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Abstract 

Objective: Apolipoprotein E (ApoE) represents a main cholesterol carrier and lack of ApoE is 

associated with increased cholesterol levels, inflammation, and atherosclerosis. Recently, 

spontaneous cerebral arteriogenesis was characterized in a mouse model of chronic cerebral 

hypoperfusion. Here, we developed a refined model of chronic cerebral hypoperfusion by using a 

constitutive ApoE knockout mouse to investigate cerebral collateral vessel growth and 

hemodynamic impairment in the context of the cardiovascular comorbidities high cholesterol and 

atherosclerotic disease. 

 

Methods: Chronic cerebral hypoperfusion was induced by unilateral permanent internal carotid 

artery occlusion (ICAO) or sham surgery in male, ApoE knockout (ApoE-/-) and wildtype (WT) 

mice aged 12 weeks, as well as in an additional group of ApoE-/- mice aged 16 weeks that received 

a high-fat diet over the course of 12 weeks prior to ICAO. Over 21 days, cerebral baseline 

perfusion and acetazolamide-specific cerebrovascular reserve capacity (CVRC) were measured by 

non-invasive Laser Speckle Imaging. On day 21, animals were perfused with latex/carbon black 

to allow assessment of the basal and leptomeningeal collateral vasculature. In a separate group, 

brains were harvested on day 21 for immunofluorescence analysis. 

 

Results: Following ICAO on day 0, ipsilateral resting perfusion and CVRC were significantly 

reduced in WT and ApoE-/- groups compared to sham (day 0 resting perfusion: WT ICAO 70±6%, 

ApoE-/- ICAO 71±6%; day 0 CVRC: WT ICAO 13±6%, ApoE-/- ICAO 12±5%; *p<0.05 for 

ICAO vs. sham). Over the course of the monitoring period, hemodynamic impairment improved 

in both ApoE-/- and WT groups with complete recovery by day 21. Regarding the collateral 

vasculature, ApoE-/- ICAO mice showed significant increases in vessel diameters in the anterior, 

middle, and internal carotid arteries compared to ApoE-/- sham (***p<0.001 for ACA vs. sham; 

**p<0.01 for MCA and ICA vs. sham). Also, ApoE-/- ICAO mice exhibited a larger overall 

diameter of leptomeningeal anastomoses compared to ApoE-/- sham (ApoE-/- 23±6µm; *p<0.01 

vs. WT ICAO and ApoE-/- sham). In contrast, WT ICAO only showed a significant increase in 

the ACA diameter compared to WT sham (**p<0.01 vs. sham). Immunofluorescence did not 

reveal any differences in microvascular density and vessel maturity between groups. All functional 

and morphological findings were not affected by an additional high-fat diet (HFD) in a separate 

group of ApoE-/- + HFD ICAO mice. 
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Conclusion: In a mouse model of chronic cerebral hypoperfusion, ApoE knockout led to enhanced 

collateral formation on day 21 but not microvascular remodeling, which could explain the similar 

hemodynamic recovery over the course of 21 days compared to sham-treated animals. Overall, 

this model may serve as a basis for further investigation of the molecular mechanisms of cerebral 

collateralization in the context of atherosclerotic disease. 
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Zusammenfassung 

Fragestellung: Apolipoprotein E (ApoE) dient als Haupt-Cholesterintransporter; ein Mangel ist 

mit erhöhten Cholesterinspiegeln, Entzündungen sowie Atherosklerose assoziiert. Kürzlich 

charakterisierten wir die zerebrale Arteriogenese in einem Mausmodell chronischer zerebraler 

Ischämie. In dieser Studie etablierten wir ein verfeinertes Mausmodell mit konstitutiven 

ApoE-Knockout-Mäusen, um das Wachstum zerebraler Kollateralgefäße und hämodynamische 

Einschränkungen bei kardiovaskulären Komorbiditäten (Hypercholesterinämie, Atherosklerose) 

zu untersuchen. 

 

Methodik: Chronische zerebrale Ischämie wurde durch einseitigen Verschluss der A. carotis 

interna (ICAO) oder eine Schein-Operation (Sham) bei 12 Wochen alten, männlichen ApoE-

Knockout- (ApoE-/-) und Wildtyp-Mäusen (WT) simuliert. Zusätzlich untersuchten wir 16 

Wochen alte ApoE-/- Mäuse, die über 12 Wochen vor ICAO eine fettreiche Diät (HFD) erhielten. 

Über 21 Tage quantifizierten wir die zerebrale Ruheperfusion sowie die Acetazolamid-spezifische 

cerebrovaskuläre Reservekapazität (CVRC) mittels Laser-Speckle-Imaging. Am Tag 21 erfolgte 

eine Latex-/Kohlenstoff-Schwarz-Perfusion zur Beurteilung basaler und leptomeningealer 

Kollateralen. In einer separaten Versuchsgruppe wurden die Gehirne am Tag 21 für 

Immunfluoreszenzanalysen entnommen. 

 

Ergebnisse: Nach ICAO am Tag 0 zeigten WT und ApoE-/- Mäuse im Vergleich zu Sham-

Mäusen signifikant reduzierte ipsilaterale Ruheperfusion und CVRC (Tag 0 Ruheperfusion: WT 

ICAO 70±6 %, ApoE-/- ICAO 71±6 % // Tag 0 CVRC: WT ICAO 13±6 %, ApoE-/- ICAO 12±5 

%; *p<0,05 ICAO vs. Sham). Im Verlauf der 21-tägigen Beobachtung erholten sich die 

hämodynamischen Beeinträchtigungen in beiden ICAO-Gruppen (WT und ApoE-/-) vollständig. 

Bezüglich der Kollateralgefäße wiesen ApoE-/- ICAO im Vergleich zu ApoE-/- Sham signifikante 

Durchmesserzunahmen der vorderen, mittleren und inneren Carotiden auf (***p<0,001 für ACA 

vs. Sham; **p<0,01 für MCA und ICA vs. Sham). Zudem war der Durchmesser der 

leptomeningealen Anastomosen bei ApoE-/- ICAO-Mäusen im Vergleich zu WT ICAO und 

ApoE-/- Sham-Mäusen erhöht (ApoE-/- ICAO 23±6µm; *p<0,01 vs. WT ICAO und ApoE-/- 

Sham). Im Gegensatz dazu zeigte WT ICAO nur eine signifikante Zunahme des 

ACA-Durchmessers (**p<0,01 vs. Sham). Die Immunfluoreszenzanalysen ergaben keine 

Unterschiede in mikrovaskulärer Dichte oder Gefäßreife. Auch in der zusätzlichen Gruppe von 
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ApoE-/- + HFD-ICAO-Mäusen blieben sämtliche funktionelle und morphologische Befunde 

unverändert. 

 

Schlussfolgerung: In diesem Modell chronischer zerebraler Ischämie führte der ApoE-Knockout 

an Tag 21 zu einer verstärkten Kollateralgefäßbildung, jedoch zu keiner mikrovaskulären 

Umstrukturierung. Dies könnte die vergleichbare hämodynamische Erholung über 21 Tage im 

Vergleich zu Sham-Tieren erklären. Insgesamt kann dieses Modell als Grundlage für 

weiterführende Untersuchungen zu den molekularen Mechanismen der zerebralen 

Kollateralbildung im Kontext atherosklerotischer Erkrankungen dienen. 
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1. Introduction 

1.1.  Hemodynamic compromise 

An ischemic stroke is defined as “an episode of neurological dysfunction caused by focal cerebral, 

spinal, or retinal infarction” [1], which is characterized by irreversible neuronal cell death 

following an impaired oxygen and glucose supply. Depending on the location and size of the 

infarction, neurologic deficites associated with ischemic stroke can range from minor clinical 

manifestations to death [2]. Worldwide, ischemic stroke represents the second most common cause 

of death and its etiology is either related to a thrombo-embolic event (90% of all cases) or 

hemodynamic impairment (10% of all cases) [3,4]. Further, specific risk factors such as age, 

lifestyle and ethnicity can increase the probability of suffering an ischemic stroke [5,6]. 

 

In patients suffering from hemodynamic compromise, blood supply to the brain is chronically 

reduced by a high-grade stenosis and/or occlusion of the major blood supplying arteries to the 

brain, which typically manifests in transitory ischemic attacks or recurrent episodes of ischemic 

stroke. One of the most important endogenous mechanisms for compensation of such 

hemodynamic impairment is collateral blood flow to the compromised territory, which up to a 

certain degree can compensate for the hemodynamic perfusion deficit so that ischemic stroke is 

prevented. In this setting, one of the most important functional factors to estimate the patients’ 

individual risk of suffering a definitive ischemic stroke is the cerebrovascular reserve capacity 

(CVRC). The CVRC is a measure of the cerebral vasculature’s functional capacity to increase 

(collateral) blood flow through dialation of the arteriolar cerebral resistance vessels in response to 

a chronically reduced cerebral perfusion pressure and/or vasodilatory stimulus, such as carbon 

dioxide (CO₂) inhalation or acetazolamide injection. Quantification of the CVRC as the percent 

change in the cerebral blood flow as response to a vasodilatory stimulus can be performed by 

metabolic or quantitative cerebral perfusion imaging and is highly relevant in the clinical setting, 

because CVRC impairment reflects the degree of hemodynamic impairment by mirroring the 

capacity of the cerebral vasculature to generate a compensatory vasodilatory response [7,8]. 

Particularly in patients with chronic cerebral hemodynamic compromise due to symptomatic 

internal catorid artery occlusion, an impaired CVRC response has been linked to an increased risk 

of ischemic stroke [9–11], which depending on the hemodynamic pattern of CVRC impairment 

can reach up to 30% in 2 years [4,12]. Importantly, the extent of CVRC impairment and subsequent 

risk of suffering an hemodynamic stroke is linked to the degree of cerebral collateralisation [2], as 
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collateral vessels represent the most potent endogenous rescue mechanism for chronic 

hypoperfusion [13].  

 

In general, patent collaterals represent alternative arterial pathways that can supply blood to a 

region where the primary blood supplying pathways are compromised. In the brain, the most 

relevant endogenous collateral systems are located the level of the basal vasculature in form of the 

circle of Willis, the extra- / intracranial collateral pathways between between ethmoidal, facial, or 

maxillary arteries and the ophthalmic / internal carotid artery [14] and the arterial / arteriolar 

collaterals at the level of the leptomeningeal anastomoses between the anterior, middle and 

posterior cerebral artery territories [15]. The primary mechanism that characterizes the outgrowth 

of collateral vessels is termed arteriogenesis, which involves the remodeling of collateral arterioles 

into larger collateral arteries as a response to shear stress [16]. Thus, arteriogenesis of collateral 

vessels is capable of increasing the net blood supply to a compromised vascular territory. In 

contrast, angiogenesis describes the proliferation of microvessels within a preexisting vascular bed 

due to tissue hypoxia [17]. The endogenous capacity of arteriogenesis is influenced by several 

factors, such as endothelial cell proliferation and the plasticity of extracellular matrix (ECM) 

[18,19], thereby making it a critical endogenous compensation mechanism in maintaining cerebral 

perfusion. In this context, previous work by our group has investigated the effect of such chronic 

cerebral hypoperfusion on collateral vessel outgrowth in an experimental mouse model based on 

the common genetic background strain C57BL/6J. In that model, unilateral internal carotid artery 

occlusion (ICAO) had resulted in an initial CVRC impairment, which spontaneously recovered 

over the period of 21 days and was parallelled by a significant proliferation and outgrowth of pre-

existing basal and leptomeningeal collateral vessels [20]. However, as a first step, this model was 

only validated in healthy C57BL/6J mice, whereas preclinical stroke research should aim to 

encompass both models of health and disease [21]. 

 

1.2.  Atherosclerosis 

Atherosclerosis is a complex and multifactorial disease characterized by the accumulation of 

lipids, inflammatory cells, and fibrous elements in the arterial walls, leading to plaque formation. 

While traditionally considered a peripheral disease, atherosclerosis also impacts the cerebral 

vasculature, contributing to vascular dementia, stroke, and other cerebrovascular diseases. The 

disease has been studied extensively since the time of Rudolf Virchow, whose triad of endothelial 

injury, hypercoagulability, and blood stasis provided an early framework for understanding the 
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development of atherosclerotic disease [22]. Modern research has shifted the focus from merely 

viewing atherosclerosis as a response to vascular injury to recognizing the role of endothelial 

dysfunction driven by chronic inflammation [23]. This inflammation is exacerbated by various 

risk factors, including low-density lipoprotein (LDL) cholesterol [24], smoking [25], and 

hypertension [26]. The endothelium, which normally acts as a barrier and regulator of vascular 

tone, becomes compromised under these conditions, allowing LDL cholesterol to infiltrate the 

arterial wall. Once inside the intima, LDL is oxidized, triggering an inflammatory response that 

attracts monocytes. These monocytes differentiate into macrophages, which engulf oxidized LDL 

and transform into foam cells, a hallmark of early atherosclerotic plaques [27]. As the plaque 

evolves, it becomes more complex, incorporating smooth muscle cells that migrate from the media 

to the intima, where they proliferate and secrete extracellular matrix proteins, contributing to 

plaque stability but creating a progressive and potentially hemodynamically relevant stenosis that 

can negatively affect perfusion pressure distal to the plaque. Further, plaque stability is precarious; 

ongoing inflammation can lead to the thinning of the fibrous cap that covers the plaque. If the cap 

ruptures, the underlying thrombogenic material is exposed to the bloodstream, potentially leading 

to the formation of a thrombus (blood clot) [28]. This thrombus can occlude the artery or detach 

and travel downstream, causing subsequent ischemic events.  

 

Atherosclerosis can affect various regions of the body, leading to distinct clinical manifestations 

depending on the affected vascular territories. In the coronary arteries, atherosclerosis can result 

in coronary artery disease (CAD), which is the leading cause of myocardial infarction [29]. In 

cerebral arteries, it contributes to cerebrovascular diseases, including ischemic stroke and vascular 

dementia [30]. The carotid arteries, which supply blood to the brain, are particularly susceptible 

to atherosclerotic plaque formation. Therefore the relevance of atherosclerosis is particularly 

significant in hemodynamic ischemic stroke. Ischemic stroke [31], which accounts for 85% of all 

stroke cases next to hemorrhagic stroke (15%), is often directly linked to atherosclerotic disease, 

either through the progressive and chronic hemodynamic occlusion of cerebral arteries by 

atherosclerotic plaques or emboli originating from plaques in the carotid arteries or the aorta. 

 

The risk factors for atherosclerosis are multifactorial and can be broadly categorized into 

modifiable and non-modifiable factors. Modifiable risk factors include dyslipidemia, particularly 

elevated levels of LDL cholesterol [32], which plays a direct role in plaque formation. Smoking is 

another major modifiable risk factor; it not only accelerates endothelial dysfunction, but also 
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promotes atherogenesis through oxidative stress and inflammation [33]. Hypertension contributes 

by exerting excessive mechanical force on the arterial walls, further promoting endothelial injury 

and plaque development [34]. Diabetes mellitus is another significant risk factor, as it exacerbates 

the inflammatory response and alters lipid metabolism, leading to increased atherogenic potential 

[35]. Obesity and a sedentary lifestyle also contribute by increasing the risk of insulin resistance, 

hypertension, and dyslipidemia [36]. Non-modifiable risk factors include age, with atherosclerosis 

risk increasing as individuals grow older due to the cumulative effects of risk factors over time 

[24]. Gender also plays a role; men are generally at higher risk than pre-menopausal women, 

although this difference diminishes with age as the cardiovascular risk of women rises post-

menopause [37]. A family history of cardiovascular disease is another important non-modifiable 

risk factor, indicating a genetic predisposition to atherosclerosis and related conditions. In the 

brain, atherosclerosis represents one of the most common risk factors for adult cerebrovascular 

disease with a subsequent hemodynamic stroke risk of 20-30% in 2 years [10,11]. Thus, the 

development of atherosclerosis is driven by a combination of genetic predisposition and 

environmental factors, many of which are modifiable through lifestyle changes and medical 

intervention. Understanding the mechanisms of atherosclerosis and its risk factors therefore also 

seems crucial for the prevention and management of cerebrovascular disease, which remains one 

of the leading causes of morbidity and mortality worldwide. Despite these relevant implications, 

however, the impact of atherosclerosis on the outgrowth and development of cerebral 

collateralization (arteriogenesis) in the context of hemodynamic chronic cerebral ischemia largely 

remains unknown. 

 

1.3.  Apolipoprotein E 

Apolipoprotein E (ApoE) is a 34-kDa glycoprotein primarily involved in the metabolism of lipids 

by mediating the binding of lipoproteins to specific receptors, such as the low-density lipoprotein 

receptor (LDLR) and the LDL receptor-related protein (LRP) [38]. ApoE is mainly synthesized in 

the liver, but also produced in other tissues, including the brain, where it plays a key role in lipid 

transport and injury repair. 

 

In humans, ApoE exists in three major isoforms: ApoE2, ApoE3, and ApoE4, which differ by 

single amino acid substitutions. These isoforms influence lipid metabolism and cardiovascular risk 

to varying degrees [39]. ApoE3 is the most common isoform and is considered the “neutral” form 

with respect to cardiovascular risk. ApoE2 tends to be linked to lower levels of LDL cholesterol, 
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resulting in a lower cardiovascular risk profile. However, homozygous individuals can be affected 

by dysbetalipoproteinaemia, leading to an abnormal lipid metabolism and elevated cholesterol and 

triglyceride levels with increased risk for cardiovascular diseases [39]. ApoE4 has been shown to 

present especially high levels of LDL, making it a significant genetic risk factor for cardiovascular 

disease. Furthermore, its carboxyl- and amino-terminal domains seem to cause neurodegeneration 

due to domain interaction [40]. It is synthesized in response to stress or injury to facilitate 

cholesterol redistribution, supporting neuronal repair and remodeling. However, structural 

alterations resulting from this domain interaction lead to neuron-specific proteolysis, producing 

neurotoxic fragments. These fragments are associated with mitochondrial dysfunction and 

cytoskeletal disruptions, including tau hyperphosphorylation, which contribute to the increased 

risk of neurological disorders. 

 

The role of ApoE in atherosclerosis is multifaceted, involving mentioned lipid metabolism, 

inflammation, and immune modulation. ApoE is critical for the clearance of circulating 

cholesterol-rich plasma lipoproteins by facilitating their uptake in the liver [41]. Also, ApoE 

influences macrophage function by modulating the expression of inflammatory cytokines and 

surface receptors. For instance, ApoE has been shown to reduce the expression of adhesion 

molecules on endothelial cells, thereby decreasing the recruitment of inflammatory cells to the 

arterial wall. The expression of ApoE in macrophages therefore inhibits the formation of 

macrophage foam cells within the vessel walls [42]. Moreover, ApoE can directly influence the 

phenotype of macrophages within atherosclerotic plaques [43]. It promotes a shift from a pro-

inflammatory (M1) phenotype to an anti-inflammatory (M2) phenotype, which is associated with 

the resolution of inflammation and plaque stability [44,45]. This anti-inflammatory effect of ApoE 

is believed to be mediated through its interaction with cell surface receptors, such as the LDLR 

and LRP, as well as its ability to suppress nuclear factor-kappa B (NF-κB) signaling, a key 

regulator of inflammation and suggests that ApoE plays a protective role against the development 

of atherosclerosis by promoting the clearance of lipoproteins and preventing their deposition in 

arterial walls. Against this background, the constitutional ApoE-knockout (ApoE-/-) mouse with 

genetic C57BL/6 background that was originally developed in 1992 [46] may represent a suitable 

transgenic tool for studying the effect of hyperlipoproteinaemia and atherosclerosis on 

hemodynamic rescue and cerebral collateralization within our previously established model of 

mild chronic cerebral hypoperfusion in C57BL/6 mice, because ApoE-/- mice have been reported 
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to develop severe hypercholesterolemia and spontaneously form atherosclerotic lesions similar to 

those observed in humans [47,48]. 

 

Given its pivotal role in lipid metabolism and inflammation, targeting ApoE for therapeutic 

intervention holds considerable promise, especially in the context of vascular remodeling and 

functional recovery in ischemic conditions. Various strategies aimed at enhancing ApoE function 

or mimicking its activity are currently under investigation. Gene therapy approaches that increase 

ApoE expression in the liver have demonstrated efficacy in animal models of atherosclerosis, 

resulting in lower circulating lipid levels, stabilization of atherosclerotic plaques, and improved 

vascular integrity. These interventions have also been shown to reduce brain inflammation, which 

could have implications for ischemic recovery. Additionally, small molecules and peptides 

designed to replicate the receptor-binding domain of ApoE show potential for lowering 

atherogenic lipoproteins, improving endothelial function, and promoting vascular remodeling 

[49]. In the context of cerebrovascular disease and cerebral hemodynamic impairment, a critical 

question that arises and could be explored is whether ApoE-targeted therapies could also enhance 

collateral vessel formation in chronic cerebral ischemia, thereby improving hemodynamic rescue. 

Exploring this potential would not only deepen our understanding of the role of ApoE in vascular 

remodeling but also support the development of targeted interventions aimed at optimizing 

systemic and cerebrovascular health. 

 

1.4.  Objective 

The objective of the present study was to establish a model of chronic cerebral hypoperfusion in 

transgenic ApoE-/- mice to simulate the cerebrovascular risk factors high cholesterol and 

atherosclerosis and determine their impact on hemodynamic rescue and spontaneous cerebral 

collateralization, which could provide a foundation for future pre-clinical research targeting 

mechanisms of cerebral arteriogenesis in health and disease. 
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2. Materials & methods 

2.1.  Ethics 

All experiments were approved by the local ethics committee on animal research (LaGeSo No. 

G0186/16, Berlin, Germany), reported according to the Animal Research: Reporting of In Vivo 

Experiments (ARRIVE) guidelines, and are subject to the German Law for Animal Protection and 

the National Institute of Health Guidelines for Care and Use of Laboratory Animals. 

 

2.2.  Animals 

Male C57Bl6/J wildtype mice (WT) and B6.129P2-Apoe"#$%&'/J apolipoprotein E knockout mice 

(ApoE-/-) were obtained from Charles River Laboratories GmbH (Sulzfeld, Germany) and The 

Jackson Laboratory (Bar Harbor, Maine, United States of America (USA)), respectively. All 

animals were housed in the animal facility of Charité University Hospital Berlin under standard 

temperature and lighting conditions with access to water and food ad libidum. Experiments were 

initiated one week after arrival at an age of 12 weeks. An additional group of ApoE-/- mice was 

obtained from The Jackson Laboratory at an age of 4 weeks to receive a special diet for 12 weeks 

prior to experiments. If not mentioned otherwise, all methods described below were conducted at 

standard room temperature.  

 

2.3.  Experimental design 

WT and ApoE-/- mice aged 12 weeks were randomly assigned into groups to undergo internal 

carotid artery occlusion (ICAO) of the right side or sham surgery, resulting in four groups:  

¥ WT sham (n=10) 

¥ WT ICAO (n=10) 

¥ ApoE-/- sham (n=15) 

¥ ApoE-/- ICAO (n=15) 

Anaesthesia was induced by ketamine/xylazine i.p. injection (intraperitoneal; 70 mg/kg ketamine 

and 16 mg/kg xylazine) for all procedures and confirmed by reflex testing (e.g. paw withdrawal 

reflex). According to our previously established experimental design, this anaesthesia regimen 

proved to be best suited for ensuring adequate anaesthesia and preventing cerebral blood flow side 

effects that could affect cerebral resting perfusion and CVRC testing [20]. A stable body 

temperature of 37°C was maintained by continuous temperature monitoring and use of a heated 

mat. Perioperative antibiotic prophylaxis was performed with penicillin i.p. injection (0.05ml, 10 

mg/kg) prior to the first incision. 
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All experimental series were conducted according to the same basic protocol: After surgery (sham 

or ICAO), animals were observed for 21 days and cerebral blood flow and CVRC were repeatedly 

measured by non-invasive laser speckle imaging (LSI) on days 0 (30 minutes after ICAO or sham), 

3, 7, 14, and 21. The last measurement on day 21 was followed by lethal perfusion with phosphate-

buffered saline (PBS) or latex/carbon black, depending on histological or morphological analysis, 

respectively. The lethal perfusion on day 21 marked the endpoint of the experiment (Figure 1). 
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An additional fifth group, designated as:  

¥ ApoE-/- + HFD ICAO (n=8) 

consisted of ApoE-/- mice aged 4 weeks, which were fed a special high-fat diet (HFD) (Article 

No. E15723-34 (10 mm) [EF TD88137 mod. +1.25 % Cholesterol, +21% Fat unradiated]; ssniff 

Spezialdiäten GmbH, Germany) for 12 weeks to aggravate atherosclerosis (Figure 2) [50,51]. The 

required chow was calculated based on an estimated consumption per mouse of approximately 5-

6g/day. At the age of 16 weeks, experiments were initiated following the same protocol as 

described for the other 4 groups. Simultaneously, the diet was switched to normal chow starting 

on the day of surgery to avoid further atherosclerotic plaque formation and maintain a steady state.  
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Of the intended cohorts, one WT ICAO and one ApoE-/- sham animal died before reaching the 

endpoint. All other animals completed the protocol and were processed in either histology or latex 

perfusion. For Laser Speckle imaging, not all animals were evaluable at every timepoint due to 

image quality limitations, but each group retained sufficient numbers for longitudinal analysis. 

 

2.3.1. Sample size calculation 

Group sizes were chosen in consultation with an accredited statistician and in alignment with 

comparable studies in the field, aiming to balance statistical validity with the principle of reduction 

in animal research. The number of animals was determined based on effect sizes reported in 

comparable ICAO mouse models and on feasibility/ethical considerations. Assuming a medium-

to-large effect size for cerebral perfusion changes, standard significance (α=0.05) and power 

(80%) levels suggested that group sizes of approximately 8-10 animals would be sufficient. To 

allow for potential exclusions and to enable pre-specified tissue analyses (latex perfusion vs. 

histology) within the 3R framework, group sizes were set to n=10-15 depending on genotype. The 

ApoE-/- + HFD ICAO arm (n=8) was included as an exploratory extension. 

 

2.4.  Internal carotid artery occlusion  

Permanent occlusion of the right internal carotid artery (ICA) was achieved by vessel ligation and 

performed as previously described [20]. After performing a midline neck incision, the right-sided 

carotid bifurcation was exposed and the ICA was identified. Importantly, peri-vascular structures 

such as the vagal nerve were carefully protected and dissected from the peri-vascular sheath to 

allow ICA ligation without compromising the vagal nerve. Next, the ICA was then permanently 

ligated with a silk 8/0 suture and the wound closed with a nylon 6/0 suture. Sham animals received 

the same ICA exposure and vagal nerve dissection, but without ligation of the ICA. 
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2.5.  Laser Speckle Imaging 

Evaluation of baseline cerebral blood flow (CBF) and CVRC testing was assessed by LSI 

(MoorFLPI, Moor instruments, Devon, United Kingdom (UK)). Using LSI in mice permits a 

dynamic representation of CBF in high spatial and temporal real-time resolution up to a penetration 

depth of 500-1000µm without the need of removing the skull [52]. The advantage compared to 

conventional laser doppler is that perfusion can be visualized and recorded above a large cortical 

surface area. Similar to laser doppler, laser speckle imaging is non-invasive, continuous and based 

on the doppler principle, in terms that an emitted infra-red laser illuminates a surface, where 

moving particles (such as erythrocytes) reflect the emitted laser and produce a reflection (speckle) 

pattern, which is captured by a charge-coupled device (CCD) camera and displayed live and in 

real-time as an arbitrary perfusion measure, termed CBF-Flux. Depending on the velocity of the 

particles, the reflected speckle pattern is more or less blurred, which mirrors different states of 

perfusion/blood flow. For the purpose of easier interpretation, this reflection/speckle pattern is 

visualized as a color-coded perfusion map of the relative CBF-Flux in the visualized surface area 

(red areas=high flow; blue areas=low flow) (Figure 3). To optimize the signal-to-noise ratio by 

creating a balance between high resolution and high frame rates that would also permit a robust 

comparison to previous experimental findings from our group, the image-sampling rate was set to 

0.25 Hz with an exposure time of 4 ms [20]. 
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After induction of anaesthesia, animals were positioned prone and a midline scalp incision was 

performed. Using a purpose-designed software (MoorFLPI Measurement Software V4.0, Moor 

Instruments Ltd.), two equally sized regions of interest (ROI) were placed above the middle 

cerebral artery (MCA) territory of each hemisphere, within which cortical perfusion (CBF-Flux) 

was continuously recorded. In each animal and at each time-point, one complete LSI measurement 

cycle consisted of a continuous baseline perfusion recording of 3 minutes, after which an 

intraperitoneal injection of 50µg/mg acetazolamide (Diamox®, Goldshield Pharmaceuticals Ltd.) 

was performed for testing of the acetazolamide-specific CVRC. The resulting change of CBF was 

continuously recorded for at least 15 minutes or until a steady CBF-Flux plateau was reached and 

continued for an additional 2 minutes after reaching the maximum plateau (Figure 4). 

 

 

To determine the resting perfusion above the affected (right) hemisphere with ICAO, an average 

CBF was calculated from a 60-second baseline interval above both regions of interest. Next, the 

ratio between the ipsilateral and contralateral baseline perfusion was calculated and converted to 

resting perfusion (in percent) by multiplying the ratio with the factor 100. For calculation of the 

CVRC as the percent change in CBF-Flux before and after acetazolamide application, the percent 
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change between the ipsilateral 60-second baseline perfusion and a 60-second maximum plateau 

following acetazolamide administration was determined. After the measurement, the scalp was 

re-sutured with a 3/0 nylon. As stated in paragraph 2.3, Laser speckle imaging with resting 

perfusion and CVRC assessment was performed 30 minutes after the initial ICAO and sham 

surgeries, as well as on days 3, 7, 14, and 21 in all animals and groups. 

 

2.6.  Latex/carbon black perfusion 

For visualization of native basal and leptomeningeal vasculature of the brain and assessment of 

collateral vessel outgrowth on day 21 after ICAO or sham procedures, a lethal latex/carbon black 

perfusion was performed under general anaesthesia as previously described [20]. A mixture of 

latex (Chicago Latex Product No. 563, Chicago Latex Products) and 20µl/ml carbon black solution 

(carbon black, Derussol N25/L, Degussa) was selected as the perfusion agent. After the final LSI 

measurement on day 21, general anaesthesia was repeated and the animal was positioned supine. 

Next, a midline abdominal incision was performed and the abdominal aorta was dissected and 

cannulated with a perfluorethylenepropylene catheter (internal diameter 0.76 mm; Vasofix 

Braunüle, Braun) in microsurgical technique. To achieve maximal vasodilation during perfusion, 

2ml of a 50mg/ml papaverine-hydrochloride solution were injected through the catheter before the 

latex/carbon black compound was infused at a perfusion pressure of 150 mmHg [53]. Venous 

outflow was facilitated by subsequent incision of the inferior vena cava. After 2 minutes of 

perfusion, the animals were placed on crushed ice for 10-15 minutes to permit hardening of the 

latex, after which the brains were carefully harvested with the help of a surgical microscope for 

protection of the basal and leptomeningeal vasculature. The brains were placed on microscope 

slides for handling, positioned inside a photography tent for lighting purposes and high-resolution 

digital images were obtained of the Circle of Willis (basal view) showing the main vessel segments 

with presence or absence of a P1 segment, and the cortical/leptomeningeal surface (top view) 

showing the anterior, middle and posterior cerebral artery territories with their respective areas of 

pial anastomoses (Figure 5). All photos were obtained with a scale bar for later length reference. 

Thereafter, diameter measurements of the basal vasculature, as well as measurements of the 

diameter and number of leptomeningeal anastomoses were performed using image analysis 

software ImageJ (University of Wisconsin-Madison, Wisconsin, USA). Assessment of the basal 

vasculature included the following vessel segments: anterior cerebral artery (ACA), middle 

cerebral artery (MCA), internal cerebral artery (ICA), posterior communicating artery (PcomA), 

P1 segment of the posterior cerebral artery (PCA), superior cerebellar artery (SCA), and basilar 
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artery (BA). Assessment of the leptomeningeal anastomoses (number and diameter) were obtained 

at the intersecting points of the distal leptomeningeal vascular territories of the MCA with the 

ACA (midline) and PCA (posterior). All diameters of the basal vasculature and leptomeningeal 

anastomoses were determined as the mean value from 3 measurements at the visually most 

prominent area of the main vessel segment.  
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2.7.  Immunohistochemistry 

For the histological analysis at day 21, a separate group of animals was required, because previous 

trials had revealed that the latex/carbon black perfusion was incompatible with tissue preservation 

and staining protocols required for the immunohistological analysis. Therefore, a separate group 

of WT and ApoE-/- mice aged 12 weeks, as well as ApoE-/- + HFD mice aged 16 weeks underwent 

PBS perfusion on day 21 after ICAO or sham surgery (WT sham n=5, WT ICAO n=4; ApoE-/- 

sham n=5, ApoE-/- ICAO n= 5, ApoE-/- +HFD ICAO n= 4). The brains were harvested, snap-

frozen in liquid nitrogen and stored at -80°C. For immunohistochemistry staining, brains were 

fixed in Tissue-Tek® (O.C.T.()  Compound, Sakura Finetek Europe B.V.) and 2 x 6µm coronal 

cryosections were obtained at the bregma levels ±0 mm, -1.00 mm and -2.00 mm. Each section 

was fixed with methanol at -20°C for 5 minutes, washed in PBS for 2 x 5 minutes, and blocked 
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with casein 1% for 30 minutes. Primary antibodies were diluted in casein 0,5% in standardized 

ratios as follows:  CD31 (cluster of differentiation 31) 1:50 (BD Biosciences, Franklin Lakes, NJ, 

USA), ! SMA 1:200 (Sigma-Aldrich, St. Louis, Missouri, USA) and Desmin 1:100 (Abcam Ltd., 

Cambridge, UK) [20,54]. Subsequently, 60µl of primary antibody solution were applied per 

section for two hours and washed in 0.5% Casein (3 x 5 minutes), before applying the secondary 

antibodies (diluted in 0.5% casein at a ratio of 1:200) for another 2 hours. At the end of the staining 

procedure, slides were washed with PBS (2 x 5 minutes) before fixation with a mounting medium 

that included DAPI (4′,6-Diamidin-2-phenylindol) (ibidi GmbH, Gräfelfing, Germany). 

 

Analysis of the cortical vessel density (vessels/mm! ) and pericyte coverage was performed based 

on a combined CD31/Desmin/anti-smooth muscle actin (! SMA) triple stain. In three section levels 

(Bregma ±0mm, -1mm and -2mm) and within each hemisphere, images were obtained in three 

non-overlapping regions of the cortex at 20-fold magnification using a fluorescence microscope 

(Carl Zeiss Meditec, Jena, Germany). Blood vessels were defined by CD31-positive staining. Any 

CD31-positive cell or CD31-positive cell cluster that clearly separated from adjacent microvessels 

was considered a single and countable microvessel. A CD31-positive signal with additional 

Desmin- or ! SMA-positive signal was used to define co-localization [20]: Arteriolar vessel 

diameters were compared by compiling a frequency distribution of CD31 / ! SMA co-localized 

signals. Microvascular pericyte-coverage was calculated as the percentage of CD31 / Desmin 

co-localization among all CD31-positive vessels. 

 

2.8.  Statistical Analysis 

All statistical analysis was performed with R-Studio (Version 2024.04.2+764 (2024.04.2+764), 

Posit Software, Boston, Massachusetts, USA).  Statistics were checked by an accredited statistician 

of Charité University Hospital Berlin for correct execution and extent. 

 

2.8.1. Cerebral perfusion  

To evaluate the differences in resting perfusion and CVRC between the experimental groups, a 

linear mixed-effects model was employed. This model accounted for repeated measures within the 

same subjects by including a random intercept for each animal. Fixed effects in the model included 

surgery, day, and their interaction, to capture the temporal dynamics and the impact of the surgical 

intervention on cerebral blood flow. Following the mixed-effects model analysis, post-hoc 

pairwise comparisons were conducted to identify specific time points where significant differences 
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occurred between the surgery groups (sham vs. ICAO). Given the multiple comparisons 

performed, a Bonferroni correction was applied to adjust the p-values for multiple testing, thereby 

controlling the family-wise error rate. In this study, the adjusted p-values from the Bonferroni 

correction were used to determine statistical significance, with the following thresholds applied: 

 

p < 0.001: Very highly significant (***) 

p < 0.01: Highly significant (**) 

p < 0.05: Significant (*) 

p ≥ 0.05: Not significant (ns) 

 

These significance levels were used to annotate the results of the post-hoc analysis in the 

corresponding visualizations to provide a clear interpretation of the statistical findings. 

 

2.8.2. Leptomeningeal anastomoses 

For the analysis of leptomeningeal anastomoses (LMA) counts, a two-sample independent t-test 

was conducted to compare differences between WT Sham and WT ICAO groups. For ApoE-/- 

groups, one-way Analysis of Variance (ANOVA) was performed to compare ApoE-/- Sham, 

ApoE-/- ICAO, and ApoE-/- HFD ICAO groups. Where significant group effects were observed, 

Tukey’s Honest Significant Difference (HSD) test was applied for post-hoc pairwise comparisons. 

The same thresholds for statistical significance as described in chapter 2.8.1 were applied. Results 

were reported as mean ± standard deviation (SD). Statistical annotations in figures reflect the 

adjusted p-values from the post-hoc analyses. 

 

2.8.3. Basal vessel diameter 

For the analysis of basal vessel diameters, one-way ANOVA was conducted to compare 

differences between groups: WT Sham vs. WT ICAO, and three-way comparisons were performed 

for ApoE-/- groups: ApoE-/- Sham vs. ApoE-/- ICAO vs. ApoE-/- HFD ICAO. ANOVA was used 

to identify overall group effects, and where significant group effects were observed, post-hoc 

pairwise comparisons were performed using Tukey’s HSD test. This approach allowed for the 

identification of specific group differences while adjusting for multiple comparisons. The same 

thresholds for statistical significance as described in chapter 2.8.1 were applied. Results were 

reported as mean ± SD. The F-value from the ANOVA, which represents the ratio of variance 

between groups to variance within groups, was included to provide context for the strength of 
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group differences. Statistical annotations in figures reflect the adjusted p-values from the post-hoc 

analyses. 

 

2.8.4. Cortical vessel density and pericyte coverage 

For the analysis of vessel density, Desmin and αSMA vessel coverage, data were grouped as 

follows: WT (sham vs. ICAO) and ApoE-/- (sham vs. ICAO vs. + HFD ICAO). Mean and SD 

were calculated for each group. Statistical comparisons were performed using independent t-tests 

for WT groups, while one-way ANOVA followed by Tukey’s HSD test was used for ApoE-/- 

groups. Results were presented as bar graphs with error bars representing the SD. Significant 

differences were highlighted with asterisks and corresponding connecting bars. 
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3. Results 

3.1.  Baseline perfusion after unilateral ICA-occlusion 

Baseline perfusion was assessed at repeated time points over 21 days in WT and ApoE-/- mice 

subjected to sham or ICAO. The mean resting perfusion ratio, along with SD and interquartile 

range (IQR) were calculated for each group at each time point. 

 

For the WT sham group, resting perfusion remained stable over the 21-day monitoring period, 

with no statistically significant differences between recording time points. In contrast, WT ICAO 

mice demonstrated significantly lower resting perfusion at baseline compared to sham (day 0: 

70±6% vs. 92±4%, ***p<0.0001 ICAO vs. sham) and this difference persisted at day 3 (82±7% 

vs. 92±4%, **p<0.01 ICAO vs. sham) and day 7 (88±5% vs. 90±7%, **p<0.01 ICAO vs. sham). 

By day 14, resting perfusion in the ICAO group reached levels comparable to sham (Figure 6). 
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Similar to WT animals, resting perfusion in ApoE-/- sham mice remained stable over the 

observation period, with no significant differences between recording time points and ApoE-/- 

ICAO mice experienced a significantly lower resting perfusion compared to the ApoE-/- sham 

beginning at day 0 until day 7 (day 0: 71±6% vs. 86±5%, ***p<0.0001; day 3: 83±7% vs. 93±4%, 

*p<0.05; day 7: 83±8% vs. 95±4%, **p<0.01 ICAO vs. sham). 
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By day 14, perfusion in the ApoE-/- ICAO group reached 86±7%, which was not significantly 

different from the sham group. A slight resting perfusion decrease was noted again by day 21 in 

the ApoE-/- ICAO group but not statistically significant (84±8% vs. 90±6%, p>0.05 ICAO vs. 

sham) (Figure 7). 
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In the fifth group of mice that received an additional HFD, (ApoE-/- + HFD ICAO), animals 

exhibited a mean resting perfusion of 82±7% on day 0, which was higher than the day 0 resting 

perfusion in ApoE-/- ICAO mice without HFD (*p<0.05 vs. ApoE-/- ICAO) but not lower than 

perfusion in ApoE-/- sham. On day 3, resting perfusion in ApoE-/- + HFD ICAO remained stable 

compared to day 0 but was now lower than in ApoE-/- sham (81±4%, *p<0.05 vs. ApoE-/- sham 

for day 3). From days 7 to 21, resting perfusion in the ApoE-/- + HFD ICAO group did not differ 

from ApoE-/- sham or ApoE-/- ICAO without HFD supplementation (Figure 8). 
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3.2.  Hemodynamic impairment 

The acetazolamide-specific CVRC was assessed at repeated time points over 21 days in WT and 

ApoE-/- mice subjected to sham or ICAO. The mean CVRC, along with SD and IQR were 

calculated for each group at each time point. 

 

In WT mice, ICAO resulted in a significant CVRC impairment at the beginning of the monitoring 

period compared to sham (CVRC on day 0: 13±6% vs. 24±17%, ***p<0.0001 WT ICAO vs. WT 

sham). On day 3, CVRC in WT sham was stable (34±8%), whereas CVRC in WT ICAO remained 

significantly lower compared to WT sham (14±9%, **p=0.001 WT ICAO vs. WT sham). In the 

further course of the monitoring period, we observed spontaneous hemodynamic recovery in WT 

ICAO mice with no significant CVRC difference compared to WT sham from day 7 to 21 

(Figure 9). 
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Similar hemodynamic effects were seen in the ApoE-/- mice:  For ApoE-/- sham, CVRC remained 

stable over the observation period with no significant differences between recording time points. 

In contrast, ApoE-/- ICAO mice exhibited significant CVRC impairment on day 0 with a mean 

CVRC of 12±6% (**p=0.009 ICAO vs. sham), which persisted until day 3 (18±10% vs. 32±5%, 

*p<0.05 ApoE-/- ICAO vs. ApoE-/- sham). In the further course of the monitoring period, we 

observed spontaneous hemodynamic recovery in ApoE-/- ICAO mice with no significant CVRC 

difference compared to ApoE-/- sham from day 7 to 21 (Figure 10). 
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For the ApoE-/- + HFD ICAO group, CVRC was assessed in comparison to ApoE-/- sham and 

ICAO without HFD. On day 3, CVRC in ApoE-/- + HFD ICAO mice was determined at 10±5%, 

which was significantly lower compared to CVRC in the ApoE-/- sham group (*p<0.05 ApoE-/- 

+ HFD ICAO vs. ApoE-/- sham). At the remaining time points (day 0, days 7 - 21), CVRC did not 

differ between the ApoE-/- + HFD ICAO and ApoE-/- sham or ApoE-/- ICAO without HFD 

(Figure 11). 
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3.3.  Leptomeningeal anastomoses 

3.3.1. Number of leptomeningeal anastomoses 

In WT animals, no differences in the number of LMA were observed between sham and ICAO 

(Figure 12). Similarly, no differences in the LMA number were detected between ApoE-/- sham, 

ApoE-/- ICAO, and ApoE-/- + HFD ICAO mice (Figure 13). 
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3.3.2. Diameter of leptomeningeal anastomoses 

WT animals showed no significant differences in the mean LMA diameter between sham and 

ICAO groups (Figure 14). However, when comparing the ApoE-/- groups, a significant reduction 

in the mean LMA diameter was noted in ApoE-/- + HFD ICAO mice compared to ApoE-/- ICAO 

mice (20.3 ± 5.9 µm vs. 22.96 ± 6.09 µm, **p < 0.01 ApoE-/- + HFD ICAO vs. ApoE-/- ICAO) 

(Figure 15). Moreover, across all groups, ApoE-/- ICAO mice exhibited significantly larger mean 

LMA diameters (22.96±6.09µm) than both WT sham mice (20.72 ± 4.94 µm, *p < 0.05 vs. WT 

sham) and WT ICAO mice (20.04 ± 5.3 µm, **p < 0.01 vs. WT ICAO) (Figure 16).  
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To focus on the three ApoE-/- groups, an additional frequency distribution analysis revealed a 

significant shift in the LMA vessel diameter distribution, where ApoE-/- ICAO mice showed a 

shift towards larger LMA diameters with a proportional increase of vessels > 30µm compared to 

ApoE-/- sham (**p<0.001) and ApoE-/- + HFD ICAO (**p<0.01). In contrast, ApoE-/- + HFD 

ICAO mice exhibited a LMA diameter distribution similar to ApoE-/- sham (Figure 17). 
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3.4.  Basal vessel diameters 

In WT animals, a significant increase in the ACA diameter was observed following ICAO 

compared to sham (199±25µm vs. 161±26µm, F 5.61, *p<0.05 WT ICAO vs. WT sham). No 

differences were found in the diameters of the remaining basal vessel segments (Figure 18). 
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In ApoE-/- animals, significant diameter increases following ICAO were observed in the ACA 

(219±19µm vs. 172±29µm, F 20.73, ***p<0.001 ApoE-/- ICAO vs. ApoE-/- sham), MCA 

(163±11µm vs. 143±27µm, F 5.19, *p<0.05 ApoE-/- ICAO vs. ApoE-/- sham), ICA (206±21µm 

vs. 184±19µm, F 6.25, *p<0.05 ApoE-/- ICAO vs. ApoE-/- sham), and the P1 segment of the PCA 

(90±28µm vs. 63±24µm, F 4.93, *p<0.05 ApoE-/- ICAO vs. ApoE-/- sham). When looking at 

ApoE-/- +HFD ICAO animals, a significant increase in the ACA diameter was observed compared 

to ApoE-/- sham (218±26µm vs. 172±29µm, F 11.55, *p<0.05 ApoE-/- +HFD ICAO vs. ApoE-/- 

sham). Otherwise, no differences were found in the diameters of the remaining basal vessel 

segments (Figure 19). 
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3.5.  Cortical microvasculature 

3.5.1. Vessel density 

In WT animals, the number of CD31-positive vessels per mm² was not significantly different 

between WT sham and WT ICAO groups (Figure 20). 

 

In ApoE-/- mice, a significant decrease in the vessel density was observed after ICAO compared 

to sham (311±64/mm!  vs. 348±53/mm! , ***p<0.0001 ApoE-/- ICAO vs. ApoE-/- sham). In 

contrast, ICAO with supplementation of HFD resulted in a higher vessel density compared to 

ApoE-/- ICAO alone (360±57/mm!  vs. 311±64/mm! , ***p<0.0001 ApoE-/- + HFD ICAO vs. 

ApoE-/- ICAO) (Figure 21). 
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3.5.2. Pericyte coverage 

In WT animals, no significant differences were observed in microvascular pericyte and arteriolar 

smooth muscle cell coverage, as assessed by Desmin (Figure 22) and αSMA (Figure 23). 
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In ApoE-/- mice, a significant decrease of the Desmin coverage was observed after ICAO 

compared to sham (24±19% vs. 31±30%, *p<0.05 ApoE-/- ICAO vs. ApoE-/- sham). In contrast, 

ICAO with supplementation of HFD resulted in a higher Desmin coverage compared to ApoE-/- 

ICAO alone (38±31% vs. 24±19%, ***p<0.001 ApoE-/- +HFD ICAO vs. ApoE-/- ICAO) (Figure 

24). In contrast, αSMA vessel coverage did not differ between groups (Figure 25). 
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3.5.3. Number of αSMA-positive vessels 

In WT animals, no significant differences were observed in the number of αSMA-positive vessels 

between WT sham and WT ICAO (Figure 26). 

 

In ApoE-/- mice, there was no significant difference in the number of αSMA-positive vessels 

between ApoE-/- sham and ApoE-/- ICAO. However, ApoE-/- + HFD ICAO resulted in a 

significant increase of the αSMA-positive vessel number compared to sham (52±27 vs. 41±28, 

*p<0.05 HFD ApoE-/- ICAO vs. ApoE-/- sham) (Figure 27). 
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4. Discussion 

4.1.  Background and clinical context of chronic ischemia and stroke risk 

Chronic cerebral ischemia, a major risk factor for ischemic stroke, commonly results from 

sustained hemodynamic compromise due to arterial stenosis or occlusion. Initially, the brain 

employs compensatory mechanisms, such as the development of collateral circulation, to maintain 

adequate perfusion and minimize ischemic damage. However, these adaptations are not infinite 

and can become progressively inadequate over time. The exhaustion of these compensatory 

pathways is a pivotal factor in the progression to ischemic events. One critical determinant of such 

hemodynamic failure is the CVRC, which is impaired in conditions of chronic cerebral 

hemodynamic insufficiency, particularly in cases of significant arterial stenosis or occlusion, 

where maximal vasodilation of resistance vessels fails to maintain adequate perfusion. This setting 

is frequently observed in symptomatic internal carotid artery occlusion, where insufficient 

collateral circulation and impaired autoregulation due to endothelial dysfunction [55], vascular 

remodeling, or chronic systemic conditions (e.g., hypertension and diabetes) [56] further 

exacerbates the loss of the cerebrovascular adaptive capacity. Systemic factors such as 

hypotension or reduced cardiac output can further promote CVRC impairment. Once CVRC is 

completely abolished, even minor reductions in perfusion can precipitate an ischemic event, 

highlighting the critical role of CVRC in hemodynamic stroke risk stratification [57]. 

 

Therapeutic approaches for addressing chronic ischemia include both medical management and 

revascularization techniques, such as bypass surgery. However, recent studies have shown that 

bypass grafting does not consistently yield significantly better outcomes than medical therapy 

alone, underscoring the need for the development of novel and effective treatments [10,11]. An 

example is the development of therapeutic strategies that have the potential to stimulate cerebral 

collateral vessel growth. However, such developments require valid and robust pre-clinical 

experimental models to investigate the pathophysiology of chronic cerebral hypoperfusion and 

cerebral collateralization (arteriogenesis) in both health and disease, which could permit a nuanced 

understanding of the involved pathophysiological mechanisms with the identification of novel 

therapeutic targets. Together, this represents an objective at the core of the present study. 

 

4.2.  Model development and hemodynamic evaluation 

In the present experiments, we investigated cerebral perfusion and vascular morphology following 

permanent proximal ICAO, which was used to simulate mild chronic cerebral hypoperfusion based 
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on a previously established model. This design allowed us to observe how resting perfusion and 

CVRC were influenced by genetic predispositions (ApoE deficiency) and environmental factors 

(HFD), which mimic atherosclerotic cerebrovascular disease in humans. As stated above, a key 

marker for quantifying cerebral hemodynamic ischemia is CVRC, because resting perfusion 

assessment alone is insufficient to detect hemodynamic impairment at the threshold to ischemic 

stroke. For this purpose, CVRC assessment via acetazolamide injection provides a sensitive gauge 

of the brain’s functional ability to compensate for impaired (collateral) blood flow. In WT ICAO 

mice, CVRC steadily recovered by day 7, which fell in line with results from previous studies 

[20,58]. Likewise, ApoE-/-  ICAO and ApoE-/- + HFD ICAO mice also showed compromised 

CVRC, which also spontaneously recovered by day 7. In both groups, this spontaneous recovery 

matches the spontaneous recovery observed in similar models and is likely an expression of the 

robust and patent endogenous cerebrovascular collateralization that is regularly observed across 

various mouse strains, particularly in C57BL/6 mice [59]. Particularly in ApoE deficiency, another 

factor that could have contributed to the initially impaired CVRC response could be a generally 

compromised response of the resistance vasculature due to microvascular dysfunction, because 

endothelial dysfunction and reduced nitric oxide bioavailability are known hallmarks of ApoE 

deficiency [47,60], which could limit the ability of vessels to dynamically constrict or dilate in 

response to metabolic demands and represents a critical limitation under conditions of chronic 

hypoperfusion. Such dysfunction underscores the challenges in maintaining adequate tissue 

perfusion early in the recovery process and highlights the nuanced interplay between structural 

changes, such as vessel diameter, and functional outcomes in ischemic adaptation. 

 

4.3.  Collateral vessel growth and spontaneous arteriogenesis 

An unexpected finding was the enhanced collateral outgrowth and remodeling that we observed 

in ApoE-/- mice following ICAO compared to the response pattern that we noted in WT animals. 

This stands in contrast to what might be expected in ApoE-/- mice, given their presumed deficits 

regarding vascular remodeling reported in prior studies [50,61]. On the other hand, this is the first 

time that the effect of permanent proximal vessel occlusion and hemodynamic impairment was 

tested in the setting of ApoE deficiency and possibly, the augmented collateral remodeling that we 

observed was at least in part driven by an inflammatory milieu unique to the ApoE-/- strain. 

Although beyond the scope and purpose of the present work, the association between ApoE 

deficiency and inflammation could be highly relevant, because ApoE deficiency is associated with 

a heightened inflammatory state, which in turn may impact vascular remodeling and microvascular 
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function. In ApoE-/- mice, the observed augmented vascular remodeling could be partially 

mediated by inflammation, driven by activated microglia and macrophages. This hypothesis falls 

in line with previous studies that have demonstrated that inflammatory mediators like granulocyte 

macrophage-colony stimulating factor (GM-CSF) can promote collateral vessel growth. On the 

other hand, pro-inflammatory cytokines and reactive oxygen species (ROS) from M1-polarized 

microglia may exacerbate endothelial dysfunction and impair the plasticity of the vascular 

extracellular matrix [53,62]. Together, this highlights the complex role of inflammation in both 

potentially promoting and impairing cerebral arteriogenesis depending on the context and 

inflammatory state.  

 

Nevertheless, in the present study the augmented collateralization in ApoE-/- did not 

proportionally translate into an enhanced recovery of resting perfusion and CVRC, which on the 

one hand appears to align with the observation of resting perfusion and CVRC recovery in 

WT ICAO mice, but on the other hand also suggests that hemodynamic impairment with 

spontaneous recovery within the first week in our model might have been too low in order to 

adequately reflect the changes in collateral outgrowth that we noted on day 21. In the future, this 

could be systematically assessed by performing longitudinal collateral vessel imaging, for example 

through further exploration of promising in vivo MRI techniques for repeated collateral vessel 

assessment at repeated time-point after permanent ICAO [63], which would also address the 

increasingly important issue of refining and reducing animal experiments in basic and pre-clinical 

research within the ‘3R’ concept. 

 

4.4.  Histological findings on microvascular density and collateral remodeling  

In our histological analysis, we observed only marginal differences in cortical microvascular 

density and Desmin coverage among the experimental groups. Moreover, αSMA vessel coverage 

did not markedly differ and only ApoE-/- +HFD ICAO animals exhibited a slightly increased 

number of αSMA-positive vessels. A possible explanation for this marginal effect could be that 

our sample size was too small to reliably detect variations because the present study was not 

primarily powered for an analysis of microvascular density and pericyte coverage. In addition, 

arteriogenesis predominantly occurs in pre-existing collateral vessels—which we quantified at the 

level of the basal and leptomeningeal vasculature in the present study—rather than in smaller 

parenchymal microvessels [64]. This could at least partially account for the lacking effect of 

permanent ICAO on microvascular density and pericyte coverage that we noted and supports the 
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hypothesis that hemodynamic cerebrovascular remodeling (arteriogenesis) predominantly 

involves pre-existing collateral vessels than parenchymal microvessels [65,66]. Nevertheless, 

ApoE-/- ICAO mice experienced a statistically lower cortical microvascular density and pericyte 

coverage than ApoE-/- sham and HFD mice and the number of αSMA-positive vessels was 

statistically increased in ApoE-/- +HFD ICAO animals, which indicates at least some involvement 

of ApoE in microvascular plasticity. As stated above, however, this effect was only marginal and 

also suggests that despite ApoE deficiency, animals in the present model were able to maintain a 

relatively mature microvascular network in the cortical parenchyma most likely affected by the 

mild chronic hemodynamic impairment caused by permanent proximal ICAO, which falls in line 

with previous reports on collateral and parenchymal microvascular remodeling after experimental 

chronic cerebral ischemia in mice [20].  

 

4.5.  Effects of high-fat diet on collateralization and hemodynamic recovery 

To metabolically exacerbate the atherosclerotic phenotype and assess whether increased 

hyperlipidemia further impacts collateralization and hemodynamic recovery, we included an 

additional ApoE-/- ICAO group with supplementation of an HFD for 12 weeks prior to surgery, 

consistent with previous studies showing that a 12‐week HFD induces marked metabolic and 

vascular alterations in ApoE mice [67,68]. 

 

Although on days 0 and 3 ApoE-/- + HFD ICAO mice demonstrated a trend towards greater resting 

perfusion and CVRC impairment compared to ApoE-/- ICAO mice without HFD, these 

differences did not reach statistical significance. However, on day 21 ApoE-/- + HFD ICAO mice 

exhibited reduced basal and leptomeningeal collateral vessel growth compared to ApoE-/- ICAO 

mice on a regular diet, suggesting that pronounced hyperlipidemia may have limited collateral 

development in the adolescent mice and reduced the endogenous capacity for functional and 

morphological hemodynamic recovery. This fits the hypothesis that elevated lipid levels could 

negatively affect the structural plasticity of collateral vessels through the promotion of endothelial 

dysfunction and increased vascular stiffness. In this context, the exacerbated HFD model could 

serve as a supplemental approach to modulate the severity of hemodynamic impairment and test 

the effect of severe hyperlipoproteinemia in a future setting, where HFD is supplemented for a 

prolonged time period to investigate its effect in the context of high age. 
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4.6.  Future therapeutic implications 

Statins show significant promise in addressing both the systemic and cerebrovascular 

consequences of ApoE deficiency and atherosclerosis. A meta-analysis has demonstrated that 

preoperative statin therapy, particularly with commonly used drugs such as atorvastatin and 

simvastatin, reduces the risk of postoperative stroke in cardiac surgery patients, highlighting the 

broader protective effects of statins [69]. In animal models, atorvastatin has been shown to reduce 

macrophage accumulation in atherosclerotic plaques in ApoE-/- mice, potentially stabilizing or 

even partially regressing atherosclerotic plaques [31,70]. Similarly, simvastatin has demonstrated 

benefits in reducing inflammatory cytokines, such as Interleukin-1 beta (IL-1β), and microglial 

activation in models of traumatic brain injury, suggesting its potential in mitigating brain 

inflammation in ischemic conditions [71]. Other statins such as fluvastatin and rosuvastatin offer 

additional therapeutic avenues: Fluvastatin, frequently used in cardiovascular disease, has been 

studied for its effects on muscle lipid storage during therapy, while rosuvastatin exhibits 

neuroprotective effects, including reduced microglial activation and weight gain in ApoE-deficient 

mice on a high-cholesterol diet [72,73]. Most importantly, all of the findings appear to be 

particularly relevant for understanding the role of inflammation and vascular remodeling in 

ApoE-deficient states and could provide a basis for future translational research in the field of 

chronic cerebral hemodynamic impairment and cerebrovascular protection based on pre-clinical 

testing within our present model. This includes experimental studies that extend the present model 

to ischemic stroke scenarios and longitudinally examine the cerebral vasculature and carotid artery 

for plaque formation in ApoE-deficient conditions, which is critical for understanding the 

progression of atherosclerosis in cerebral vessels and its implications for therapeutic interventions. 

 

Moreover, these considerations align with the need for more tailored approaches in patient risk 

stratification, particularly for individuals with high LDL levels. Such patients may represent a 

distinct subgroup with heightened risk, potentially benefiting more from targeted interventions 

such as revascularization surgery and/or aggressive medical therapy. Current large-scale 

randomized controlled trials on cerebral revascularization for cerebral hemodynamic compromise 

[10,11] have not conducted specific subgroup analyses, leaving questions about optimal patient 

selection unanswered. Addressing these gaps through targeted studies could help identify patients 

most likely to benefit from interventions, thereby improving patient outcomes and refining 

treatment guidelines. 
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4.7.  Clinical relevance 

Our findings align with previous studies, demonstrating that the ApoE-/- ICAO model effectively 

captures key aspects of hemodynamic cerebral impairment. This model reliably simulates impaired 

CVRC, spontaneous collateralization and improved recovery, similar to what has been previously 

observed and confirmed within the present study in WT animals. Notably, the collateralization in 

ApoE-/- mice is even more pronounced, potentially driven by inflammatory mechanisms unique 

to the ApoE-deficient background. This suggests a complex interplay between genetic 

predisposition and vascular adaptation, with inflammation possibly playing a central role in 

enhancing collateral growth. However, this effect appears to be modulated by environmental 

factors, such as HFD preconditioning during adolescence, which reduced collateral vessel growth 

and showed a trend toward poorer hemodynamic recovery. These findings open avenues for 

investigating how hyperlipoproteinemia specifically affects collateralization and hemodynamic 

recovery in cerebrovascular conditions with impaired perfusion. Such insights could have 

significant implications for therapeutic approaches, including the use of statins to counteract these 

adverse effects. From a clinical perspective, the potential impact of ApoE subtypes on patient risk 

profiles warrants further exploration. If ApoE subtypes were to be routinely determined in patients 

with cerebrovascular disease, they could hold the potential to serve for risk stratification and 

treatment planning. Moreover, the modulation of collateralization by hyperlipidemia in the HFD 

model suggests a need to evaluate dietary and metabolic factors in clinical risk assessment. Further 

elaboration on the HFD model (for example in the context of high age as outlined above), could 

shed light on the mechanisms by which metabolic conditions influence cerebrovascular health and 

recovery. This would also underscore the importance of individualized treatment strategies, such 

as targeted statin therapy, in patients with hyperlipidemia and cerebrovascular disease. 
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5. Limitations 

The present study has several limitations that need to be addressed in order to permit a reliable 

interpretation of the present findings. A first important consideration is whether common carotid 

artery occlusion (CCAO) could have created a more severe simulation of chronic cerebral 

hypoperfusion. The CCAO model, which limits compensatory blood flow through extracranial-to-

intracranial collaterals such as the ophthalmic artery may provide a greater hemodynamic 

impairment, which would more accurately mimic the severity of symptomatic carotid artery 

occlusion in humans. Still, in the present model we deliberately chose an ICAO approach, because 

this permitted establishing a model within the context of other pre-clinical research projects 

focusing on the therapeutic stimulation of collateral vessel growth by using strategies that require 

a patent perfusion through the ipsilateral external carotid artery (ECA). 

 

Also, limitations regarding age and sex in the studied mice need to be considered. First, only young 

and adolescent mice were included in the present study. Second, due to the limited availability of 

newborn ApoE-/- mice, the youngest available mice were 4 weeks old. Following 12 weeks of a 

high-fat diet, these mice were 16 weeks old at the time of surgery, compared to 12 weeks in the 

other groups. Since aging has been linked to a reduction in native leptomeningeal collateral 

vasculature and the occurrence of more severe ischemic strokes [74] this could have affected the 

degree of native collateralization in the ApoE-/- mice that received a HFD and were 16 weeks of 

age instead of 12. Of course, a shorter HFD duration was considered but ultimately rejected to 

permit the formation of foam cells and fibrous plaques as previously described [50]. Further, no 

female animals were included in this study, which represents a major limitation, because sex 

differences may affect the native cerebral collateral circulation and further evidence suggests that 

female animals exhibit different patterns of collateral vessel growth and perfusion recovery than 

male animals [59]. Together, this limits the generalizability of our findings and highlights the need 

for future studies incorporating all ages and both sexes to better understand the influence of age 

and sex on functional and morphological hemodynamic recovery in the setting of chronic cerebral 

ischemia. 

 

Furthermore, we did not assess systemic vascular integrity or cerebrovascular plaque formation in 

the present model, key factors likely contributing to the outcomes that we observed. This 

represents a limitation, because understanding the structural and functional constraints of these 

vessels seems critical for a comprehensive interpretation of the augmented collateralization that 
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we noted in the context of ApoE deficiency. Thus, future studies are needed to address these gaps 

and further unravel the mechanisms driving this collateral response. 

 

Lastly, inflammation plays a critical role in cerebral collateralization, and the present study did not 

investigate local inflammation but merely observed slight differences in vessel density and 

pericyte coverage, which indirectly suggest some degree of microvascular remodeling consistent 

with an inflammatory phenotype. Future studies on the mechanisms of cerebral collateralization 

need to address cerebral inflammation in detail, because rodent studies have highlighted the 

importance of inflammatory cells, such as monocytes and macrophages, as well as GM-CSF in 

facilitating arteriogenesis during chronic cerebral ischemia [53,62]. Further, microglia as the 

resident immune cells of the central nervous system (CNS) are well-known to contribute to 

neuroinflammatory processes during ischemic injury [75] and although traditionally not associated 

with atherosclerosis, microglia share functional similarities with macrophages involved in 

systemic inflammation [76,77]. As stated above in chapter 4.3, systemic inflammation may 

intersect with inflammatory CNS responses following permanent ICAO in our present 

ApoE-knockout/chronic cerebral ischemia model. This may obscure the role of microglia in the 

context of cerebral collateralization and illustrates the complexity of inflammation in this context, 

so that future work should focus on the interaction between microglial activation and cerebral 

collateralization, because anti-inflammatory strategies may help mitigate the deleterious effects of 

inflammation in the ischemic brain [78]. 
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