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Behavioral stress reduces RIP140 expression in astrocyte and
increases brain lipid accumulation
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Abstract

Receptor-interacting protein 140 (RIP140) is highly expressed in the brain, and acts in neurons
and microglia to affect emotional responses. The present study reveals an additional function of
RIP140 in the brain, which is to regulate brain lipid homeostasis via its action in astrocytes. We
found forced swim stress (FSS) significantly reduces the expression level of RIP140 and elevates
cholesterol content in the brain. Mechanistically, FSS elevates endoplasmic reticulum stress,
which suppresses RIP140 expression by increasing microRNA 33 (miR33) that targets RIP140
mRNA’s 3’-untranslated region. Consequentially, cholesterol biosynthesis and export are
dramatically increased in astrocyte, the major source of brain cholesterol. These results
demonstrate that RIP140 plays an important role in maintaining brain cholesterol homeostasis
through, partially, regulating cholesterol metabolism in, and mobilization from, astrocyte. Altering
RIP140 levels can disrupt brain cholesterol homeostasis, which may contribute to behavioral
stress-induced neurological disorders.
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1. Introduction

Stressful experiences can contribute to mood changes and psychological and neurological
disorders. For instance, chronic stress leads to hippocampal structure remodeling and
cognitive impairment in rodents (McEwen et al., 2012). While alteration in adrenal steroid
and neurotransmitter release can cause brain structural changes and behavioral disorders
(McEwen, 2012), the molecular mechanism underlying stress-induced neurological disorder
is poorly understood. Recent studies indicated that, chronic stress such as social defeats can
disrupt lipid metabolism by increasing transcriptional activity of genes involved in
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cholesterol synthesis (Chuang et al., 2010); as a result, the level of circulating cholesterol is
significantly elevated minutes after exposure to psychological stressor (Muldoon et al.,
1992). Brain contains the highest level of cholesterol, and almost all the brain cholesterol is
formed by de novo synthesis due to efficient blockade in the uptake of circulating
cholesterol by the blood-brain barrier (Wang and Eckel, 2014). A disruption in brain
cholesterol level has also been related to cognitive impairment (Martin et al., 2010).
However, whether and how brain cholesterol homeostasis may be directly affected by stress
is unclear.

Receptor-interacting protein 140 (RIP140), a transcriptional co-regulator for numerous
transcription factors and a signal transduction regulator, is recently implicated in the
regulation of cognitive function, emotional response and neuron health via its activities in
microglia and neurons (Feng et al., 2014, Flaisher-Grinberg et al., 2014). RIP140 is first
known to co-regulate the activities of many nuclear receptors/transcription factors that
regulate lipid metabolism. For instance, in adipose tissues, RIP140 regulates the storage of
lipids by inhibiting the expression of genes involved in fatty acid oxidation (Leonardsson et
al., 2004, Ho et al., 2011). In hepatocytes and macrophages, RIP140 is involved in both
positive and negative actions of liver X receptor (LXR)-regulated lipid and glucose
metabolism (Herzog et al., 2007). In microphages, cholesterol overload activates microRNA
33 (miR33), a regulator of hepatocyte cholesterol homeostasis which decreases RIP140
mRNA level (Ping-Chih Ho, 2011). RIP140 is highly expressed in the brain (Lee et al.,
1998) and has been detected in various cell types including neurons, astrocytes and
microglia. Whole body RIP140 knockout mice are lean and exhibit memory deficits and
increased stress responses, in addition to numerous defects particularly in reproduction
(Duclot et al., 2012). Macrophage specific RIP140 knockdown mice have decreased
microglia RIP140 level in ventromedial hypothalamus and the cingulate cortex, and exhibit
increased anxiety- and depressive-like behaviors (Flaisher-Grinberg et al., 2014). More
recently, we found that loss of RIP140 in hippocampal neurons can result in increased
vulnerability to ER stress-induced death (Feng et al., 2014). Whether RIP140 plays a role in
another prominent cell type of the brain, astrocyte, is still unclear.

In the current study, we aim to determine if RIP140 expression in the brain responds to
stress, and whether this response is causally related to brain cholesterol metabolism. Forced
swim stress (FSS) was used to generate the behaviorally stressed animal model. RIP140
level and cholesterol metabolic genes expression, as well as cholesterol content, in the brain
and primary cultured astrocyte were examined. The experiments results show that a stressor
like FSS can decrease RIP140 level in the brain, and simultaneously increase brain
cholesterol level. Further, RIP140 negatively regulates cholesterol biosynthesis in, and
cholesterol exportation from, astrocyte. Thus, a reduction in RIP140 expression such as in
astrocytes, which can be caused by FSS, can result in brain cholesterol accumulation. This
may contribute to certain stress-induced pathological outcomes in the brain including
cognitive impairment.

Brain Behav Immun. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feng et al. Page 3

2. Materials and Methods

2.1. Porsolt forced swim stress (FSS) and behavioral test

Male C57BL/6 mice (8-9 weeks old), from Charles River Laboratories, were maintained
and experimental procedures were conducted according to NIH guidelines and approved by
the University of Minnesota Institutional Animal Care and Use Committee (Protocol No.
1306A30679). All behavioral assessments were performed as previously described
(Flaisher-Grinberg et al., 2012, Flaisher-Grinberg et al., 2014). The general activity was
assessed by the automated open field environments. Motor coordination and balance were
determined by the grid walk test and the rotarod apparatus to indicate the physical
abnormalities (Crawley, 2008).

Repeated exposure to a modified Porsolt forced swim test (FST) was used to induce stress
(FSS). Mice were placed in a transparent cylindrical container (30 cm tall, 20 cm in
diameter), filled to a depth of 20 cm with tap water at 30°C, to swim for 15 min each trial.
Between each trial, the water was replaced and the mice were towel dried and returned to
their home cage placed on heat pad to keep the mice warm. The trial was repeated for 14
days (1 trial per day). At the day 15, all mice were subjected to the stress-like behavioral
tested with automated open field test and emergence test. In the automated open field test,
the time spent in the central area of open field, number of enters into the central area of open
field, and as well as the distance travelled in the central were recorded. In the emergence
test, the time spent out of the shelter, latency to exit shelter and number of out of the shelter
were recorded.

The stress-like behaviors of the normal control (n=9) and FSS (n=12) groups were assessed
according to the five recordings (Rec 1: time in the central area; Rec 2: number enters into
the central area; Rec 3: time spent out of the shelter; Rec 4: latency to exit shelter; Rec 5:
number of out of the shelter). For each recording, the average of the control group was
defined as “standard”, indicating normal behaviors with regard to this particular recording.
Each recording of a stressed mouse was converted into a percentage change, compared to
the standard, for that particular recording. An overall percentage change (indicated as
“Average”) was determined by averaging the five recordings for each animal. The stressed
animals were subdivided into stress responsive (S-R) and non-responsive (S-UR) groups
based on the average percentage change: stressed animal displaying > 30% difference in its
average percentage change was regarded as stress responsive; stressed animal displaying <
10% difference in its average percentage change was regarded as stress non-responsive.
Stressed animals with an average percentage change of 10%-30% were excluded from
further experiments.

2.2 Cell culture

Primary astrocyte from day 1 mice pups was performed as previously described (Feng et al.,
2011). Briefly, whole cortex were isolated from neonatal mice and digested in 0.25% trypsin
at 37°C. The dissociated cells were cultured in poly-D-lysine (5 pg/mL) coated flasks in
DMEM/F12 (10% FBS) at 37°C under 5% CO,. Neurons and microglia were removed by
shaking the flasks in the culture box for 15 h at 250 rpm, and the 3-week old cells were used
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for the experiments. Cultures consisting of more than 95% astrocytes were determined by
glial fibrillary acidic protein (GFAP) immunocytochemical staining.

Mouse hippocampal neuron cells (HT22 cells, from Salk Institute) were maintained with
DMEM supplemented with 10% FBS and differentiated in neurobasal medium with N2
supplement for 3 days before treatment.

2.3. siRNAs and transfection

Scrambled RNA and siRNAs for RIP140 (5-CGGCGTTGACATCAAAGAA-3 and 5/-
GCTTCTTTCTTTAATCTAA-3, SI02698759, Qiagen) were transfected into astrocytes or
HT22 cells to knockdown RIP140 using HiPeFect transfect reagent (301707, QIAGEN)
according to the manufactural instruction. siRNA for miR33 (S102655450, Qiagen) was
transfected into astrocytes to knockdown miR33 by HiPeFect transfect reagent.

2.4. Gene expression assay by quantitative real-time PCR (qPCR)

Total RNA was isolated from astrocytes and HT22 cells or the different brain region by
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA samples’ cDNA was synthesized
using Omniscript RT kit (QIAGEN), and qPCR was performed with SYBR-Green QPCR
reagent (Agilent, Santa Clara, CA, USA) and detected by the Mx3005P QPCR system
(Agilent). QPCR primer sequences were presented in supplemental tablel.

The miR33 expression level was detected using real-time PCR with miR33 specific primer
(MS00032697, Qiagen).

2.5. Immunofluorescence (IF) assay

Animals were anesthetized and transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde. Brain samples were post fixed with 4% paraformaldehyde overnight and
equilibrated in 20% and 30% sucrose. Coronal sections of 15 um were prepared with a
sliding microtome. IF was performed using as primary antibody rabbit anti-RIP140 and Bip
or goat anti-GFAP IgG (Abcam, ab42126, ab21685, ab7260) and as secondary antibody
FITC, Cy3 or Cy5 conjugated monkey anti-rabbit 1gG (Santa Cruz). Nuclei were stained by
DAPI (Sigma-Aldrich). Images were acquired with an Olympus FluoView 1000 1X2 upright
confocal microscope. The fluorescence intensity presenting RIP140 or Bip level was
calculated with Zen 2011(ZEISS) software.

2.6. Cholesterol assay

Cellular and brain tissue cholesterol content were detected with Amplex® Red Cholesterol
Assay Kit (Invitrogen, A12216) according to the manufactural instruction. The free
cholesterol in hippocampal neurons was labeled by filipin staining and images were
acquired with an Olympus FluoView 1000 1X2 upright confocal microscope. The
fluorescence intensity presenting cholesterol level was calculated with Zen 2011software.

2.7. Mouse stereotaxic apparatus injection

The 270O-Methyl RNA based antisense miR33 (miR33 inhibitor: mC/ZEN/mA mAmUmG
MCmMAMA mCmUmA mCmAmMA mUmGmC mA/3ZEN/) and control RNA were purchase
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from Integrated DNA Technology. The miR33 inhibitor (25 uM in 2 pl saline) or scrambled
RNA was delivered to hippocampus using stereotaxic apparatus at anteroposterior (AP) 2.0
mm, medial-lateral (ML) 1.2 mm and dorsoventral (DV)1.6 mm according to previous
describe (Feng et al., 2014). The level of RIP140 mRNA and miR33 was detected 4 days
later using gPCR.

2.8. Statistical Analyses

3. Results

Statistical significance for multiple comparisons was determined by Student’s t-test and one-
way analysis of variance (ANOVA) using SPSS17.0 software and summarized as the mean
+ SEM of repeated measures; p< 0.05 was considered statistically significant at the 95%
level.

3.1. Forced swim stress elevates brain cholesterol biosynthesis

To determine the effect of behavioral stress on brain cholesterol metabolism, we performed
forced swim stress (FSS) experiments using mice. Following FSS, the stress-like behavior
was evaluated by automated open field and emergence tests. Animals exhibited significant
(>30% of the difference of behavioral score between stressed animal and normal controlled
animal) increase in the latency to exit shelter and decrease in time spent out of shelter, as
well as decreased entries into the central areas of open field or out of shelter were regarded
as stress-responsive group (S-R) (Fig. 1). The animals exhibited similar behavior (<10% of
the difference of behavioral score between stressed animals and normal controlled animals)
as the normal controlled animals (non-stressed animals) were regarded as stress
unresponsive group (S-UR) (Fig. 1). Original behavioral scores are provided in
supplemental table 2. Gene expression in hippocampi involved in cholesterol metabolism
was examined using quantitative PCR. The results show that the levels of srebpl, hmgcr and
cyp51 gene are all significantly increased in stress-responsive animals after FSS (Fig. 2A),
and the expression levels of genes mediating neuronal uptake of cholesterol, such as Idlr and
Irpl, or astroglial exportation of cholesterol, such as abcal and abcgl, are also increased
(Fig. 2B and D). Additionally, total cholesterol level is elevated in the cortex (Cor),
hippocampus (Hipp) and hypothalamus (Hyp) of stress-responsive animals (Fig. 2C).
However, there is no significant difference in the expression level of cyp46al that mediates
the turnover of cholesterol to 24S-hydrocholesterol in neurons between normal and stressed
animals (Fig. 2E). These results demonstrate that behavioral stress, such as FSS, can alter
the homeostasis of brain cholesterol.

3.2. FSS decreases RIP140 expression level

Since RIP140 is known to play important role in regulating lipid metabolism, brain function
and animal behavior, we then determined whether FSS affected RIP140, such as its
expression, in the brain. We monitored RIP140 protein in cortex, hippocampus and
hypothalamus of normal control, stress-responsive and stress-unresponsive animals by
immunofluorescence staining. The results show that immunoreactive RIP140 signal in
astrocyte is significantly reduced in stress-responsive animals, but it remains largely
unaltered in stress-unresponsive animals (Fig. 3A and B). Consistently, RIP140 mRNA level
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is down-regulated in different brain areas of stress-responsive animals (Fig. 3C). These
results indicate that this type of behavioral stress down-regulates the expression of RIP140
in specific brain regions at both mRNA and protein levels.

3.3. Behavioral stress-induced reduction in RIP140 involves ER stress and miR33

Recent studies have shown that elevated ER stress and oxidative stress are involved in
certain behavioral stress-induced neurological disorders (Madrigal et al., 2001, Lindholm et
al., 2006, Lee et al., 2009). We speculated whether ER stress was involved in the FSS-
induced behavioral stress, therefore we monitored ER stress marker Bip. As shown in Figure
4 A and B, Bip protein level is increased in the brain of stress-responsive animals, but not in
stress-unresponsive animals, suggesting that elevated ER stress is associated with the
manifestation of this type of behavioral stress.

We next determined whether microRNAs involved in regulating RIP140 and/or cholesterol
metabolism might have been affected by behavioral stress. We monitored the expression
levels of miR33 (released by SREBP activation and down-regulating RIP140 mRNA),
miR106b and miR758 (both highly expressed in brain and regulating cholesterol level)
(Ramirez et al., 2011, Kim et al., 2012). As shown in Figure 4 C, miR33 level indeed is
robustly elevated in stress-responsive animals, but not in stress-unresponsive animals. We
also examined three other microRNAS that have been implicated in either cholesterol
metabolism (miR106b and miR758) or stress response (miR34c). We found no apparent
changes in either miR106b or miR758 level between the control and the stress groups, but
an increase in miR34c in stressed mice (Supplemental Figurel). These results support the
success of our stress induction, and rule out potential contribution by other microRNAs in
our experimental system.

We further examined whether RIP140 mRNA level can be elevated by directly decreasing
miR33 level in vivo. The 2’0-Methyl RNA-based antisense miR33 or control RNA was
delivered into hippocampus CA1. The miR33 and RIP140 levels were detected 4 days later.
The results show that the miR33 inhibitor indeed significantly suppresses the miR33 level in
the injected area (80% decrease) (Supplemental Figure 2 A). Consequentially, the level of
RIP140 mRNA is increased (Supplemental Figure 2 B). These results validate that RIP140
mMRNA can be stabilized by inhibiting miR33 in the brain. Alteration in miR33 in the brain,
such as that triggered by the behavioral stress, can affect RIP140 mRNA levels in the brain.

We followed up with this observation to determine whether miR33 elevation in the brain of
stressed animals was caused by ER stress and/or oxidative stress. Since cholesterol
metabolism in the brain involves, mainly, astrocytes, we thus examined this stress pathway
using primary cultures of astrocytes. The astrocyte cultures were treated with oxidative
stress inducer H,O5 or ER stress inducer thapsigargin (Tg), and the expression levels of
miR33 and RIP140 were both determined. As shown in Figure 4D and E, both H,O, and Tg
elevated the miR33 level, with a corresponding decrease in the RIP140 mRNA level.
Further, knockdown of miR33 in these cells before their exposure to H,O, or Tg down-
regulated the RIP140 mRNA level (Fig. 4F). These results demonstrate that behavioral
stress such as FSS can be manifested as oxidative and/or ER stress. In astrocytes, this then
down-regulates RIP140 level in a miR33-dependent manner.
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3.4. RIP140 inhibits cholesterol biosynthesis in astrocytes

In adult brains, astrocyte provides the main source of cholesterol, whereas neurons uptake
astrocyte-derived cholesterol, mediated mainly through the lipoprotein receptor pathway.
We speculated that a reduction in astrocyte’s RIP140 level, as shown above, might regulate
astrocyte cholesterol metabolism, which will affect cholesterol homeostasis in the brain. It
appears that RIP140 knockdown in astrocytes indeed significantly increases the expression
of genes related to cholesterol metabolism such as srebpl, hmger and abcal (Fig. 5A), as
well as an elevation in the cholesterol content (Fig. 5D). Interestingly, reducing RIP140 in
neurons does not change the expression of cholesterol-metabolizing genes (Fig. 5B and C).
These results demonstrate that RIP140 plays a role in regulating cholesterol metabolism in
the brain, specifically in the astrocyte.

3.5. RIP140 inhibits cholesterol transport from astrocyte to neurons through an Apo
protein-dependent pathway

Astrocyte-derived cholesterol can be exported in an apoprotein-dependent pathway via the
activation of ABCAL and ABCG1, which is then taken by neurons (Pfrieger and Ungerer,
2011). To assess the potential activity of RIP140 in regulating cholesterol transportation
from astrocyte to neurons, we monitored the intracellular free cholesterol pool of primary
hippocampal neurons using filipin staining after incubating these cells with different
astrocyte-derived conditioned media (CM). It appears that the cholesterol pool in neurons
cultured with the CM of wild type astrocytes where RIP140 is knocked down is significantly
increased (indicating increased cholesterol export from astrocyte); however, the intracellular
cholesterol pool remains largely unchanged in neurons cultured with CM obtained from
ApoE~~ astrocyte, with or without RIP140 knockdown (Fig. 6 A and B). We further
confirmed that the cholesterol content in the CM from wild type astrocytes with RIP140
knockdown is increased, but this increase is abolished in those experiments using ApoE ™/~
astrocyte (Fig. 6C). These results demonstrate that RIP140 negatively regulates cholesterol
exportation from astrocyte to neurons.

4. Discussion

RIP140 is highly expressed in the brain and plays multiple roles in maintaining normal brain
function. In macrophage/microglia, it functions as a coactivator for NF-«xB to activate
inflammation (Ho et al., 2012). In neurons exposed to ER stress, RIP140 can be exported to
cytoplasm to interact with inositol 1, 4, 5-trisphosphate receptor on ER membrane, thereby
modulating calcium mobilization (Feng et al., 2014). The present study uncovers an
important response of RIP140 in the brain upon behavioral stress, which is its down
regulation through a miR33-dependent pathway. This study also reveals an additional
function of RIP140 in the manifestation of behavioral stress, which is to regulate brain
cholesterol biosynthesis particularly in the astrocyte.

Disruption in the homeostasis of brain cholesterol, which provides major membrane
components especially for the neuron, can be related to neuronal degeneration and cognitive
decline (Kotti et al., 2006, Di Paolo and Kim, 2011). Studies have also found that the level
of cholesterol in circulation is significantly elevated after exposure to psychological stressor
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(Muldoon et al., 1992). Since the blood-brain barrier (BBB) can effectively prevent the
uptake of cholesterol from circulation into the brain, it is believed that all brain cholesterol is
formed by de novo synthesis (Chang et al., 2006). However, the stress-induced disruption in
BBB can increase the penetration of circulated cholesterol through BBB (Friedman et al.,
1996). Nevertheless, our current study presents the evidence for behavioral stress-induced
increase in brain cholesterol biosynthesis and an elevation in the brain cholesterol level,
which occurs only in stress-responsive animals. This would suggest that increased brain
cholesterol biosynthesis by behavioral stress may elevate the brain cholesterol content.
Given that brain cholesterol serves as the principal precursor for steroid hormones and
myelin, the increase in brain cholesterol biosynthesis may also facilitate the release of stress
hormones and myelination. On this note, behavioral stress has also been implicated in the
aberrant activity of synaptic plasticity (Kim et al., 1996).

Behavioral stress has profound effects, including altering brain structure and function. For
instance, stress induces spatial memory impairments through modifying synaptic plasticity
(Kim et al., 2007). Recent studies indicated that stress-induced alteration of brain function
could be related to the epigenetic changes such as through histone modifications (Sailaja et
al., 2012). In the current study, after repeated FSS, some mice displayed resistance to FSS
stressor. This may be caused by the difference in animals’ resilience which could be due to
different epigenetic changes in those mice. Studies have shown that early-life stress
experience can induce epigenetic modification of genes related to stress and thus altered
response to stress (Meaney and Szyf, 2005). However, effects caused by variations in the
epigenetic profiles of these mice could not be excluded (Franklin et al., 2012). Interestingly,
we found that the expression levels of RIP140 in the brains of stress-unresponsive animals
stay high but decrease in the brains of stress-responsible animals. The stability of RIP140
mRNA is regulated manly by miR33 (Ping-Chih Ho, 2011). We detected significantly
increased miR33 only in the brain of stress-responsible animals. Thus, a fluctuation in
miR33 may mediate behavioral responses to stress by regulating RIP140 which modulates
brain cholesterol metabolism.

Several other microRNAs, such as miR34, miR132 and miR19b, are known to regulate
stress response (Haramati et al., 2011, Sailaja et al., 2012, Rodgers et al., 2013). However,
none of these has been reported to regulate cholesterol metabolism (Najafi-Shoushtari et al.,
2010). The present study shows that in behavioral stress sensitive animals, the expression
level of miR33, along with activation of SREPB1, the major isoform of SREBP family in
the brain, is dramatically increased following exposure to stress, which contributes to the
reduced RIP140 level in multiple brain areas including hippocampus. Study has shown that
SREBP can also be activated by oxidative stress and ER stress (Wang et al., 2005). It is
tempting to speculate that the activation of SREBPL1 in behaviorally stressed animals’ brains
may be due to an elevation in ER stress. Indeed, our results show that behavioral stress
results in increased expression in ER stress marker Bip. Further, in vitro study using primary
astrocyte culture treated with ER stressor thapsigargin (Tg) and oxidative stressor H,0,
show that both stressors can elevate miR33 levels, and correspondingly, decrease RIP140
mMRNA level. Further, miR33 knockdown abolishes Tg and H,O,-triggered decrease in
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RIP140 mRNA level, supporting that the decrease in RIP140 level is dependent on the
activation of miR33 in astrocyte.

The major source of cholesterol in adult brain is provided by astrocyte; neurons uptake
cholesterol from astrocytes (Dietschy and Turley, 2004, Pfrieger and Ungerer, 2011).
Regulation in the exportation of astrocyte-derived cholesterol involves liver X receptor
(LXR), which can be co-regulated by RIP140(Herzog et al., 2007). As a target gene of LXR,
abcal expression is robustly increased in the brain upon stress (Fig. 2) and cultured
astrocyte upon RIP140 knockdown (Fig. 5). Thus, RIP140 may also modulate neuronal
cholesterol uptake through regulating astrocyte cholesterol export in LXR-apolipoprotein E
(apoE)-dependent pathway. To dissect brain cholesterol mobilization at the cellular level, we
employed conditioned medium (CM) in the experiments. Indeed, depleting RIP140 in
astrocyte can increase its expression of genes related to cholesterol metabolism, as well as
the cholesterol content in neurons cultured with CM obtained from this astrocyte culture,
supporting that RIP140 negatively regulates astrocyte cholesterol biosynthesis and
exportation. Importantly, it is not the case in experiments using apoE-null astrocyte culture,
supporting that the function of RIP140 in the regulation of astrocyte cholesterol exportation
is related to the LXR-dependent pathway. In the adult brain, ApoE is mostly expressed in
astrocyte to mediate LXR-regulated cholesterol export from astrocyte, whereas CYP46 is
expressed mostly in neurons to remove cholesterol from brain (Pfrieger and Ungerer, 2011).
Interestingly, RIP140 knockdown in neurons did not affect cholesterol metabolism in
neurons, supporting that adult neurons do not actively synthesize cholesterol in neurons.

In conclusion, the current study reports that behavioral stress significantly reduces RIP140
expression in the mouse brain, which is associated with altered brain cholesterol
homeostasis. Mechanistically, behavioral stress suppresses RIP140 expression by increasing
miR33 that targets RIP140 mRNA’s 3’-untranslated region. Cholesterol biosynthesis and
exportation in astrocyte, the major source of adult brain cholesterol, is dramatically
increased as a result of reduction in RIP140 level. This study demonstrates that RIP140
plays an important role in maintaining brain cholesterol homeostasis through regulating
cholesterol metabolism in astrocyte, and that miR33 is an important mediator of behavioral
stress to regulate RIP140 level. Altering RIP140 levels can disrupt brain cholesterol
homeostasis, which may underline behavioral stress-induced neurological disorders.
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Figure 1. Forced swim stress (FSS) induces behavioral stress
There 12 mice were subjected to forced swim stress (FSS) daily for 14 days, at day 14,

following FSS, the stress like behavioral was assessed using automated open field and
emergence tests. A, Reduction of time in the central area of open field from stress-
responsive group (5 mice) compared with normal controlled group (9 mice, without FSS)
and stress-unresponsive group (5 mice). B, Reduced number of enters into the central area of
open field from stress-responsive group (5 mice) compared with normal controlled group (9
mice, without FSS) and stress-unresponsive group (5 mice). C, Reduction of time spent out
of the shelter from stress-responsive group (5 mice) compared with normal controlled group
(9 mice, without FSS) and stress-unresponsive group (5 mice). D, Trend towards an increase
in latency to exit shelter from stress-responsive group (5 mice) compared with normal
controlled group (9 mice, without FSS) and stress-unresponsive group (5 mice). E, Numbers
out of the shelter. The statistic results are presented as means + SEM., *p<0.05, **p<0.01
and ***p<0.001 compare to control group determined by one-way analysis of variance.

Brain Behav Immun. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feng et al.

Page 15
A srebpl hmgcr cyp51
= ~ 2.5 1 . . .
= 25 = = 3
= (8] to
L; 5 4 * 5 21 ;é 25 1
g S S 24
= = 15 1 =
g 1° 2 S 5
5 2 g 15
1 1 < 17 <
z z s 19
o & o
£ 05 £ 05 1 £ 05 1
o) e B
= 0 A o 4 = 0 4
Ctrl S-R S-UR Ctrl S-R S-UR Ctrl S-R S-UR
B Idir Irpl C
~2.5 1 * =25 7 2 450 1 Ctrl *
5 o ) Oua0{ =SR
- Y - Y
5 2 s 2 Smsoq WSUR
S s < 300 1
S15 4 5 E s
2 s &3 2 250
< 14 < 11 5 200 1
s Z 5 150 1
-1 7]
£0.5 £ 05 1 < 100 7
] ® S 507
0 0 - 0 .
Ctrl S-R S-UR Ctrl S-R S-UR Cor Hipp Hyp
D abcal abcgl E cyp46al
g 3 - <4 <14
¢ = *k 3
225 ) O12
8 S 3 S
S 2 = ™
e 1 S 08
21s 22 3
= =06
< 1 < <
g Z1 Z 04
EOS E E 0.2
2 o0 E] 0 E] 0
Ctrl S-R S-UR Ctrl S-R S-UR Ctrl S-R S-UR

Figure 2. Behavioral stress disrupts brain cholesterol homeostasis
The animals were subjected to forced-swim stress (FSS) to induce behavioral stress. The

stress-like behavior was evaluated using automated open field test and emergence test.
According to the different behavioral response after FSS, the animals were divided to two
groups, stress responsive, which displayed stress-like behavior and stress unresponsive,
which exhibited no stress-like behavior. A, Expression levels of cholesterogenic genes of
hippocampus from normal control group (Ctrl), stress-responsive group (S-R) and stress
unresponsive group (S-UR). B, Expression levels of lipoprotein receptor genes in
hippocampus from Ctrl, S-R and S-UR groups. C, Cholesterol levels of cortex (Cor),
hippocampi (Hipp) and hypothalamus (Hyp) from Ctrl, S-R and S-UR groups. D,
Expression levels of genes mediates cholesterol exportation from astrocytes in hippocampus
from Ctrl, S-R and S-UR groups. E, Expression level of cyp46al, which mediates
cholesterol removal from neurons, in hippocampi of Ctrl, S-R and S-UR groups. The
statistic results are presented as means + SEM., (n=5-9), *p<0.05 and **p<0.01 compare to
control group determined by one-way analysis of variance.
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Figure 3. Behavioral stress decreases brain RIP140 expression level
A, Confocal microscopy images showing decreased RIP140 (green) expression in astrocyte

(red) of the cortex (Cor), hippocampus (Hipp) and medial basal hypothalamus (MBH) from
stress-responsive group (S-R) compared with normal control group (Ctrl) and stress
unresponsive group (S-UR). B, Quantified results of fluorescence intensity representing
RIP140 levels from 7 different fields of hippocampus (anteroposterior 2.0 mm, medial-
lateral 1.2 mm and dorsoventral 1.6 mm). C, Expression level of RIP140 mRNA in the
cortex (Cor), hippocampi (Hipp) and hypothalamus (Hyp) from Ctrl, S-R and S-UR groups.
Scale bar, 20 um. The statistic results are presented as means = SEM., (n=7), **p<0.01
compare to control group determined by one-way analysis of variance.
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Figure 4. Activated microRNA33 (miR33) following behavioral stress contributes to a decrease
in RIP140 level

A, Confocal microscopy images showing RIP140 (Green) expression and ER stress marker
Bip (Red) in hippocampi from normal control group (Ctrl), stress-responsive group (S-R)
and stress unresponsive group (S-UR). Scale bar, 20 pm. B, Quantified results of
fluorescence intensity showing RIP140 and Bip expression from 7 different fields of
hippocampus. C, Expression level of miR33 in hippocampi of Ctrl, S-R and S-UR groups.
D, Expression level of miR33 in astrocytes treated with oxidative stress inducer H,O, and
ER stress inducer thapsigargin (Tg). E, Expression level of RIP140 mRNA in astrocytes
treated with H,O, and Tg. F, Expression level of RIP140 mRNA in astrocytes, with or
without miR33 knockdown, treated with H,O, and Tg. The statistic results are presented as
means + SEM., (n=5-7), *p<0.05 and **p<0.01 compare to control group determined by
one-way analysis of variance.
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Figure 5. RIP140 negatively regulates brain cholesterol biosynthesis
Cholesterol metabolic genes expression in primary cortex astrocytes and hippocampal

neurons with (SiRIP) or without (SiCtrl) RIP140 knockdown was examined. A, Expression
levels of RIP140 and cholesterogenic genes in astrocytes with or without RIP140
knockdown. B, Expression levels of RIP140 and cholesterogenic genes in hippocampal
neurons (HT22 cells) with or without RIP140 knockdown. C, Expression levels of
lipoprotein receptor genes in hippocampal neurons with or without RIP140 knockdown. D,
Cholesterol level in astrocytes with or without RIP140 knockdown. The statistic results are
presented as means £ SEM., (n=3), *p<0.05 and **p<0.01 compare to control group
determined by student’s t-test.
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Figure 6. Reducing astrocyte’s RIP140 accelerates cholesterol exportation from astrocyte and

uptake by neurons

A, Confocal microscopy images showing cholesterol labeled by filipin staining in
hippocampal neurons cultured with conditioned medium (CM) from wild-type (wt) or
apolipoprotein E (apoE™") null astrocyte with (SiRIP) or without (SiCtrl) RIP140
knockdown. Scale bar, 20 um. B, Quantified results of fluorescence intensity showing free
cholesterol levels from 7 different experiments. The statistic results are presented as means
+ SEM., *p<0.05 compare to wt-CM of siRNA control group, determined by one-way
analysis of variance. C, Cholesterol content in the medium of wt or apoE /= astrocyte with
or without RIP140 knockdown. The statistic results are presented as means = SEM., (n=3),
*p<0.05 compare to siRNA control group determined by student’s t-test.
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