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Impact of Enriched environment on lipid metabolism after experimental 

stroke 

Enida Kuric 

 

Abstract 

Stroke is the major cause of serious long-term disability with a sufficient acute treatment for 

only a very limited number of patients. Limited recovery of neurological functions occurs and 

can be elevated by a permissive post-stroke milieu. Housing animals in an enriched 

environment modulates regenerative mechanisms in the nonischemic peri-infarct area which 

might be an attractive target for pharmacological treatments to promote recovery.  

Upon ischemia, cellular lipids are released due to massive cell damage and free lipids 

significantly contribute to the progression of acute and delayed cell death. The aim of this 

study was to evalute the effect of enriched environment on lipid metabolism. In particular we 

characterize the activation of the transcription factor liver X receptor (LXR) in glial scar 

formation and regulation of cholesterol balance of relevance for functional recovery following 

stroke.    

Brain tissues from animals subjected to permanent occlusion of middle cerebral artery 

(pMCAo) were analysed for LXR  and  protein expression. We found an upregulation and 

an increased transcriptional activity of LXR  in the peri-infarct area of rats housing in an 

enriched environment following pMCAO. Our data anticipate that enriched environment may 

have positive effects on lipid recycling in the ischemic hemisphere following experimental 

stroke. 

 

Keywords: lipid metabolism, liver X receptor, recovery, enriched environment, astrocytes, 

apoE, cerebral ischemia, stroke 
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1 Introduction  

 
1.1 Background 

1.1.1 Stroke – the leading cause of disability 

 
Stroke is the third leading cause of death and the main cause of adult long- term disability in 

developed countries (Carmichael 2006). Stroke affects 15 million people annually worldwide, 

whereof 30.000 in Sweden (Hjart Lungfonden), and among them one third of the patients is 

permanently disabled every year. The prevalence increases with age. Further risk factors are 

diabetes, smoking, hypertension, hyperlipemia (Harmsen P. et al 2006 ). 

 

Ischemic stroke is the most common type followed by hemorrhagic, accounting for 87 % 

respectively 13 %. Ischemic stroke occurs when an artery that provides the brain with blood is 

occluded which results in reduced blood flow or total blockage to a circumscribed area in the 

brain due to local arteriosclerosis and/or by a local or a floating thrombus (caused by atrial 

fibrillation). In contrast to ischemic stroke, a hemorrhagic can be diagnosed after rupture 

either of a brain artey (ie ruptured aneurysm) or vein (ie sinus or venous thrombosis). Stroke 

is a very complex disorder and many factors are involved and determine the final neurological 

outcome (Doyle KP. Et al 2008).  

 

The brain is very dependent of oxygen and glucose as it is its primary energy source. 

Occlusion of a brain vessel results in energy failure and several rapid cellular and molecular 

events. Oxygen glucose deprivation leads to tissue death and thereby loss of brain functions 

within the infarcted area (Adibhatla et al 2006). The ischemic area consists of two zones, the 

ischemic core and penumbra (within the first 24 hours) which is later referred as the peri-
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infarct area. The ischemic core undergo irreversible damage by necrosis of all cells resident in 

this area while the peri-infarct area adjacent to the core, receives blood supply from 

surrounding arteries by diffusion. However, reperfusion and a sufficient neuroprotective 

therapy must be applied to prevent irreversible damage of the infarct core within the first 3 to 

6 hours after stroke onset (Siesjö BK. 2008). The penumbra or peri-infarct area is where 

pharmacologic interventions might be mostly effective since it has partial blood supply and 

only a loss of function but no significant cell death (Wieloch and Nikolich 2006). 

 

1.1.2 Experimental brain ischemia models 

 
In vitro systems are highly valuable to study mechanisms of cerebral ischemia but very 

limited because the systemic conditions are eliminated contributing to stroke pathology. 

Several experimental models are commonly used to mimic clinical stroke. It has to be 

considered that non of these models alone can completely explain all aspects of clinical stroke 

(Graham et al 2004). 

 

Occlusion of a major cerebral artery leads to infarction in a specific brain region. The most 

common model used is the occlusion of the middle cererbral artery (MCAo) resulting in a 

rapid reduction of the blood flow. The damage depends on the occlusion time and position of 

occlusion (proximal or distal) but also whether the occlusion is transient or permanent. In the 

transient MCAo model a reperfusion is performed after a certain time. The Infarct size in the 

permanent MCAo is usually defined to the cortical area supplied by the MCA. In contrast to 

the transient model, striatal tissue is not affected (G. Stoll et al 1998). Spontaneously 

hypertensive rats (SHR) are commonly used in the permanent model since these rats develop 

hypertension known as a risk factor for clinical stroke. Sham operated animals are used as 

controls to make sure that the reults are independent from surgery.  
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1.1.3 Contributing Mechanisms for post-stroke recovery  

 
Several mechanisms contribute to the recovery process such as inflammation, glial scar 

formation, neurogenesis, re-organization of lipid metabolism etc. Ischemia leads to burst 

release of cellular lipids due to massive cell death. Free lipids significantly contribute to acute 

and delayed tissue damage after acute brain injury such as stroke. Lipid reorganization and 

uptake therefore is important for glial scar formation as well as neurite outgrowth and myelin 

formation (Ruscher, Rickhag, Wieloch et al 2008). 

The brain is the organ with the highest proportion of lipids and cholesterol. Lipid and 

cholesterol homeostasis is important to maintain normal brain function and to restore brain 

function under pathological conditions such as acute brain injury or neurodegenerative 

diseases (A.R. Tall 2008, Adibhatla and Hatcher, 2008). Understanding the mechanisms of 

lipid recycling might allow us to facilitate functional recovery and might help to initiate 

neuro-restorative treatments following acute brain injury such as stroke. 

1.1.4 Enriched environment 

 
Housing animals in an enriched environment (EE) significantly improves functional recovery 

after experimental stroke (Ohlsson and Johansson 1995, Rose FD., 1988). In contrast to 

standard housed animals, mice or rats are placed in a large cage with several toys, grids, 

ladders, tubes and fellows. Animals can exercise like running and climbing and have a better 

social environment. Improved outcome is already observed if the animals are placed for at 

least two weeks into an ee after the ischemic insult. Enrichment of the environment should not 

start during the critical early period after stroke onset and only after the infarct has subsided to 

achieve a significant improvement of recovery. 
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1.1.5 Glial scar formation 

 
After ischemia, a subpopulation of astrocytes is considered to be reactive by the expression of 

characteristic marker proteins such as glial fibrillary acidic protein (GFAP), nestin or 

vimentin. Moreover, one characteristic of reactive astrocytes is the change of morphology. All 

together, these changes are known as reactive gliosis and start within the first hours after 

stroke onset. Gliosis is a marker for several brain pathologies including stroke.  

Ischemic stroke induces proliferation and ramification of astrocytes and microglial cells 

adjacent to the lesion. Reactive astrocytes further produce and release several cytokines 

including tumor necrosis factors (TNF- , TNF- ), interleukins (IL-6, IL-1, IL-10), 

interferons (IFN- , IFN- ) and endothelin-1. It has been hypothesed that these factors trigger 

and contribute to deleterious and beneficial processes in the peri-infarct area after stroke.  

Reactive astrocytes and microglia cells might migrate towards the lesion and thereby form the 

glial scar. The survived area needs to be protected from toxic molecules released from dead 

cells inside the infarct core (“infarct sealing”). It was shown that reactive astrocytes produce 

extracellular matrix components to promote blood-brain barrier repair. However, the 

presentation of these surface molecules might limit neurite outgrowth and post-stroke 

spinogenesis of injured neurons detrimental for the recovery after stroke (Fitch and Silver 

2007, Anderson MF et al 2004, G. Stoll et al 1998).  

1.1.6 Liver X receptors 

 
Liver X receptors (LXRs) are ligand-activated transcripton factors located in the nuclear 

envelope regulating lipid, cholesterol and glucose metabolism and thus may be involved in 

neuroprotective pathways after experimental stroke (L Sironi et al 2008, Wang et al 2002). 

There are two isoforms LXR  and LXR  with similar amino acid composition but different 

expression pattern (L.J Millatt et al 2003). LXR  is highly expressed in the liver but also in 

intestine, kidney and macrophages while LXR  is mainly expressed in astrocytes in the brain. 
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The protein size is around 50 kDa. LXRs are activated by several oxysterols, oxidized 

cholesterol derivates but not cholesterol itself.  

 

The heterodimer (LXR/RXR) binds to specific nucleotide sequence, LXR response elements 

consisting of direct repeats of the consensus sequence AGGTCA separated by four 

nucleotides, controls the expression of their target genes involved in cholesterol efflux like 

apolipoprotein E (apoE), ATP-binding cassette transporter 1 (ABCA1) and thus protecting the 

cell from cholesterol overload. Moreover, it is known that LXRs promote neuroprotection 

after experimental stroke by reducing the expression of several inflammatory genes, which are 

increased after stroke (Repa et al 2007, Morales et al 2008, L. Sironi et al 2008). All these 

actions explain why LXRs are considered as useful targets in neurodegenerative diseases.  

1.1.7 Apolipoprotein E 

 
ApoE is integrated in lipoprotein particles and essential for cholesterol transport because it 

enables the hydrophobic lipids to be transported through the blood. ApoE is the main 

apolipoprotein in the brain, it is highly lipidated and primarly produced by astrocytes and 

microglia cells.  

It has been suggested that apoE secreted from astrocytes, macrophages and oligodendrocytes 

in response to nerve injuries promote cholesterol-phospholipid recycling (Heeren J et al 2005) 

and also that apoE knockout mice have a worse outcome after cerebral ischemia ( Kim E et al 

2008, DT Laskowitz et al 1997). Thus and among several other factors, it makes it interesting 

to study the impact of apoE and LXR on lipid metabolism in the recovery phase after 

experimental stroke.  
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1.2 Aim 

This study evaluates the impact of enriched environment on post-stroke lipid metabolism in 

the lesioned hemisphere. In particular, we will study the contribution of glial liver X receptor 

activation relevant for recovery after experimental stroke.  
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2 Materials and methods 

 

2.1 Procedures 

2.1.1 Permanent Rat Middle Cerebral Artery Occlusion (pMCAo) 

 
Adult male SHR rats (17 weeks old) were anaesthesized with 60 mg sodium pentobarbital (60 

mg/ml/kg BW). Marcain (1.25 mg/kg) was used for local anaesthesia. Following a dissection 

of the right temporal muscle, a small hole was drilled into the scull bone. The right middle 

cerebral artery (MCA) was localized and ligated. After surgery, animals were kept on a warm 

blanket to maintain body temperature at 37°C. 

2.1.2 Astrocytic cell cultures  

 
Astrocytes were prepared from cortices of newborn rats (p1-3) cultivated in DMEM 

supplemented with 10 % fetal calf serum and used in the first sub-cultivation. Organotypic 

hippocampal slice cultures were prepared from newborn mice (p5-7). All cultures were 

provided for experiments. 

2.1.3 Oxygen Glucose Deprivation 

 
The cells were washed with PBS and then replace by OGD medium to induce hypoxia. The 

24-well plates having cells were immediately transferred to OGD chamber (Elektrotek Ltd., 

U.K.) equipped with palladium to remove traces of oxygen. It is flushed with the gas 

containing 85% N2, 10 % H2 and 5% CO2 and a constant temperature was maintained at 35.0 

0C+/-0.3 0C. After 15min of OGD, the cells were taken from OGD chamber and OGD 

medium was replaced by normal culture medium. As a control for the OGD experiment, BSS 

medium was used. 
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2.1.4 Treatment protocols.  

Astrocytes were treated with 1 M of simvastatin (Sigma, Taufkirchen, Germany). Stock 

solutions were prepared in DMSO and used as a 1:100 dilution in the experiments. Final 

concentration of DMSO in the culture medium was 0.5 %. For controls, only DMSO was 

added to the culture medium. Higher concentrations of simvastatin (> 5 M) were toxic 

applied for 24 h after HA (data not shown). 

2.1.5 Harvesting Cells 

 
At defined time points after treatment, cells were scraped from the culture dishes and pooled 

to 15 mL tubes. After centrifugation at 239 x g at 4 °C for 4 min, supernatant medium was 

discarded up to a residual volume of 500 L. Cellular pellets were resuspended and 

transferred to 1.5 mL tubes and collected by centrifugation at 718 x g at 4 °C for 8 min. After 

centrifugation, the remaining supernatant medium was discarded and the pellets used for 

subsequent analyses. 

2.1.6 Protein extraction 

 
Pellets were resuspended in 150 l of lysis buffer (LB) by vortexing for 5 s and incubated on 

ice for 20 min. After centrifugation at 20800xg at 4 °C for 15 min, the supernatant containing 

cellular proteins was stored at -80 °C. 

2.1.7 Determination of protein concentration  

 
Whole cellular protein concentrations were determined by the Bradford assay using bovine 

serum albumin (BSA) with concentrations 100 g/ml to 5000 g/ml as a standard. Two l of 

standard or sample were added to 200 L of Bradford reagent (see appendix for recipe) into a 

96 well microtiter plate. Measurements were performed in triplicate for each sample and 

standard, respectively. After gentle mixing (to prevent formation of bubbles), the plate was 
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mounted in a BIO-Rad Microplate reader and the absorbance was measured at 595 nm. 

Protein concentrations were calculated by means of the standards. 

2.1.8 Western Blot 

 
Preparation of polyacrylamide gel 

All buffers and solutions were prepared as specified in the appendix section. All Western 

blots were performed with a Bio-Rad system. One-millimeter thick separation gels (10%) 

were prepared by mounting a spacer glas plate and a cover glass plate onto the casting unit. 

Five milliliter of the gel mixture were carefully pipetted between the glass plates and overlaid 

with one mL MilliQ water to prevent dehydration of the gel surface. After 45 minutes, the gel 

was polymerized. The remaining polymerization water was removed by small Whatman paper 

leaflets. Immediately after, the stacking gel (5%) was pipetted on top of the separation gel and 

a comb was placed into the stacking gel. After polymerization, the gel sandwich was mounted 

in the running chamber filled up with running buffer. 

 

Sample preparation 

Ten micrograms of protein were diluted to 10 μl lysis buffer and 10μl of 2xSDS sample 

buffer. The mixture was mixed and heated at 94 ºC for 5 min. Before loading condensed water 

was spun down. 

 

Running and transfering 

After rinsing the slots with running buffer, 5 l of a biotinylated protein marker (Cell 

Signaling Technology) was loaded. Ten micrograms of each sample were loaded into 

neighboring slots. After protein stacking (10 mA per gel) indicated by a very thin line of 

bromphenolblue (BPB), proteins were separated at 0.8 mA/cm2 gel area until the BPB front 

has reached the bottom of the gel.  
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After, gels were taken out after from the gel plates and incubated in transfer buffer for 5 min. 

The membranes (PVDF, polyvinyl difluoride) were wet in methanol for 3 s and incubated in 

transfer buffer for 5 min. A sandwich was prepared by placing the gel onto the membrane 

covered by 1.5 mm Whatman paper from both sides. Remaining air was removed from the 

sandwich. Plastic cassette holding the sandwich was closed and transferred to the tank filled 

with transfer buffer. Protein transfer onto PVDF membranes was assessed at 50 V per gel for 

1 h according the manufacturers recommendations.  

 

Blocking and Primary antibody incubation 

Membrane was washed 3x 5min in tris buffered saline containing Tween 20 (TBS/T). After, 

the membrane was incubated in blocking solution at room temperature for 1 hour and washed 

again three times for 5 min each. Membrane was incubated with primary antibody in a 

respective buffer (TBS/T, 5 % BSA) at 4 °C overnight. The following primary antibodies 

were used for this study: anti liver X receptor  (goat ployclonal and diluted 1:1000), anti 

liver X receptor  (rabbit polyclonal and diluted 1:1000) and anti apolipoprotein E (goat 

polyclonal and diluted 1:2000) all from Santa Cruz Biotechnology, Germany .   

 

Washing and secondary antibody incubation 

At the second day, the membrane was washed in TBS/T using the following protocol: 3x 

1min, 1x 15 min and 3x 5 min. A secondary antibody solution was prepared containing an 

anti-goat HRP conjugated antibody against LXR  (diluted to 1:25000; Santa Cruz 

Biotechnology, Germany), anti-rabbit HRP conjugated antibody against LXR  (diluted to 

1:25000; Santa Cruz Biotechnology, Germany ), anti-goat HRP conjugated antibody against 

ApoE (diluted to 1:4000; Santa Cruz Biotechnology, Germany) all three in combination with 

anti-biotin horseradish peroxidase linked antibody (diluted to 1:5000; Cell Signaling 
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Technologies, U.S.A.) The membrane was incubated in secondary antibody solution at room 

temperature for 1 h and washed after (3x 1min, 1x 15 min and 3x 5 min). 

Exposure 

The membrane was incubated in a mixture of 400 l of HRP substrate luminol and 400 l of 

HRP substrate peroxide solution for 1 minute. The membrane was exposed for chemi-

luminescence and was scanned (Image Reader LAS1000 Pro V2.6) and processed using Multi 

Gauge V2.2 software.  

 

Membrane stripping 

Equal loading was verified by probing stripped membranes for beta-actin. The membrane was 

rinsed in Milli-Q water for 1 min and incubated in stripping buffer at 70 ºC for 30 min in 

order to remove bound antibodies. After, the membrane was washed with TBS/T buffer 3x 

5min and blocked as described above. After incubation with a HRP conjugated anti beta-actin 

antibody (Sigma, Deisenhofen, Germany, diluted to 1:25000) at room temperature for 30 min, 

the membrane was washed in TBS/T (3x 1min, 1x 15 min and 3x 5 min) and exposed as 

descibed above. 

2.1.9 Immunofluroscence 

 
30 m thick brain sections were washed with PBS 3x 10 min each and incubated with 

blocking solution for 1 h at room temperature. The sections were incubated with anti LXR  

(goat polyclonal antibody and diluted to 1:400) or anti LXR  (rabbit polyclonal and diluted 

to 1:400) and anti GFAP  (mouse monoclonal and diluted to 1:300) antibodies under gentle 

agitation in blocking solution at 4 °C overnight. After, sections were washed with PBS (3x 10 

min) and incubated with respective fluorescent secondary antibody anti-goat Cyanine 5 

labeled (diluted to 1:300), anti-rabbit Cyanine 3 labeled (diluted to 1:200) and anti-mouse 

Cyanine 5 or 3 labeled (diluted to 1:300) in PBS at room temperature in a dark chamber (to 
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prevent fluorescent dye degradation) for 1,5 h. Sections were washed again with PBS (3x 10 

min) and mounted on glass slides using an aqueous mounting medium (Daido Sangyo Co. 

Ltd, Japan). Unspecific binding of secondary antibodies was tested omitting the primary 

antibodies. Fluorescent signals were visualized by confocal laser microscopy (Zeiss LSM510, 

Jena, Germany).  

2.2.1 Immunohistochemistry 

 
30 m thick brain sections from 4% paraformaldehyde-perfused animals were washed in 

phosphate buffered saline (PBS) and quenched with (3% H2O2, 10% methanol) for 15 min. 

After blocking with (5% normal donkey or swine serum in PBS with 0.25% Triton X-100) for 

60 min, the sections were incubated with a polyclonal goat LXR  or polyclonal rabbit LXR  

antibody (diluted to 1:400, Santa Cruz Biotechnology, Germany) at 4°C over night. Then the 

section were rinsed with 1% normal donkey or swine serum in PBS containing 0.25% Triton 

X-100). The sections were incubated 1,5 h with secondary antibodies, donkey anti- goat  

HRP- linked (diluted to 1:400) or biotinylated swine anti-rabbit (diluted to 1:400) purchased 

from  Santa Cruz Biotechnology, Germany. Visualization was achieved by the Vectorstain 

ABC Elite kit using 3,3-diaminobenzidine/H2O2. Specificity test of antibodies was performed 

by using blocking peptides against LXR  and LXR  (diluted to 1:400).  

2.2.2 Nuclear extraction 

 
The pellets were resuspended in AC buffer and incubated for 15 min on ice. After 

centrifugation at 5000 rpm for 10 min the supernatant was discarded and the pellet was 

resuspended in BC buffer followed by 30 min incubation on ice. After centrifugation at 14000 

rpm for 20 min the supernatant was collected and stored at  - 80 °C. Protein determination 

was performed by using Bradford assay with bovine serum albumine as standards.  
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2.2.3 Electrophoretic mobility Gel Shift Assay 

 
One pmol of Cy5 labeled specific probe was incubated with 50 g protein of nuclear extracts 

in binding buffer BBN for 1 h on ice. The following Cy5 labeled specific double-stranded 

probe was used for LXR gel shift assays: (5' CY5 

CGCGGCCCCAATGATGTCCAGTTGCGAG-3').  

Specificity was confirmed by addition of a 50-fold excess of either unlabeled specific 

competitor (specific probe without Cy 5 labeling) or unlabeled nonspecific competitor  

and rev. 5'-CGCGGCCGCTAAGATGGACTCTTGCGAG-3'  

fw. 5'-GCGCCGGCGATTCTACCTGAGAACGCTC-3', containing a mutant LXRE 

sequence). 

For LXR  and LXR  supershifts, nuclear extracts were incubated either with polyclonal 

antibody against the LXR  or LXR  (Santa Cruz Biotechnology, Germany) for 15 min at 

room temperature prior to addition of the Cy 5 conjugated specific probe. Twenty l of the 

mixture were separated on a native 5 % polyacrylamide gel at 4 °C in 1 x TBE buffer and 

analyzed  analyzed using a Typhoon scanner variable mode imager and ImageQuant software 

(GE Healthcare, Sweden). 
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3 Results  

3.1. Enriched environment reduces ApoE after Experimental stroke 

 
To study if enriched environment has any impact on Apo E expression in the ischemic core 

and peri infarct area protein lysates from animals (n=4) subjected to pMCAo followed by 

housing in enriched and standard environment for 3 days were analysed for apo E by Western 

blotting. Apolipoprotein E levels were significantly increased in MCAo animals housed in 

standard cages after MCAo as shown in Figure 1B. In contrast, levels of Apo E remained on 

the level of sham-operated animals after housing in an enriched environment following 

MCAo. Decrease was observed in the infarct core and the peri-infarct area, respectively. 

      

Figure 1. Housing in enriched environment reduces apoE expression after experimental stroke. (A) Coronal 

section illustrating the ischemic core (C) and the peri-infarct area (P) following permanent middle cerebral 

aretery occlusion in rat. (B) Apo E levels in the ishcemic core and peri-infarct area after housing in standard (std) 

and enriched environment (ee) determined by Western blot analysis. -tubulin was used as loading control. (C) 

Quantification of Apo E levels. Band intensities for Apo E and -tubulin were determined and Apo E levels were 

calculated as a ratio of -tubulin and presented as arbitrary units (AU). p<0.05, students t-test. 

 

A 

B 

C 
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3.2 LXR ,  expression after transient MCAo 

 
We performed immunohistochemistries to evaluate the temporal profile of LXR  and  

expression after transient MCAo. Here, we found that mainly astrocyte like cells localized in 

the peri-infarct area and microglia like cells in this area but also in the infarct core express 

exclusively LXR  but not LXR . shown in Figure 2 A1 and B.  The number of positive cells 

increases with time the maximum expression was found between day 2 and 4 after MCAo. 

Sham operated animals served as controls. As already seen in healthy cortical tissue of MCAo 

animals LXR  immunoreactivities were found in neuronal branches. We found no 

immunoreactivities for LXR . Specificity of primary antibodies was assured by concurrent 

incubation with specific LXR  and beta blocking peptides with primary antibodies. Despite 

we observed high background signals, no specific cellular signals were detected for LXR  

and , respectively.  

 

A 1. 

 

A.2 

 

 



 19 

B. 

 

Figure 2. Temporal profile of LXR  and  expression in the lesioned hemisphere after tMCAo. (A1) LXR  

staining  after 1, 2, 4, 7, 30 days of recovery, (A2) antidody verification by addition of a specific LXR  blocking 

peptide. (B) Staining for  LXR  after 2, 4 days recovery and antibody verification. Note, LXR  

immunoreactivities did not differ at later time points after tMCAo (data not shown). 

 

3.3 LXR  is expressed in GFAP
+ 

astrocytes 

 
Co-staining for LXR ,  and GFAP revealed that LXR  is expressed in reactive astrocytes 

in the peri-infarct area following pMCAo presented in Figure 3. In contrast, no LXR  

expression was observed. Rat liver extract was used as positive control for the antibodies 

showing the LXR  band at around 55 kDa and a band at around 110 kDa representing the 

LXR/RXR heterodimer.  
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Figure 3. LXR  and  co-staining with GFAP (Cy3, red) in the ischemic core and peri-infarct area. Scale bar 50 

μm. IC – infarct core, PI - peri-infarct area. The upper bands shows LXR/RXR.   

 

3.4 LXR  is upregulated in astrocytes after oxygen glucose deprivation and cholesterol 

depletion by simvastatin 

 
To mimick the in vivo situation we have cultivated neocortical astrocytes and exposed them to 

a sublethal OGD for 10 min. Immediately after OGD or control stimulation (BSS), 

simvastatin (1μM) was added to the culture medium to study if cholesterol depletion by itself 

induces LXR expression. Twentyfour hours later, cells were harvested and analysed for LXR 
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alpha and beta. Out of three independent experiments, we found no expression of LXR  in 

astrocytes supporting our previous findings shown in Figure 4. LXR  is upregulated after 

OGD.  

 

 

Figure 4. LXR ,  expression in astocytes exposed to a sublethal OGD for 10 minutes with or without 

simvastatin treatment (1μM) after control or OGD exposure for 24 h. The upper panel represents the 

experimental design. Basic salt solution was used as medium in the controls. Note, that simvastatin by itself 

upregulates LXR . 

  

3.5 Upregulation of LXR  in the peri-infarct area after pMCAO – Influence of enriched 

environment 

 
To test if the post-stroke housing condition affects LXR levels we have used whole cellular 

extracts from the peri-infarct area from animals housed in standard cages or in an enriched 

environment after pMCAo. As shown in Figure 5, LXR  levels are increased  in MCAo 

treated animals housed in standard cages and further elevated in animals housed in enriched 

environment after MCAo. Figure 5 also reveals the presence of LXR  in sham operated 

animals attributed to branches of cortical neurons. No signals or unspecific bands were 

obtained for LXR . 
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Figure 5. Levels of LXR alpha and beta of the peri-infarct area of animals housed either in standard cages (std) 

or enriched environment (EE) after pMCAo. M indicates the protein marker lane. Each number represents an 

individual animal. 

 

3.6 LXR DNA binding activity analysis  

 
To evaluate if increased protein concentrations results in an enhanced transcriptional activity 

of LXR beta we performed fluorescent gel shift assays. 

Nuclear extracts from five animals were separated on a non-reducing and non-denaturating 

PAGE. Protein-DNA complexes are separated only by their charge but not by size. A 

representative gel shift is shown in Figure 6. A basal DNA binding activity is already found in 

sham operated animals independent from their housing condition. DNA binding activity 

declined in animals experienced an pMCAo and housed in standard cages after the insult. 

Interestingly, binding activities were reconstituted and on the level of sham operated animals 

in rats housed in an enriched environment following MCAo. Specificity of LXR bands were 

achieved by competition experiments using either a 50fold unspecific competitor, a 50fold 
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specific competitor or a specific antibody against LXR beta (data not shown). Similar results 

were obtained from the infarct core (data not shown). 

 

 

 

Figure 6. LXR DNA binding activity A. representative gel shift assay with the indicated LXR specific bands. 

The right panel shows the quantification of LXR DNA binding activities in the infarct core and the peri-infarct 

area calculated as a ratio between the free probe and the specific bands and presented as arbitrary units (AU).  

 

 

 

 

 

 

 

 

 

Some results are excluded due to secrecy.  
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4. Discussion 

 
Lipid homeostasis is essential for all cellular functions. Disturbances in lipid metabolism or 

lack of particular lipids have drastic consequences for disease progression and sometimes they 

are not compatible with life.  

Accompanying with stroke, a burst release of cellular lipids has to be re-organized. The 

present study shows an upregulation of the transcription factor LXR beta in reactive 

astrocytes of the peri-infarct area essential for the regulation of proteins involved in lipid 

metabolism, lipid uptake and lipid transport. LXR beta is not only upregulated in reactive 

astrocytes in different models of experimental stroke, moreover, we found that increased 

expression is associated with an normalized (increased) DNA binding activity in the peri-

infarct area of animals housed in an enriched environment following stroke.  

One of the LXR regulated proteins is the highly lipidated protein ApoE. ApoE is an essential 

protein in the acute phase after stroke (Sheng H. et al 1999) since  knock out mice show larger 

infarct sizes and worse outcome after experimental stroke (Laskowitz DT. et al 1997, Hatcher 

JP. Et al 2002). We could confirm an upregulation of ApoE in the infarct core and peri-infarct 

areas of rats housed in standard cages after MCAo. In contrast, we found reduced levels for 

ApoE in postischemic animals housed in an enriched environment. Reduced levels might be 

due to an increased secretion of ApoE into the interstitium since the protein has a high 

capability to bind free lipids and is integrated into lipoprotein particles. LXR might also 

regulate other lipid transport proteins such as ABCA1.  

We found no regulation for LXRalpha in our in vitro and in vivo models of experimental 

stroke. Despite the immunohistochemistries revealed signals in microglia like cells and 

endothelial cells of the striatum after MCAo, these signals were not been eliminated after 

addition of a specific blocking peptide to the primary antibody solution. We further tested the 

antibodies in Western blots of liver extracts and found single specific bands at the respective 
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sizes. Therefore, we conclude that the LXRalpha is not expressed in the brain which is in 

contrast to the published literature (Morales et al 2008).  

Increased LXR expression and transcriptional activity in the infarct core and peri-infarct area 

might also downregulate the expression of inflammatory mediators as shown before (Repa et 

al 2007). 

In conclusion, this study clearly demonstrates that the LXR beta might be involved in lipid re-

organization of the infarct core and the infarct core/peri-infarct border zone after stroke. In the 

experimental setting these processes normally need about 30 days. We found the regulation of 

LXR beta in reactive (GFAP+) astrocytes forming the glial scar for up to 30 days. However, 

further studies will be needed to study LXR beta in astrocytes more thoroughly. We have also 

neglected the expression in microglial cell and healthy cortical neurons adjacent to the infarct 

core and the peri-infarct area. 

 

 

5. Conclusions and recommendations 

 
Enriched environment may have positve effects on lipid metabolism by the upregulation of 

LXR  in the peri-infarct area. In contrast to others, no expression of LXR  was observed 

suggesting that it is not expressed at all in the brain. Understanding the complex crosstalk of 

LXR regulated proteins and their contribution to lipid re-organization in the lesioned 

hemisphere might open new perspectives into neuro-restorative therapies following stroke. 
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Appendix  

 
Lysis buffer  

20 mM Tris pH 7.5, 150 mM NaCl, 1 mM Ethylenediaminetetraacetic acid (EDTA),  1 mM 

Ethyleneglycoltetraacetic acid (EGTA), 2.5 mM sodiumpyrophosphate, 1 mM orthovanadate,    

1 μg/ml leupeptin, 1 mM Phenylmethylsulfonylfluoride (PMSF), 1 mM - glycerolphosphate 

and 1% Triton X-100 

Astrocytic medium (500 ml)  

7,5 mg Phenolred, 50 ml FBS, 5 ml Glutamine, 5 ml penicillin/streptomycin, DMEM 

BSS medium pH 7.4  

143.8 mM Na+, 5.5mM K+, 1.8 mM Mg2+, 1.8 mM Ca2+, 125.3 mM Cl-, 26.2 mM HCO3
-, 1.0 

mM P4O3
-, 0.8 mM SO4

2-, Glucose 4.5g/L  

OGD medium pH 7.4  

143.8 mM Na+, 5.5 mM K+, 1.8 mM Mg+, 1.8 mM Ca2+, 125.3 mM Cl-, 26.2 mM HCO3
-, 1.0 

mM P4O3
-, 0.8 mM SO4

2-  

AC buffer 

10 mM HEPES pH 7.9, 1,5 mM MgCl2, 10 mM KCl, 0.5 mM EDTA, 0.1 mM EGTA, 10 

l/ml IgPal, 1 mM DTT and 0.25 mM Phenylmethylsulfonylfluoride (PMSF) 

BC buffer 

20 mM HEPES, 20% glycerol, 420 mM NaCl, 1,5 mM MgCl2, 0.5 mM EDTA, 1mM DTT, 

0.25 mM Phenylmethylsulfonylfluoride (PMSF) and 5 g/ml of aprotinin, leupeptin, pepstatin 

BBN buffer 

20 mM HEPES, 50 mM KCl, 1 mM EDTA, 1 mM DTT, 25 ng poly(dI)·poly(dC), 10 % 

glycerol) 

TBE buffer 

90 mM Tris borate, 2 mM EDTA, pH 8.3 
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SDS sample Buffer (SB buffer for protein) 2X  

125 mM, Tris-HCl (pH 6.8),  4% SDS, 20% Glycerol, 100 mM DTT,  0.2 % Bromophenol 

blue  

Running Buffer (2L) 

Tris base 6.04 g, Glycine 28.80 g, SDS powder 2.00 g 

Transfer buffer  

25mM Tris base, 0.2 M Glycine, 20% Methanol   

TBS Buffer (10X) pH 7.6 

Tris base, 24.20 g, NaCl, 80.00 g 

Washing buffer TBS/T  

1 x TBS, 0.1% Tween-20 
 
Blocking buffer  

1 X TBS.  1% Tween-20,  5% non fat dry milk 
 

Primary antibody dilution buffer  

1X TBS, 0.05% tween-20, 5% BSA 

 
Stripping Buffer  

6.25mM Tris, 70mM Sodium dodecyl sulfate (SDS)   

Bradford solution  

100 ml H3PO4 85%, 50 ml Methanol, 100 mg Coomassie blue 

 
 

 

 

 

 


