mice and humans and its domain 

interaction has been implicated in this process (Jack CR et al., 2015; Ye et al., 2005, p. 4; 

Zepa et al., 2011). To determine whether the domain interaction in mouse apoE4 may have 

the similar biological function as human apoE4, we analyzed Aβ level by dot-blot using a 

monoclonal antibody that detects multiple amyloid beta species (Aβ 38/40/42) in young 

Arg-61 female mice. As shown in Fig. 4A and 4B, 5-month-old Arg-61 apoE mice have 

approximately 39% more Aβ 38/40/42 species in their hippocampal homogenates compared 

to the age-matched C57BL/6J female mice (1.00±0.07 vs. 1.39±0.09 for C57BL/6J and 

Arg-61 mice respectively; p=0.01). These data suggest that the apoE4 domain interaction in 

mouse apoE may have the same pathogenic effect as human apoE4 on Aβ production. Aβ 
reportedly stimulates an ectopic increase in neurogenesis (Chen et al., 2008; Jin et al., 2004; 

Yu et al., 2009). Although there was no direct evidence showing that ectopic mouse Aβ 
increases neurogenesis as with human Aβ, the parallel increase of Aβ (Fig. 4) and CR+ cells 

(Fig. 3D) in 5-month-old Arg-61 female mice suggests such a possibility.

3.5 Age-dependent relationship between newborn neurons and granular cell layer (GCL) 
volume in C57BL/6J and Arg-61 apoE female mice.

As shown in Fig. 2C, there is a trend for Arg-61 apoE mice to have a larger DG, which 

constitutes a significantly larger portion of their hippocampus (Fig. 2D) and they have 

significantly more CR+ newborn neurons present in their GCL (Fig. 3D). We asked whether 

the granular cell layer (GCL), which is the main portion of the DG that contain cell bodies, 

is actually larger in Arg-61 mice. The outline of the GCL was traced in NeuN-stained 

sections to obtain the surface area (Fig. 5A), and as described for the whole hippocampus 

and other regions we have measured, we obtained the volume of the GCL using each 12th 

stained sections. 2-way ANOVA shows significant genotype effect (F (1, 11) =27.52; 

p=0.0003) and age effect (F (1, 11) =12.84; p=0.0043), but no genotype X age interaction (F 

(1, 11) =0.45; p>0.05) (Fig. 5B). Tukey’s post-hoc analysis shows that, compared to 

C57BL/6J, Arg-61 apoE mice have larger GCL volume at both 5-months (0.81 0.04mm3 vs. 

0.65 0.03mm3 for Arg-61 apoE and C57BL/6J mice, respectively, p=0.0276) and 10-months 

of age (0.71 0.02mm3 vs. 0.51 0.04mm3 for Arg-61 apoE and C57BL/6J mice respectively; 
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p=0.0091). Interestingly, while there was no 5-month to 10-month age difference in the 

volume of the GCL in Arg-61 apoE mice (0.81 0.04mm3 vs. 0.71 0.02mm3 for 5- and 10-

month-old mice respectively; p>0.05), there was a significant 5-month to 10-month decrease 

in the volume of the GCL in C57BL/6J mice (0.65 0.03mm3 vs. 0.51 0.02mm3 for 5- and 

10-month-old mice respectively; p=0.041) (Fig. 5B).

These data suggest that the larger GCL volume in 5-month-old Arg-61 apoE mice appears to 

be sustained until later in life in 10-month-old Arg-61 apoE mice.

3.6 Estimated NeuN cell numbers but not cell size are larger in 10-month old Arg-61 apoE 
female mice.

Although, the addition of newborn neurons to the SGZ constitutes a very small percentage 

of the total cells in the GCL at any time, it is possible that the larger volume (despite fewer 

newborn neurons) in 10-month Arg-61 apoE mice may result from matured (NeuN+) 

neurons being spread more widely apart, that is, demonstrating reduced cell packing density. 

Therefore, we estimated the density of NeuN+ cells within the GCL using similar sections 

across all the 10-month-old animals as described in the Methods section 3.6 (Figs. 6A, A-i 

and A-ii). Independent Student’s t-test showed no significant difference between the NeuN+ 

neuron densities in the GCL of 10-month-old C57BL/6J and Arg-61 apoE mice (16.7±0.58 

vs. 16.5±0.70; p>0.05).

To understand why GCL volume is larger in 10-month-old Arg-61 apoE mice, despite 

having fewer new neurons added and showing no difference in NeuN+ cell density, we 

hypothesize that NeuN+ cell size may be larger in Arg-61 apoE mice. We measured 120 

random cells within similar levels of the hippocampus in 10 month-old C57BL/6J and 

Arg-61 apoE mice. There was no significant difference in cell size between C57BL/6J and 

Arg-61 apoE mice (data not shown).

Using unbiased stereological estimation of doublecortin immune-reactive cell counts in the 

GCL, we previously concluded that most of the newborn neurons may die before reaching 

functional maturity in the hippocampus of Arg-61 apoE mice (Adeosun et al., 2014). 

However, since GCL volume remained larger in Arg-61 apoE mice at 10-months of age (Fig. 

5B), despite the significant decrease in SGZ CR+ cell (Fig. 3D), it is likely that the large 

number of cells added while the animals were young survived to maturity and remained in 

the hippocampus till the later ages. Therefore, we estimated the total NeuN+ cell numbers in 

the GCL of the 10- month old mice from the product of the estimated NeuN+ cell density in 

the GCL and the measured GCL volume. Our data show that NeuN+ neuron number in the 

GCL of 10-month-old Arg-61 apoE mice are 39% greater than the numbers in age-matched 

C57BL/6J mice (1.00±0.10 vs 1.39±0.09; p=0.046). The excess newborn neurons added 

earlier in life may have survived in 10-month-old Arg-61 mice and persisted until at least 

10-months of age (Dayer et al., 2003), and may therefore explain the larger NeuN+ cell 

number and consequently, the greater GCL volume.
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4. DISCUSSION

There is major evidence for increased susceptibility to late-onset AD in females and the 

possibility that females may be more sensitive to the detrimental effects of apoE4. Our 

results, here and also previously (Adeosun et al., 2014), suggest the detrimental effects of 

apoE4 initiate at earlier age, and the domain interaction in mouse Arg-61 apoE and human 

apoE4 is the major pathogenic function of apoE, in terms of Aβ generation (Ewers et al., 

2008; Hou et al., 2015, p. 1; Jack CR et al., 2015; Zepa et al., 2011) and cognitive 

impairment in females (Calafiore et al., 2012; Chen et al., 2008; Jin et al., 2004; Lopez-

Toledano et al., 2010; López-Toledano and Shelanski, 2007, 2004; Yu et al., 2009; Adeosun 

et al., 2014). This cognitive impairment was observed not only in those at 10 months-of-age 

(comparable to pre-menopause in human), but also in young female mice (comparable to 

human young adults in the growth period). Interestingly, we observed an increase in volume 

in the GCL in association with apoE4 domain interaction and it is also worth noting that the 

hippocampal subregion GCL is an area too small and difficult to delineate using the current 

resolution of MRI in human studies (Mueller et al., 2010). In combination with the 

significant 84% decrease of CR+ cells from 5-month to 10-month old Arg-61 apoE mice, we 

hypothesize a potential compensatory response to neurotoxicity induced by domain 

interaction in Arg-61 apoE4 in early age and the subsequent depletion of neuro-progenitors 

late in life.

4.1 Role of Amyloid β species on GCL CR+ newborn neuron number

APOEε4, a late-onset AD (LOAD) related gene, is known to precipitate its effect, at least in 

part, by affecting amyloid beta formation and/or clearance, or BACE1 expression and/or 

activity in mice and humans (Ewers et al., 2008, p. 1; Hou et al., 2015, p. 1; Jack CR et al., 

2015; Zepa et al., 2011). Interestingly, apoE4 domain interaction has been implicated in this 

process (Ye et al., 2005, p. 4). Although, some studies have suggested that Aβ reduces 

neural stem cell proliferation and neurogenesis (Haughey et al., 2002), it has also been 

demonstrated that amyloid β, especially the oligomeric but not fibrillary form, can stimulate 

a rather aberrant increase in neurogenesis (Calafiore et al., 2012; Chen et al., 2008; Jin et al., 

2004; Lopez-Toledano et al., 2010; López-Toledano and Shelanski, 2007, 2004; Yu et al., 

2009). Similar to studies of apoE4 mice with no human APP or PS1 transgene in which 

(Liraz et al., 2013) higher Aβ levels are reported, larger numbers of slower-maturing adult-

born hippocampal neurons are also reported (Li et al., 2009). Our dot-blot method used an 

antibody that detects many species of Aβ, including the oligomeric forms known to be more 

relevant to the general AD pathology. Soluble and monomeric forms of Aβ from the SAMP8 

mouse model (bearing no human APP transgene) in particular have been shown to facilitate 

proliferative activity of NSCs (Díaz-Moreno et al., 2013). Thus, the higher levels of Aβ 
species in the hippocampal homogenates of the Arg-61 apoE mice (Fig. 4A and 3B) may be 

responsible for the observed increase in production of SGZ CR+ newborn neurons.

4.2 Differential role of CR+ newborn cells to GCL volume at different ages

It is reasonable to explore structural changes in mouse models of AD with an expectation of 

a lower hippocampal volume since there is much support for hippocampal atrophy in 

Alzheimer disease (Dolek et al., 2012; Jahn, 2013). This volume reduction is also correlated 
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with a decrease in cognitive performance in AD patients (Grundman et al., 2003; Köhler et 

al., 1998). The correlation of volume and cognitive performance may be more important in 

healthy and/or young apoEε4 individuals since smaller hippocampal volume or longitudinal 

hippocampal volume loss may be an early sign or predisposing factor of the disease 

(Apostolova LG, 2006; Golomb et al., 1996; Grundman et al., 2002; Wolf et al., 2004) based 

on the concept of [structural] brain reserve (Stern, 2012; Vuoksimaa et al., 2013).

ApoE4 is associated with lower hippocampal volume and faster hippocampal atrophy in 

human apoE4 subjects, and based on our previously reported impaired cognitive functions in 

Arg-61 apoE mice, we hypothesized a decrease in hippocampal volume in Arg-61 apoE 

mice. However, hippocampal volume as a whole was comparable between Arg-61 apoE and 

C57BL/6J mice. Conversely, we observed a volume increase in the granular cell layer (Figs. 

2D and 5B), which contains the granular cell bodies of the dentate gyrus, including those of 

newborn neurons. The significant volume increase in the GCL could have resulted from one 

or more of the following scenarios: (a) an increase in cell number (assuming no decrease in 

density); (b) an increase in cell size (assuming no increase in cell number) or (c) a decrease 

in cell density or increase in neuropil (assuming no change in cell number).

It is reasonable to expect larger GCL volume in the young, 5-month-old mice (Figs. 2D and 

5B) vs. the10-month-old mice since a lot more newborn CR+ neurons are added to the 

younger GCL (Fig. 5B). Therefore, we tested the possibility of each of the three hypothetical 

scenarios above by measuring these parameters in the 10-month-old mice which presented 

the most interesting phenotype, that is, a sustained larger size of the GCL (Fig. 5B) despite 

the dramatic reduction in newborn CR+ cell addition to the GCL (Fig. 3D). Our result shows 

that neither scenario (b) (increased cell size;) nor (c) (decreased cell density) could have 

impacted this larger GCL volume in 10-month Arg-61 apoE mice (data not shown). On the 

other hand, our results support scenario (a) (increased cell number; Fig. 6B) as the most 

plausible explanation for the larger GCL volume in the old mice.

Even more fascinating is the fact that while extant newborn CR+ neuron number could 

explain the larger GCL volume in 5-month-old Arg-61 apoE mice, the same could not 

explain the sustained larger GCL size in 10-month-old mice. Apart from the fact that older 

Arg-61 apoE mice saw a significant drop in newborn neuron generation, even below normal 

(i.e. vs. 10-month C57BL/6J mice), newborn neuron generation generally decreases with age 

and there may be too few to impact any significant volume change in the GCL, unlike in 

much younger mice (Ben Abdallah et al., 2010; Rao et al., 2006). Furthermore, contrary to 

our earlier hypothesis which was based on increased cleaved caspase-3 expression, most of 

the excess newborn doublecortin neurons in Arg-61 apoE mice may die before maturing 

(Adeosun et al., 2014), similar to the reduced survival of increased newborn neurons in 

presenilin 1 A246E FAD mutant mice (Chevallier et al., 2005). The current data suggest that 

the newborn neurons may actually survive with NeuN+ and remain part of the GCL for at 

least 5-months, in the 10-month old Arg-61 apoE mice (Fig. 6B). This is consistent with 

previous studies which suggest that adult-born hippocampal neurons may survive for at least 

5 months after their birth (Dayer et al., 2003). Thus, while newborn CR+ neurons at 10-

month of age may not account for the sustained larger GCL volume in 10-month old Arg-61 

apoE mice, long term survival of the newborn CR+ neuron at 5 months of age may account 
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for the larger GCL volume at both 5- and 10-month old. These results in Arg-61 mice are in 

agreement with a recent report of larger volumes of the entorhinal cortex in young adult 

subjects with apoE4 (DiBattista et al., 2014), although some of the earlier reports reported 

smaller temporal lobe, entorhinal cortex and/or hippocampus of young apoE4 carriers (Dean 

et al., 2013; Shaw et al., 2007). The discrepancy of brain region volumes in young subjects 

may be due to limited MRI data from young subjects and also inconsistent anatomical 

delineation when using older generation MRI units and analysis methods in human studies 

(Mueller et al., 2010; DiBattista et al., 2014).

4.3 Pre-emptive Compensation and its detrimental effects

The larger number of newborn CR+ neurons in Arg-61 apoE mice may be a compensatory 

mechanism as we have previously proposed (Adeosun et al., 2014). This is based on the 

hypothetical construct of brain reserve capacity (BRC) (Stern, 2012, 2002) which suggests 

that a larger volume of the hippocampus (furnished by increased new cell addition) or whole 

brain (Guo et al., 2013; Kim et al., 2008) may be beneficial in protecting against the 

detrimental effects of AD, or even improve cognitive functions (Vuoksimaa et al., 2013). 

Although, there are conflicting reports about the beneficial or detrimental role of apoE4 in 

cognitive functions in young apoE4 human subjects ranging from 24-months of age to 

adulthood as reviewed by (Tuminello and Han, 2011), the increased hippocampal cell 

proliferation and volume in young Arg-61 apoE mice is not associated with improved 

learning and memory performances (Adeosun et al., 2014). A similar, pre-emptive 

compensatory effect of apoE4 has been observed in young subjects who exhibit higher 

expression of anti-oxidant enzymes in lymphocyte samples that was considered a 

consequence of early-life ‘hyper-function’ of antioxidant mechanisms (Badía et al., 2013). 

Neuronal signaling as demonstrated with CAMKII, ERK1/2 and CREB phosphorylation 

also follow this age-dependent reversal pattern in 3-month versus 17-month apoE4 mice 

(Yong et al., 2014). Thus, it is tempting to speculate that Arg-61 apoE mice will eventually 

see a reduction in their GCL and/or hippocampal volumes as has been reported in much 

older apoE4 mice of 18- and 24-months of age (Yin et al., 2014, 2011).

5. Conclusion

In conclusion, the current study extended the previous report that apoE domain interaction 

may play a major role in the cognitive pathogenesis in females, not only in those at 10-

months-of-age (comparable to pre-menopause in human), but also in young female mice 

(comparable to human young adults in the growth period). Furthermore, the results of the 

current work suggest a novel neurobiological mechanism that enhances perturbations 

associated with apoE4 domain interaction, including increased levels of Aβ species, leading 

to the Arg-61 apoE mouse brain that appears to compensate for pathologic changes by 

increased generation of new cells in the hippocampus granular cell layer (GCL). The 

addition of newborn neurons to the GCL later in life is possibly hindered as a result of rapid 

depletion of the neural stem cell pools early in life. Thus, this rescue attempt may contribute 

to, or set the stage for further AD-related pathologies later in life. In summary, the current 

work suggests that 1) domain interaction is an AD therapeutic/prophylactic target in apoEε4 
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subjects; 2) the age-dependent hippocampal cyto-architectural disruption by apoE4 domain 

interaction may be a brain region- and cell type-specific mechanism of AD progression.
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Highlights

• The domain interaction in mouse Arg-61 apoE impairs the cognitive 

performance in young female mice.

• The domain interaction in mouse Arg-61 apoE enhances Aβ generation

• Mouse Aβ may stimulate the calretinin positive cells increase in sub-granular 

zone

• The increase of GCL and calretinin cells may be a compensatory response to 

neurotoxicity induced by domain interaction.

• Domain interaction in apoE4 may be an AD therapeutic/prophylactic target in 

apoEε4 subjects
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FIGURE 1. 
Spatial memory deficits in young female Arg-61 mice. In the 30 seconds probe trial (the 

platform was removed) in RAWM on day 3, 24 hours after two days training trial, the 

percent of time-in the target arm (A, duration) and the percent of entry-into the target arm 

(B, frequency) indicated that spatial memory was impaired in young female Arg-61 mice. 

Data shown are Mean±SEM. N = 5 males & 5 females in each stains. The data were 

analyzed by Two Way ANOVA, *p<0.05.
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FIGURE 2. Volume of hippocampal regions in 5-month-old, young C57BL/6J and Arg-61 apoE 
female mice.
(A) Demarcation of some hippocampal regions measured in Nissl-stained section. Green 

outline represents the surface area of the whole hippocampus (excluding the Fimbria) and 

the black dotted outline represents the surface area of the dentate gyrus. Montage images 

were taken at x10 magnification. Scale bar 500μm. Volume of (B) the whole hippocampus or 

(C) the dentate gyrus (DG) obtained as described in Methods, expressed in mm3. (D) 

Percentage of the hippocampus occupied by the dentate gyrus is significantly larger in 

Arg-61 apoE mice than C57BL/6J mice. Data expressed as Mean±SEM. N=4 for both 

groups. Independent T-test p values *p<0.05.
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FIGURE 3. Calretinin-positive, newborn neurons in the hippocampus of 5- and 10-month old 
C57BL/6J and Arg-61 apoE female mice.
(A) Representative 40x image of the different types of Calretinin-positive (CR+) neurons 

that were counted. CR+ cells stained with CY3 (red) are widespread in the hippocampus. 

The cells co-express NeuN stained with 488 (green). The larger CR+ cells are mostly found 

in the hilus (marked with the yellow x) and they are mossy cells. The smaller CR+ cells 

which are located between the granular cell layer (GCL) and the hilus (indicated by white 

arrowheads) are newborn neurons being added to the GCL. Scale bar 50μm. (B) 

Representative images of CR and NeuN double-staining in the hippocampus; note the higher 

number of CR+ neurons especially in the young Arg-61 apoE mice (B-iii). (C) Stereology 

data showing no difference of CR+ cells in the hilus in any of the groups. (D) The number of 

CR+ cells in sub granular zone were higher in 5 month, but in a trend of lower (p = 0.056) in 

10month Arg-61 apoE mice versus age-matched C57BL/6J mice. N=4 for all groups except 

10-month Arg-61 mice where N=3. Data was analyzed by 2-way ANOVA followed by 

Tukey’s multiple comparison post-hoc test. **p<0.01, ***p<0.001.
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FIGURE 4. Amyloid-β 38/40/42 species immunoreactivity in 5 month, young C57BL/6J and 
Arg-61 apoE female mice.
(A) Dot blot image of Amyloid-β detected with a monoclonal antibody that recognizes 

various species (Aβ 38/40/42) detected with IRDye 650 secondary antibody (red; middle) 

along with GAPDH detected with IRDye 800 secondary antibody (green, top). Three 

micrograms of hippocampal homogenates were loaded in triplicates for each of C57BL/6J 

and Arg-61 apoE mice). (B) Optical density of each spot was quantified digitally and 

simultaneously for both green and red channels. Each dot signal for Aβ 38/40/42 was 

normalized by the respective GAPDH signal. N=5 for each genotype. Data analyzed by 

Independent sample, Student T-test. *p<0.01.
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FIGURE 5. Granular cell layer (GCL) volume in 5-and 10-month old C57BL/6J and Arg-61 
apoE female mice.
(A) Demarcation of the granular cell layer of the hippocampal measured in NeuN-stained 

sections as shown by the red-dotted outline representing the surface area. Montage image 

was taken at 20x; scale bar = 100μm (B) Volume of the dentate gyrus obtained from the 

measured surface area (as described in the methods) in 5-month and 10-month Arg-61 apoE 

mice versus age-matched C57BL/6J mice. N=4 for all bars except 10-month Arg-61 where 

N=3. Data was analyzed by 2-way ANOVA followed by Tukey’s multiple comparison post-

hoc test. *p<0.05.
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Figure 6. NeuN-positive cell number and size in the granular cell layer of 10-month C57BL/6J 
and Arg-61 apoE female mice
(A) Representative image of GCL and the areas (A-i) ‘Apex’ and (A-ii) ‘Crest’ (indicated in 

A with red circles) within which NeuN cell density was estimated. A sample of one of the 

two 50μm × 50μm ‘counting frames’ used for the density estimation is shown in A-i. Scale 

bar is 100μm in A and 50μm in A-i and A-ii. (B) The estimated NeuN+ cell number in the 

GCL obtained from a product of GCL volume in each animal and the NeuN+ cell density in 

the GCL expressed relative to C57BL/6J numbers (Independent sample Student’s T-test *p < 

0.05). N=3 and 4 respectively for C57BL/6J and Arg-61 apoE mice.
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