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glucocorticoid receptor were observed in the hypothalamus 
of GFAP-ApoE4 mice. However, no significant differences 
were found in the expression levels of the MR in GFAP-
ApoE3 and GFAP-ApoE4 mice at postnatal day 2. In con-
clusion, we found that MR upregulation rather than corti-
costerone level changes in the early stage of adulthood was 
associated with the higher anxiety-like level measured in 
GFAP-ApoE4 mice.

Keywords  Apolipoprotein E · Mineralocorticoid 
receptor · Glucocorticoid receptor · Corticotropin releasing 
factor · Hypothalamic–pituitary–adrenal axis · Anxiety-like

Introduction

Alzheimer’s disease (AD) is one of the most common age-
related neurodegenerative disorders characterized by pro-
gressive cognitive impairment, accompanied by other neu-
ropsychiatric disturbances, such as anxiety or depression. 
Anxiety symptoms have been observed in a large portion of 
AD patients and are more prevalent among patients with a 
younger age of onset (de Toledo et al. 2004; Garcia-Alberca 
et al. 2012). However, the literature offers little information 
on anxiety in dementia, leaving the need to gain a better 
understanding of factors contributing to anxiety in AD.

Apolipoprotein E (ApoE) is a 34 kDa protein that par-
ticipates in the transport of plasma lipids and the redistri-
bution of lipoproteins and cholesterol (Swertfeger and Hui 
2001). There are three alleles of ApoE in humans (ε2, ε3, 
and ε4) that are distinguished from each other by their 
cysteine/arginine content at two polymorphic sites (Liu 
et  al. 2012). Of the three common human ApoE alleles, 
inheritance of ApoE ε4 allele (ApoE4) is a great genetic 
risk factor for the development of sporadic AD and earlier 
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onset of this disease, whereas the more frequent ApoE ε3 
allele (ApoE3) and very rare ApoE ε2 allele (ApoE2) pro-
vide relative protection from AD (Scarmeas et  al. 2002). 
ApoE4 might also contribute to the psychological symp-
toms during AD progression(Panza et  al. 2012; Christie 
et al. 2012). Anxiety, which are more common among AD 
patients, is inversely related to disability in daily activities 
(Panza et al. 2012). AD patients with ApoE4 score higher 
on anxiety measures and have more sleep disturbance 
(Robertson et  al. 2005). In probable AD patients, ApoE4 
subjects show higher anxiety scores than ApoE3 subjects 
(Robertson et al. 2005; Pritchard et al. 2007). Apolipopro-
tein E from diversity of cellular origins appears to influence 
its effects on AD pathology (Huang et al. 2004; Xu et al. 
2006). The effects of apoE on measures of anxiety have 
been studied in mice lacking murine apoE and expressing 
human apoE in astrocytes under the control of the glial 
fibrillary acidic protein (GFAP) promoter or in neurons 
under the control of the neuron-specific enolase (NSE) 
promoter. Consistent with human studies, similar results 
are also found in ApoE(-/-) mice (Robertson et  al. 2005; 
Raber et  al. 2000). In addition, GFAP-ApoE4 mice show 
increased anxiety-like behavior compared with GFAP-
ApoE3 mice (Siegel et al. 2012).

The hypothalamic–pituitary–adrenal (HPA) axis plays 
an important role in emotion, cognition, and many other 
brain functions (Laurent and Powers 2007; Young 2014). 
The HPA axis regulates glucocorticoid (GC) secretion, 
and HPA axis hyperactivity is a well-described feature in 
AD, leading to increased cortisol levels in the blood and 
cerebrospinal fluid (CSF) (Popp et  al. 2009; Csernansky 
et al. 2006). In the brain, the hippocampus is the major GC 
target and has the highest concentration of GC receptors. 
There are two classical receptors involved in corticoster-
oid feedback on the HPA axis: the glucocorticoid receptor 
(GR) and the mineralocorticoid receptor (MR). The GR is 
expressed throughout the brain; however, the MR is mainly 
expressed in the hippocampus (Kretz et al. 2001). The MR 
also expressed in the hypothalamus and played an impor-
tant role in regulating the response to a stress event (Han 
et al. 2005; Berardelli et al. 2013). The MR has a ten-fold 
higher affinity for corticosteroid than the GR. They often 
work together or alone to affect cognition and emotion, and 
the balance between the MRs and GRs controls the HPA 
axis and behavior (Harris et al. 2013; Wei et al. 2004; Lai 
et al. 2007). In recent years, an increasing number of studies 
have focused on the role of MRs and GRs on anxiety and 
depression. The direct evidence for the involvement of GRs 
is that deletion of GRs in the forebrain reduces anxiety-like 
behavior, while forebrain-selective overexpression of GRs 
increases anxiety (Wei et al. 2004, 2012). In contrast, over-
expression of MRs in the forebrain results in reduced anx-
iety-like behavior (Lai et al. 2007; Rozeboom et al. 2007). 

Additionally, loss of limbic MRs impairs behavioral plas-
ticity (Berger et al. 2006). Although there was a report that 
overexpression of mineralocorticoid receptors did not affect 
anxiety-like behavior in female mice (Kanatsou et al. 2015, 
2016), a series of antagonist tests in the whole brain and 
hippocampus showed that upregulation of MR signaling 
increased anxiety-like behavior in male rats (Korte et  al. 
1995; Bitran et al. 1998). In addition, it was reported that 
loss of MRs in the forebrain resulted in large differences 
in emotional and cognitive behaviors between female and 
male mice (Ter Horst et al. 2012).

Importantly, corticotropin-releasing factor (CRF) plays 
a major role in the regulation of the HPA axis, and HPA 
axis dysregulation is associated with susceptibility to anxi-
ety (Harris et al. 2013; Rivier 2014). In addition, increased 
MR expression in the frontal cortex of AD patients is asso-
ciated with the ApoE4 genotype(Harris et al. 2013; Rivier 
2014). However, whether increased anxiety-like behavior in 
GFAP-ApoE4 transgenic male mice is associated with cor-
ticosterone level has not yet been illustrated. In the present 
study, we aimed to measure the relationship among anxi-
ety-like behavior, corticosterone level and MR/GR expres-
sion using the GFAP-ApoE transgenic male mice.

Materials and methods

Animals

Human ApoE3 (stock number: 004633) and ApoE4 (stock 
number: 004631) transgenic mice (C57BL/6 J strain back-
ground) under the control of the GFAP promoter were 
obtained from Jackson Laboratory (Bar Harbor, Maine, 
USA). Three-month-old male GFAP-ApoE3 (n = 39) and 
GFAP-ApoE4 (n = 23) mice were used for behavioral test-
ing. Male animals were group-housed (4 per cage) in poly-
carbonate cages that contained woodchip shavings for bed-
ding and maintained with a 12-hour light/dark cycle (lights 
on 7:00 am), at a temperature of 22 ± 1 °C. Food and water 
were available ad libitum. All of the experiments were per-
formed in accordance with the Animal Care and Use Com-
mittee of the University of Science and Technology, Anhui, 
P.R. China.

Behavioral tasks

All of the behavioral tasks were performed between 
12:00–18:00 in a novel room that was similar to the feed-
ing room. GFAP-ApoE3 and GFAP-ApoE4 transgenic 
mice were performed alternatively in the behavioral tasks 
to make sure that different ApoE alleles were tested at 
approximately the same time. Before each test, animals 
were given a 15-min adaptation period to explore the new 
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environment. Each apparatus was cleaned with 70% ethanol 
and dried before the next mouse was tested. All of the tasks 
were monitored by a video camera and analyzed by Ethovi-
sion XT software (Noldus, The Netherlands).

The open field (OF) test

An open-field procedure was designed to detect sponta-
neous motor activity and anxiety according to previous 
descriptions (Meng et  al. 2011). An open, wooden box 
(50 × 50  cm) with 25-cm walls was used. The open field 
box was painted with water-resistant, odorless white paint. 
For each trial, an animal was placed into one of the four 
corners, facing the wall, and was permitted to explore the 
environment for 5 min.

The elevated plus maze (EPM) test

The EPM procedure was performed as described by Walf 
et al. (Walf and Frye 2007). Based on the design, the maze 
(made of Plexiglas) consisted of two opposite closed arms 
(30  cm × 6  cm) that were enclosed with walls (15  cm in 
height) and two opposite open arms (30 cm × 6 cm, with-
out edges) that formed a plus shape. The apparatus had a 
central arena (6 cm × 6 cm) and was elevated 80 cm above 
the floor. Each mouse was placed in the central arena of the 
maze facing an open arm and allowed to explore for 5 min.

The light–dark box test

The light–dark box was established as a task for validating 
anxiety-like behavior in rodents. It consisted of two com-
partments: one light box and one dark box, and both boxes 
were the same size (25 cm × 25 cm × 25 cm), with a Plexi-
glas panel separating the two boxes. An arched hole was 
made in the center bottom of the panel to allow animals 
to transition from one box to the next. In each trial, mice 
were gently placed in the light compartment facing the wall 
opposite to the hole. The animals were allowed to explore 
in the light–dark box for 5 min.

Stress procedure

Acute restraint stress was performed using individual plas-
tic restrainers (2.5  cm in internal diameter, 7 cm long). 
Mice were immobilized for 30  min and then released for 
recovery. Mice were sacrificed at four time points: (A) nor-
mal control group sacrificed before immobilization, (B) 
group immobilized for 30 min prior to sacrifice, (C) group 
immobilized for 30  min and released for 20  min prior to 
sacrifice; and (D) group immobilized for 30  min and 
released for 90 min prior to sacrifice. All mice were sacri-
ficed between 9:00 and 12:00.

Plasma corticosterone measurement

To measure plasma corticosterone, blood was collected into 
tubes containing heparin, and centrifuged at 6000 rpm for 
10 min at 4 °C. Plasma was moved to a new tube and stored 
at −80 °C until measurements could be taken. Plasma corti-
costerone was measured using a mouse plasma corticoster-
one ELISA kit (RapidBio, USA).

RNA extraction, reverse transcription and real‑time 
PCR

Total RNA was extracted from the frozen hypothalamus of 
GFAP-ApoE mice using the TRIzol reagent (Invitrogen, 
USA) according to the manufacturer’s instructions. The 
purified RNA was quantified using a UV spectrophotom-
eter (A260/A280 = 1.9–2.0). Next, 1  μg of total mRNA 
was reverse transcribed using an RT kit for real-time PCR 
(Takara, Japan). Real-time PCR was performed using 
SYBR Green Mix (Takara, Japan) on an ABI Prism 7000 
system. Thermo cycle conditions were as follows: 1 cycle 
at 95 °C for 5  min, 40 cycles at 95 °C for 15  s and 60 °C 
for 1 min. The primers used are described in Table 1. The 
mRNA (CRF, MR, GR, c-fos and c-jun) data are all rep-
resent values collected from animals that were sacrificed 
in the basal state. The relative mRNA level of the target 
gene was determined using the 2−ΔΔCt method (Adnan et al. 
2011).

Statistical analysis

The data are presented as the means ± standard error of the 
mean (SEM). All statistical analyses were performed using 
SPSS 11.0 software. Unpaired Student’s t-test was used in 
the study with one exception: the latency in the light–dark 

Table 1   Gene specific primers used for real time PCR

Gene Primer sequences Accession numbers

CRF AGG​AGG​CAT​CCT​GAG​AGA​AGT NM_205769
CAT​GTT​AGG​GGC​GCT​CTC​

GR TGC​TAT​GCT​TTG​CTC​CTG​ATCTG NM_008173
TGT​CAG​TTG​ATA​AAA​CCG​

CTGCC
MR GTG​GAC​AGT​CCT​TTC​ACT​ACCG NM_001083906

GTG​GAC​AGT​CCT​TTC​ACT​ACCG
c-JUN GAA​AAC​CTT​GAA​AGC​GCA​AAA NM_010591

TAG​CAT​GAG​TTG​GCA​CCC​AC
c-FOS TGG​TGA​AGA​CCG​TGT​CAG​GA NM_010234

GCA​GCC​ATC​TTA​TTC​CGT​TCC
GADPH CAT​GGC​CTT​CCG​TGT​TCC​TA NM_008084

CCT​GCT​TCA​CCA​CCT​TCT​TGAT
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box test was analyzed using a nonparametric Mann–Whit-
ney U test. P values <0.05 were considered statistically 
significant.

Results

GFAP‑ApoE4 transgenic male mice exhibited 
anxiety‑like behavior

An open field test was performed in the current study to 
measure the locomotor activity and anxiety-like behavior 

of the GFAP-ApoE transgenic mice. We found that loco-
motor activity [t(59) = 5.01, p < 0.001, Fig. 1c] and explo-
ration behavior [rearing, t(59) = 4.78, p < 0.001, Fig. 1e] 
in 3-month-old ApoE4 mice were lower than that of age-
matched GFAP-ApoE3 mice. Additionally, GFAP-ApoE4 
male mice were more anxious to go into the inner area 
and traveled a shorter distance than age-matched GFAP-
ApoE3 mice [t(59) = 2.60, p < 0.05, Fig. 1b, t(59) = 2.64, 
p < 0.05, Fig.  1d, t(59) = 3.43, p < 0.01 Fig.  1f]. In the 
elevated plus maze, 3-month-old GFAP-ApoE4 mice also 
showed more anxiety-like behavior, e.g., less distance 
traveled in the center area [t(57) = 3.21, p < 0.01, Fig. 2e] 

Fig. 1   The locomotor activity and anxiety-like behavior of the 
GFAP-ApoE3 and GFAP-ApoE4 transgenic male mice based on the 
open field test. a Representative activity traces for GFAP-ApoE3 and 
GFAP-ApoE4 transgenic mice during a 5-min trial. The total dis-
tance traveled (c) and rearing (e) represent locomotor activity and 

exploration behavior. Frequency in inner area (b), inner distance 
(d) and inner velocity (f) represent anxiety-like behavior. Values are 
expressed as the means ± SEM. Unpaired Student’s t-test, *p < 0.05; 
**p < 0.01 ***p < 0.001; n(3/3) = 39 mice, n(4/4) = 23 mice
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and open arms [t(57) = 3.41, p < 0.01, Fig. 2h] and fewer 
entries into the center [t(57) = 3.88, p < 0.001, Fig.  2g] 
and open arms [t(57) = 3.80, p < 0.001, Fig. 2d] than the 
GFAP-ApoE3 mice. To further confirm our findings, we 

chose another anxiety-based task, the light–dark box test. 
We found that GFAP-ApoE4 mice took less time to enter 
into the dark box than age-matched GFAP-ApoE3 mice 

Fig. 2   The anxiety-like level of GFAP-ApoE3 and GFAP-ApoE4 
transgenic mice based on the elevated plus maze task. a Representa-
tive activity traces for ApoE mice during a 5-min trial. Total distance 
traveled (b) in the elevated plus maze represents the locomotor activ-
ity. Open arm latency (c), open arm frequency (d), open arm distance 
(e) and open arm duration (f) represent activity and anxiety-like 

behavior in the open arms. Center frequency (g), center distance (h) 
and center duration (i) represent activity and anxiety-like behavior in 
the center area. Values are expressed as the means ± SEM. Unpaired 
Student’s t-test, *p < 0.05; **p < 0.01 ***p < 0.001; n(3/3) = 38 mice, 
n(4/4) = 21 mice

Fig. 3   The light–dark box test showed an inherent preference in 
the GFAP-ApoE3 and GFAP-ApoE4 transgenic male mice. Time 
in the dark box (a), latency to enter the dark box (b) and number of 

dark to light box shuttles (c) were analyzed in the task. Values are 
expressed as the means ± SEM. Nonparametric Mann–Whitney U 
test, *p < 0.05. n(3/3) = 39 mice, n(4/4) = 23 mice
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(Fig.  3b), but there was no significant difference in the 
times spent in the dark box (Fig. 3a).

Basal plasma corticosterone level and normal response 
to restraint stress

Basal plasma corticosterone levels were detected to assess 
the role of corticosterone level in anxiety-like behavior in 
the different GFAP-ApoE transgenic mice. No significant 
difference was found in basal plasma corticosterone lev-
els between GFAP-ApoE3 and GFAP-ApoE4 mice aged 
3-months (26.7 ± 14.9 and 33.4 ± 28.3 ng/ml, respectively). 
Acute restraint stress is a sensitive procedure to assess 
plasma corticosterone secretion to stress of different GFAP-
ApoE transgenic mice. After 30  min of restraint stress, 
the plasma corticosterone secretion level was markedly 
increased in both GFAP-ApoE3 and GFAP-ApoE4 mice, 
but no significant difference was observed in the plasma 
corticosterone level between the two groups (178.1 ± 30.4 
and 174.3 ± 35.6 ng/ml, respectively). After a 20 or 90-min 
recovery period following the restraint stress, the plasma 
corticosterone secretion level returned to the normal level. 
Likewise, no significant difference was found in the plasma 
corticosterone level between GFAP-ApoE3 and GFAP-
ApoE4 mice (Fig. 4b).

CRF, MR and GR expression in the hypothalamus 
in GFAP‑ApoE transgenic mice

To explore the possible relationship between the ApoE 
genotype and the regulation of HPA axis activity, we 
measured the expression of the CRF, MR and GR genes 
in the hypothalamus in the GFAP-ApoE transgenic male 
mice aged 3-months using q-PCR. No significant dif-
ference was found in basal CRF mRNA levels in the 

hypothalamus between GFAP-ApoE3 and GFAP-ApoE4 
mice (Fig.  4a). Interestingly, the GR expression level 
was similar between GFAP-ApoE4 and GFAP-ApoE3 
transgenic mice in the hypothalamus; however, GFAP-
ApoE4 transgenic mice expressed the MR at a higher 
level than GFAP-ApoE3 transgenic mice aged 3 months 
[t(10) = 2.86, p < 0.05, Fig. 5]. Expression levels of early 
stress response genes (c-fos and c-jun) in the hypothala-
mus were also measured. C-fos expression was higher in 
the hypothalamus of GFAP-ApoE4 transgenic mice than 
in that of GFAP-ApoE3 transgenic mice, but no signifi-
cant difference was observed in hypothalamus expression 
levels of c-jun between GFAP-ApoE4 and GFAP-ApoE3 
transgenic mice (Fig. 6).

Fig. 4   The HPA axis function measured in the GFAP-ApoE trans-
genic male mice. The levels of CRF in the hypothalamus (a) and 
corticosterone secretion at baseline and after acute restraint stress (b) 
were detected in GFAP-ApoE transgenic mice at the age of 3 months. 

R30, restraint stress for 30  min; R30 + 20, restraint stress for 
30 min and release for 20 min; R30 + 90, restraint stress for 30 min 
and release for 90  min. Value are expressed as the means ± SEM, 
n(A) = 6–8, n(B) = 4 mice per group

Fig. 5   The cortisol receptor levels in the hypothalamus in GFAP-
ApoE transgenic mice at the age of 3 months. Values are expressed 
as the means ± SEM. Unpaired Student’s t-test, *p < 0.05; n = 6 per 
group
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The influence of ApoE Genotype on MR and GR 
mRNA levels

To further confirm that the changes in MR and GR expres-
sion level were dependent on the ApoE genotype, MR and 
GR mRNA levels were detected in GFAP-ApoE transgenic 
mice at postnatal day 2 (P2). Unexpectedly, no significant 
difference was found in the expression of MR or GR in the 
hypothalamus between these newborn GFAP-ApoE3 and 
GFAP-ApoE4 mice (Fig. 7).

Discussion

In the present study, we found that MR upregulation rather 
than corticosterone level changes in the early stage of adult-
hood was related with the higher anxiety-like level meas-
ured in GFAP-ApoE4 mice, which suggested that receptor 
changes may have predated the change of corticosterone 
level.

GFAP-ApoE4 mice and NSE-ApoE4 transgenic mice 
have been reported to show high anxiety-like levels in the 
elevated plus maze, and reduced activity in the open field 

(Raber et  al. 2000), which is consistent with our results 
seen in GFAP-ApoE4 mice. Furthermore, our behavio-
ral results showed that GFAP-ApoE4 mice behaved anx-
iously at an age as young as 3 months. In addition, it has 
been reported that ApoE4 mutants had a different stress 
reactivity and corticosterone feedback. However, the age 
of ApoE4 mutants in these studies is different from our 
GFAP-ApoE transgenic mice (Raber 2007; Grootendorst 
et al. 2004). Our results move the time at which increased 
anxiety-like behavior can be observed in GFAP-ApoE4 
mice forward from 6 to 3 months. There was no significant 
difference in CRF expression in the PVN and basal plasma 
corticosterone levels in mice aged 3 months, which indi-
cated that there was no impairment in HPA axis function at 
the age of 3 months. The data were consistent with previ-
ous reports that ApoE-/- and ApoE4 mice exhibited normal 
basal plasma corticosterone levels and a normal reaction to 
restraint stress at 2–4 months old (Raber et al. 2000). Previ-
ous studies showed that the MR in the hypothalamus played 
a major role in regulating the response to stress (Han et al. 
2005; Berardelli et al. 2013). Intracerebroventricular (ICV) 
administration of an MR antagonist induced a decrease in 
anxiety-like behavior, suggesting that increased MR activ-
ity might induce anxiety-like behavior (Korte et al. 1995). 
Wang et  al. also found that MR expression was increased 
in the PVN in patients with depression (Wang et al. 2008), 
which supports our findings. In addition, MR mRNA levels 
were shown to be inversely correlated between the human 
paraventricular nucleus (PVN) and dorsal lateral prefrontal 
cortex (DLPFC) and might play opposing roles in the two 
regions (Qi et  al. 2013). Increased anxiety-like behavior 
in GFAP-ApoE4 mice might result from upregulated MR 
expression in the hypothalamus in GFAP-ApoE4 transgenic 
mice. Furthermore, Considering a higher affinity of corti-
costeroid to the MR than the GR and a higher response of 
MR to stress (Kalman and Spencer 2002), it was suggested 
that upregulated MR signaling contributed to anxiety-like 
behavior in the GFAP-ApoE4 transgenic mice.

We investigated the relationship between the MR/GR 
expression level and ApoE genotype further in our experi-
ments. No significant difference was observed in MR and 

Fig. 6   The levels of c-fos and 
c-jun expression in the hypo-
thalamus. Values are expressed 
as the means ± SEM. Unpaired 
Student’s t-test, *p < 0.05; n = 6 
per group

Fig. 7   The MR and GR expression levels in the hypothalamus of 
GFAP-ApoE transgenic mice at postnatal day 2 (P2). Values are 
expressed as the means ± SEM. Unpaired Student’s t-test, *p < 0.05; 
n = 6 per group
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GR expression levels between GFAP-ApoE4 and GFAP-
ApoE3 transgenic mice at postnatal day 2, indicating that 
the upregulation of the MR expression level was not due to 
the inheritance of ApoE4 isoform or it was not yet mani-
fested at postnatal day 2. Furthermore, the results from 
the ApoE3- and ApoE4-expressing cell models showed no 
direct regulation of ApoE4 on the expression of MR (data 
not shown). Thus, there could be a cofactor or effector that 
was expressed in a cell/tissue/developmental-specific way. 
The ability of the ApoE4 genotype to alter the vulnerability 
to environmental factors such as stress might account for 
this discrepancy (de Kloet et al. 2002; Grootendorst et al. 
2002). Therefore, expression of MR, the first regulator in 
the stress response, is changed in early adulthood.

In conclusion, we found that GFAP-ApoE4 transgenic 
mice showed enhanced anxiety-like behavior at a younger 
age than previously reported. Upregulation of MR signal-
ing in GFAP-ApoE4 transgenic male mice provided a pos-
sible mechanism for the cause of the anxiety-like behavior, 
which might afford a new therapeutic approach for affective 
disorders based on MR.

Funding  This study was supported by the National Natural Science 
Foundation of China (31200802) and the Natural Science Foundation 
of Anhui Province (1608085QB32).

Compliance with ethical standards 

Conflict of interest  Fan-Tao Meng, Jun Zhao, Hui Fang, Li-Feng 
Zhang, Hui-Mei Wu, and Ya-Jing Liu declare that they have no conflict 
of interest.

Ethical approval  All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were followed. This 
article does not contain any studies with human participants performed 
by any of the authors.

References

Adnan M, Morton G, Hadi S (2011) Analysis of rpoS and bolA gene 
expression under various stress-induced environments in plank-
tonic and biofilm phase using 2(-DeltaDeltaCT) method. Mol 
Cell Biochem 357(1–2):275–282

Berardelli R, Karamouzis I, D’Angelo V, Zichi C, Fussotto B, 
Giordano R, Ghigo E, Arvat E (2013) Role of mineralocorticoid 
receptors on the hypothalamus-pituitary-adrenal axis in humans. 
Endocr 43(1):51–58

Berger S, Wolfer DP, Selbach O, Alter H, Erdmann G, Reichardt HM, 
Chepkova AN, Welzl H, Haas HL, Lipp HP, Schutz G (2006) 
Loss of the limbic mineralocorticoid receptor impairs behavioral 
plasticity. Proc Natl Acad Sci USA 103(1):195–200

Bitran D, Shiekh M, Dowd JA, Dugan MM, Renda P (1998) Corticos-
terone is permissive to the anxiolytic effect that results from the 
blockade of hippocampal mineralocorticoid receptors. Pharma-
col Biochem Behav 60(4):879–887

Christie D, Shofer J, Millard SP, Li E, Demichele-Sweet MA, 
Weamer EA, Kamboh MI, Lopez OL, Sweet RA, Tsuang D 

(2012) Genetic association between APOE*4 and neuropsychi-
atric symptoms in patients with probable Alzheimer’s disease 
is dependent on the psychosis phenotype. Behav Brain Funct 
8:62

Csernansky JG, Dong H, Fagan AM, Wang L, Xiong C, Holtzman 
DM, Morris JC (2006) Plasma cortisol and progression of 
dementia in subjects with Alzheimer-type dementia. Am J Psy-
chiatry 163(12):2164–2169

de Kloet ER, Grootendorst J, Karssen AM, Oitzl MS (2002) Gene 
x environment interaction and cognitive performance: animal 
studies on the role of corticosterone. Neurobiol Learn Mem 
78(3):570–577

de Toledo M, Bermejo-Pareja F, Vega-Quiroga S, Munoz-Garcia D 
(2004) [Behavioural disorders in Alzheimer’s disease. Data from 
a populational study]. Rev Neurol 38(10):901–905

Garcia-Alberca JM, Cruz B, Lara JP, Garrido V, Lara A, Gris E 
(2012) Anxiety and depression are associated with coping strate-
gies in caregivers of Alzheimer’s disease patients: results from 
the MALAGA-AD study. Int Psychogeriatr 24(8):1325–1334

Grootendorst J, Kempes MM, Lucassen PJ, Dalm S, de Kloet ER, 
Oitzl MS (2002) Differential effect of corticosterone on spatial 
learning abilities in apolipoprotein E knockout and C57BL/6 J 
mice. Brain Res 953(1–2):281–285

Grootendorst J, Enthoven L, Dalm S, de Kloet ER, Oitzl MS (2004) 
Increased corticosterone secretion and early-onset of cognitive 
decline in female apolipoprotein E-knockout mice. Behav Brain 
Res 148(1–2):167–177

Han F, Ozawa H, Matsuda K, Nishi M, Kawata M (2005) Colo-
calization of mineralocorticoid receptor and glucocorticoid 
receptor in the hippocampus and hypothalamus. Neurosci Res 
51(4):371–381

Harris AP, Holmes MC, de Kloet ER, Chapman KE, Seckl JR (2013) 
Mineralocorticoid and glucocorticoid receptor balance in con-
trol of HPA axis and behaviour. Psychoneuroendocrinology 
38(5):648–658

Huang Y, Weisgraber KH, Mucke L, Mahley RW (2004) Apolipopro-
tein E: diversity of cellular origins, structural and biophysical 
properties, and effects in Alzheimer’s disease. J Mol Neurosci 
23(3):189–204

Kalman BA, Spencer RL (2002) Rapid corticosteroid-dependent reg-
ulation of mineralocorticoid receptor protein expression in rat 
brain. Endocrinology 143(11):4184–4195

Kanatsou S, Kuil LE, Arp M, Oitzl MS, Harris AP, Seckl JR, Krugers 
HJ, Joels M (2015) Overexpression of mineralocorticoid recep-
tors does not affect memory and anxiety-like behavior in female 
mice. Front Behav Neurosci 9:182

Kanatsou S, Ter Horst JP, Harris AP, Seckl JR, Krugers HJ, Joels M 
(2016) Effects of mineralocorticoid receptor overexpression on 
anxiety and memory after early life stress in female mice. Front 
Behav Neurosci 9:374

Korte SM, de Boer SF, de Kloet ER, Bohus B (1995) Anxiolytic-like 
effects of selective mineralocorticoid and glucocorticoid antago-
nists on fear-enhanced behavior in the elevated plus-maze. Psy-
choneuroendocrinology 20(4):385–394

Kretz O, Schmid W, Berger S, Gass P (2001) The mineralocorti-
coid receptor expression in the mouse CNS is conserved during 
development. Neuroreport 12(6):1133–1137

Lai M, Horsburgh K, Bae SE, Carter RN, Stenvers DJ, Fowler JH, 
Yau JL, Gomez-Sanchez CE, Holmes MC, Kenyon CJ, Seckl 
JR, Macleod MR (2007) Forebrain mineralocorticoid recep-
tor overexpression enhances memory, reduces anxiety and 
attenuates neuronal loss in cerebral ischaemia. Eur J Neurosci 
25(6):1832–1842

Laurent H, Powers S (2007) Emotion regulation in emerging adult 
couples: temperament, attachment, and HPA response to conflict. 
Biol Psychol 76(1–2):61–71



424	 Behav Genet (2017) 47:416–424

1 3

Liu YJ, Meng FT, Wang LL, Zhang LF, Cheng XP, Zhou JN (2012) 
Apolipoprotein E influences melatonin biosynthesis by regu-
lating NAT and MAOA expression in C6 cells. J Pineal Res 
52(4):397–402

Meng FT, Ni RJ, Zhang Z, Zhao J, Liu YJ, Zhou JN (2011) Inhibi-
tion of oestrogen biosynthesis induces mild anxiety in C57BL/6 
J ovariectomized female mice. Neurosci Bull 27(4):241–250

Panza F, Frisardi V, Seripa D, D’Onofrio G, Santamato A, Masullo 
C, Logroscino G, Solfrizzi V, Pilotto A (2012) Apolipoprotein 
E genotypes and neuropsychiatric symptoms and syndromes in 
late-onset Alzheimer’s disease. Ageing Res Rev 11(1):87–103

Popp J, Schaper K, Kolsch H, Cvetanovska G, Rommel F, Kling-
muller D, Dodel R, Wullner U, Jessen F (2009) CSF cortisol in 
Alzheimer’s disease and mild cognitive impairment. Neurobiol 
Aging 30(3):498–500

Pritchard AL, Harris J, Pritchard CW, Coates J, Haque S, Holder R, 
Bentham P, Lendon CL (2007) The effect of the apolipoprotein 
E gene polymorphisms and haplotypes on behavioural and psy-
chological symptoms in probable Alzheimer’s disease. J Neurol 
Neurosurg Psychiatry 78(2):123–126

Qi XR, Kamphuis W, Wang S, Wang Q, Lucassen PJ, Zhou JN, 
Swaab DF (2013) Aberrant stress hormone receptor balance in 
the human prefrontal cortex and hypothalamic paraventricu-
lar nucleus of depressed patients. Psychoneuroendocrinology 
38(6):863–870

Raber J (2007) Role of apolipoprotein E in anxiety. Neural Plast 
2007:91236

Raber J, Akana SF, Bhatnagar S, Dallman MF, Wong D, Mucke L 
(2000) Hypothalamic-pituitary-adrenal dysfunction in Apoe(-
/-) mice: possible role in behavioral and metabolic alterations. J 
Neurosci 20(5):2064–2071

Rivier C (2014) Role of hypothalamic corticotropin-releasing factor 
in mediating alcohol-induced activation of the rat hypothalamic-
pituitary-adrenal axis. Front Neuroendocrinol 35(2):221–233

Robertson J, Curley J, Kaye J, Quinn J, Pfankuch T, Raber J (2005) 
apoE isoforms and measures of anxiety in probable AD patients 
and Apoe-/- mice. Neurobiol Aging 26(5):637–643

Rozeboom AM, Akil H, Seasholtz AF (2007) Mineralocorticoid 
receptor overexpression in forebrain decreases anxiety-like 

behavior and alters the stress response in mice. Proc Natl Acad 
Sci USA 104(11):4688–4693

Scarmeas N, Brandt J, Albert M, Devanand DP, Marder K, Bell K, 
Ciappa A, Tycko B, Stern Y (2002) Association between the 
APOE genotype and psychopathologic symptoms in Alzheimer’s 
disease. Neurology 58(8):1182–1188

Siegel JA, Haley GE, Raber J (2012) Apolipoprotein E isoform-
dependent effects on anxiety and cognition in female TR mice. 
Neurobiol Aging 33(2):345–358

Swertfeger DK, Hui DY (2001) Apolipoprotein E: a cholesterol trans-
port protein with lipid transport-independent cell signaling prop-
erties. Front Biosci 6:D526–535

Ter Horst JP, Carobrez AP, van der Mark MH, de Kloet ER, Oitzl MS 
(2012) Sex differences in fear memory and extinction of mice 
with forebrain-specific disruption of the mineralocorticoid recep-
tor. Eur J Neurosci 36(8):3096–3102

Walf AA, Frye CA (2007) The use of the elevated plus maze as 
an assay of anxiety-related behavior in rodents. Nat Protoc 
2(2):322–328

Wang SS, Kamphuis W, Huitinga I, Zhou JN, Swaab DF (2008) Gene 
expression analysis in the human hypothalamus in depression by 
laser microdissection and real-time PCR: the presence of multi-
ple receptor imbalances. Mol Psychiatry 13(8):786–799 ( 741)

Wei Q, Lu XY, Liu L, Schafer G, Shieh KR, Burke S, Robinson TE, 
Watson SJ, Seasholtz AF, Akil H (2004) Glucocorticoid receptor 
overexpression in forebrain: a mouse model of increased emo-
tional lability. Proc Natl Acad Sci U S A 101(32):11851–11856

Wei Q, Fentress HM, Hoversten MT, Zhang L, Hebda-Bauer EK, 
Watson SJ, Seasholtz AF, Akil H (2012) Early-life forebrain glu-
cocorticoid receptor overexpression increases anxiety behavior 
and cocaine sensitization. Biol Psychiatry 71(3):224–231

Xu Q, Bernardo A, Walker D, Kanegawa T, Mahley RW, Huang Y 
(2006) Profile and regulation of apolipoprotein E (ApoE) expres-
sion in the CNS in mice with targeting of green fluorescent pro-
tein gene to the ApoE locus. J Neurosci 26(19):4985–4994

Young AH (2014) The effects of HPA axis function on cognition and 
its implications for the pathophysiology of bipolar disorder. Harv 
Rev Psychiatry 22(6):331–333


	Upregulation of Mineralocorticoid Receptor in the Hypothalamus Associated with a High Anxiety-like Level in Apolipoprotein E4 Transgenic Mice
	Abstract 
	Introduction
	Materials and methods
	Animals
	Behavioral tasks
	The open field (OF) test
	The elevated plus maze (EPM) test
	The light–dark box test
	Stress procedure
	Plasma corticosterone measurement
	RNA extraction, reverse transcription and real-time PCR
	Statistical analysis

	Results
	GFAP-ApoE4 transgenic male mice exhibited anxiety-like behavior
	Basal plasma corticosterone level and normal response to restraint stress
	CRF, MR and GR expression in the hypothalamus in GFAP-ApoE transgenic mice
	The influence of ApoE Genotype on MR and GR mRNA levels

	Discussion
	References


