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1 Introduction 

The autoregulation of cerebral circulation is of utmost importance to maintain and 

reestablish the optimal oxygen and nutrient supply of neurons in the case of disturbances 

in the cardiovascular system. Impaired autoregulational capacity and sudden changes in 

cerebrocortical blood flow (CoBF) can lead not only to severe cerebrovascular diseases 

but indirectly also to several social and economic consequences. 

1.1 Carotid artery stenosis: prevalence, characterization 

Internal carotid artery stenosis (CAS) is a prevalent steno-occlusive arterial disease, 

being responsible for 10% of ischemic stroke cases (1). CAS affects approximately 5% 

to 7.5% of older adults (2) and represents a significant risk factor for the development of 

vascular cognitive impairment (VCI) (3-9). A study in 2020 revealed that worldwide, in 

people aged between 30 and 79, the prevalence of increased carotid intima-media thick-

ness tends to be 27.6%, the prevalence of carotid plaque is 21.1%, whereas the prevalence 

of CAS is estimated to be 1.5% (10). Significant risk factors for increased carotid intima-

media thickness and carotid plaque are age, gender (the prevalence is higher in men than 

in women), current smoking, diabetes, and hypertension (10). Other studies determine the 

prevalence of carotid artery stenosis at 3% in the general population (11) and 0-3.1% in 

four population-based studies (Malmö Diet and Cancer Study, Tromsø, Carotid Athero-

sclerosis Progression Study, and Cardiovascular Health Study) (12). A Dutch study from 

2021 estimated the prevalence of carotid artery stenosis in ischemic stroke patients to be 

18.7 %, with gender, smoking, and hypertension as the most significant risk factors (13). 

In Brazil, the prevalence of carotid artery stenosis is higher than in the studies mentioned 

above, i.e. 7.4% (14). In the study mentioned above, age over 70 years, carotid bruit, 

peripheral obstructive arterial disease, coronary insufficiency, and smoking have a strong 

association with the development of CAS (14). 

CAS is characterized by the atherosclerotic narrowing of the carotid artery, compro-

mising the blood supply to the ipsilateral (on the same side) hemisphere of the brain. 
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Atherosclerotic CAS is a leading risk factor for ischemic stroke, which is a frequent cause 

of mortality and long-term disability in developed countries (15). The mechanisms by 

which CAS promotes cerebral ischemic events are thought to involve hemodynamic 

changes in addition to thromboembolism (16-20). The magnitude of the decline in cere-

bral blood flow (CBF) within the ipsilateral hemisphere and, thereby, the clinical conse-

quences of CAS rely on the adaptive capabilities of the cerebral microcirculation (21). 

Compensatory mechanisms involving inter- and intrahemispheric blood flow redistribu-

tion are crucial to maintain the blood supply and to prevent severe brain ischemia (22). 

1.2 Endarterectomy 

Eligible patients with significant CAS are treated frequently with carotid endarter-

ectomy to prevent stroke (23, 24). Dysregulation of CBF in these patients contributes to 

perioperative complications (25-27). During carotid endarterectomy, the temporary ces-

sation of carotid artery flow is necessary, posing a risk of brain ischemia, particularly in 

the ipsilateral hemisphere. The duration of this critical period ranges from 20 to 30 

minutes, depending on the procedure's complexity. Impaired compensatory CBF adapta-

tion to flow cessation in the carotid artery can contribute to perioperative complications 

and increase the risk of ischemic events (22).  

Understanding how the cerebrocortical microcirculation adapts to the compromised 

blood supply is critical for improving surgical procedures and patient outcomes. Factors 

that influence adequate hemodynamic compensation and the clinical consequences of 

CAS, as well as the complications of carotid endarterectomy, involve the robustness of 

the collateral circulation (6, 18, 28-35), compensatory inter- and intrahemispheric blood 

flow redistribution and the effectiveness of cerebral microcirculatory blood flow autoreg-

ulation (16-20, 28, 29, 36-39). Investigating these mechanisms is vital for optimizing pa-

tient care and reducing the risk of adverse events during carotid artery interventions. 
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1.3 Nitric oxide 

One of the key factors determining the effectiveness of cerebral microcirculatory 

blood flow autoregulation is vasodilator molecules, of which nitric oxide (NO) is thought 

to have utmost importance.  

Nitric oxide, first identified as a potent vasodilator and a regulator of blood flow and 

pressure (40, 41), has several other physiological functions in neuronal development and 

synaptic activity (42, 43); moreover, it functions as a neurotransmitter (44), as well. NO 

also plays a crucial role in regulating vascular smooth muscle tone, leukocyte activation, 

platelet aggregation, interactions between the endothelium and circulating cells, and vas-

cular smooth muscle cell proliferation (45, 46). Furthermore, NO can also regulate gene 

transcription (47, 48) and mRNA translation (49, 50); moreover, it has a role in the post-

translational modification of proteins (51-53). Reacting with superoxide anion (O2
−) and 

forming the potent oxidant peroxynitrite (ONOO−), NO in high local concentration can 

also cause oxidative damage, nitration, and S-nitrosylation as a form of nitrosative stress 

(53-55). 

Nitric oxide is produced mainly in endothelial cells by the constitutive nitric oxide 

synthase (NOS) (56). NOSs produce NO from L-arginine and molecular oxygen as sub-

strates and need several cofactors such as reduced nicotinamide-adenine-dinucleotide 

phosphate (NADPH), flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), 

and (6R-)5,6,7,8-tetrahydrobiopterin (BH4) (53). The NO signaling pathway involves the 

activation of soluble guanylyl cyclase and the resulting increase in cGMP level, facilitat-

ing vasodilation in blood vessels as a response to vasoactive mediators, for instance, ac-

etylcholine and bradykinin (57). Moreover, NO production can be observed in response 

to shear stress and inflammation (58, 59).  

Several pathological conditions are associated with NO bioavailability in the human 

body, like obesity, diabetes mellitus, and ischemic heart disease (60). Furthermore, vari-

ous neurological diseases involving cerebrovascular and neurodegenerative disorders are 

in connection with NO as a regulator of the vascular tone and the cerebral blood flow (40, 
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61-69); therefore, modulating its bioavailability is a promising therapeutic strategy in the 

diseases mentioned above (70). 

1.3.1 Nitric oxide synthases 

NO is produced by three isoforms of nitric oxide synthases (NOS): neuronal NOS 

(NOS1 or nNOS), endothelial NOS (NOS3 or eNOS), and inducible NOS (NOS2 or 

iNOS). NOS1 and NOS3 are constitutively expressed, and intracellular calcium concen-

trations regulate their activity, whereas the expression of NOS2 is regulated by several 

factors, including interferons or tumor necrosis factors (71). Viable and fertile knockout 

mouse strains exist for each NOS isoform (57, 71-75). 

1.3.1.1 NOS1 

Various cell types express the neuronal NOS isoform, first and foremost, the neu-

rons of the brain (mediating synaptic plasticity). NOS1 can be found in the peripheral 

non-adrenergic and non-cholinergic (NANC) autonomic nervous system, acting as an 

atypical neurotransmitter relaxing vascular and non-vascular smooth muscle. NO, pro-

duced in the central nervous system, affects many physiological functions as a neurome-

diator, like memory, coordination of neuronal activity and blood flow, and pain (43, 76).  

Furthermore, various specialized epithelial cells can also express NOS1 (71, 77). 

Also, NOS1-derived NO can be determined in vascular smooth muscle cells in the case 

of dysfunctional NOS3 (78). Although NOS1 is expressed abundantly in the brain, it is 

not involved in regulating resting cerebrovascular tone (79). Disturbances in NOS1 ex-

pression likely contribute to several neurodegenerative diseases, such as excitotoxicity 

following stroke, multiple sclerosis, or Alzheimer’s and Parkinson’s diseases (80). Over-

production of NO by NOS1 in peripheral nitrergic nerves can lead to disturbances of 

smooth muscle tone in the gastrointestinal tract (81, 82). NOS1 knockout mice generally 

have a characteristic phenotype, i.e., their stomach is enlarged due to the abnormalities in 

pyloric relaxation (57).  
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1.3.1.2 NOS2 

The inducible NOS isoform (NOS2) has a significant role during sepsis and inflam-

mation (83, 84). Moreover, it is responsible for general vasodilation and the subsequent 

fall in blood pressure in septic shock (84). Macrophages express NOS2 when induced 

with bacterial endotoxins or cytokines to use the cytostatic effect of NO on parasitic mi-

croorganisms and tumor cells (71, 77). For instance, NOS2 activation is essential in de-

fense against intracellular bacteria such as Mycobacterium tuberculosis (85, 86) or the 

parasite Leishmania (53, 75, 87). During sepsis, NOS2 can also be found in the vascular 

wall, presumably in smooth muscle cells (77), to control blood flow and vascular tone 

and help remodel the injured blood vessel wall (56). NOS2-derived NO production is 

activated by cytokines such as interleukin-1 beta or tumor necrosis factor-alpha and by 

growth factors, i.e., platelet-derived growth factor, transforming growth factor-beta, in-

sulin-like growth factor, epidermal growth factor and basic fibroblast growth factor (56). 

However, during inflammation or injury, nearly all vascular cell types produce nitric ox-

ide (56). NOS2 knockout mice are sensitive to certain infections but resistant to sepsis-

induced hypotension (73-75). 

4.1.3.1 NOS3 

NO produced by NOS3 in the endothelial cells is a physiologically important vaso-

dilator. However, not only vascular endothelial cells express NOS3. In cardiac myocytes, 

platelets, specific neurons of the brain, syncytiotrophoblasts of the human placenta, or in 

LLC-PK1 cells (pig kidney epithelial cells), the NOS3 isozyme has also been detected 

(88). Various factors can increase the activation of NOS3, such as the increase in intra-

cellular Ca2+ concentration (53) or the phosphorylation of the enzyme (88, 89). Besides 

vasodilation, NOS3-derived NO also has a role in the inhibition of platelet aggregation 

and adhesion (90-92), in the prevention of leukocyte adhesion and migration into the vas-

cular wall (53), and in the inhibition of the proliferation of vascular smooth muscle cells, 

as well (77, 93-96). NOS3 also plays a significant role in adaptive vascular remodeling 
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to chronic changes in flow (97). Furthermore, endothelium-derived NO also controls the 

expression of genes responsible for atherogenesis (53). Therefore, based on the functions 

above, NO produced by NOS3 protects against atherosclerosis (98). NOS3 knockout mice 

lack most of the endothelium-dependent vasorelaxant responses and are hypertensive (72, 

99). 

1.3.2 NO in the brain 

In the brain, neuronal NOS1 can be found in neurons, whereas NOS3 is expressed 

primarily by the endothelium of the cerebral vessels (100, 101). However, the expression 

and function of NOS1 have also been proven in the cerebrovascular endothelium (102, 

103). Furthermore, endogenous NO also inhibits the synthesis and release of thrombox-

ane A2 (TXA2) (104). Also, vasomotion of cerebral vessels is significantly enhanced in 

the absence of NO (105). 

In conditions of cerebral ischemia, NO derived from NOS1 may contribute to neu-

ronal damage, whereas NO derived from NOS3 appears to be neuroprotective, probably 

by enhancing blood flow (71). Brain infarction size decreases in the absence of NOS1 

(106), whereas it increases in NOS3 knockout mice (107) after middle cerebral artery 

occlusion (MCAO). Therefore, NOS1 contributes rather to tissue damage after stroke, 

whereas NOS3 has an important function in preserving cerebral blood flow. Treatment 

with L-NAME (L-nitro-arginine-methyl-ester), a non-isoform-selective NOS inhibitor, 

leads to increased vascular resistance and elevated blood pressure due to the lack of NO 

formation, the most potent vasodilator of small resistance vessels (108, 109). However, 

L-NAME treatment has also been reported to reduce infarct volume in a model of unilat-

eral carotid ligation (110). Furthermore, the vasodilator effect of hypercapnia, i.e., the 

increase in the partial pressure of CO2 (pCO2) in the blood, is also mediated by NO (111). 

However, NOS3-derived NO not only regulates cerebrovascular tone and blood pressure 

(BP) but also contributes to smooth muscle cell proliferation, responses to vessel injury, 

and platelet aggregation (71). 
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In the absence of NO, other vasoactive mediators, including prostaglandins pro-

duced by cyclooxygenases or the endothelium-derived hyperpolarizing factor (EDHF), 

may take over its role in vasoregulation (112). These mediators are thought responsible 

for substituting for the lack of one or more NOS isoforms in knock-out animals (113-

115). Endocannabinoids can also regulate the cerebrovascular tone and autoregulation 

(116-119). Furthermore, endothelium-derived vasoconstrictor agents (like endothelin-1) 

are also important in cerebrovascular smooth muscle regulation; therefore, a properly 

managed balance between vasodilators and vasoconstrictive mechanisms in the systemic 

and cerebral circulation is needed to maintain constant cerebral perfusion pressure and 

blood flow (120-122). 

1.3.3 Cerebrovascular consequences of impaired NO bioavailability 

The availability of NO, a potent vasodilator produced by endothelial cells and neu-

rons, is critical in regulating CBF and maintaining cerebrovascular homeostasis (3, 65, 

66, 102, 108, 123-128). However, the bioavailability of NO generated by the endothelium 

is decreased in several conditions, like hypercholesterolemia, atherosclerosis, diabetes, or 

aging (71). Endothelial dysfunction often results in vasoconstriction, leukocyte activa-

tion, propensity to thrombosis, and increased vascular smooth muscle cell proliferation 

(71). It has been proposed that administration of nitric oxide donors can be beneficial in 

patients with hypertension, atherosclerosis, gastrointestinal and genitourinary disorders, 

chronic pulmonary hypertension, or adult respiratory distress syndrome (40). 

Impaired bioavailability of NO, associated with advanced aging and comorbidities 

such as hypertension, diabetes mellitus, vitamin D deficiency, and cardiovascular dis-

eases (60, 129, 130), is likely to contribute to compromised CBF homeostasis in older 

patients, who are at risk for VCI. Understanding the combined impact of CAS and these 

comorbidities on the compensatory mechanisms and adaptive responses of cerebral mi-

crocirculation is crucial in elucidating the clinical consequences of CAS. However, the 
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specific role of impaired NO mediation in compensatory CBF adaptation during carotid 

artery blood flow cessation remains incompletely understood.  
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2 Objectives 

Our aim was to investigate the role of NO in cerebrovascular adaptation in a model 

of unilateral carotid artery flow cessation. Four preclinical mouse models of impaired NO 

synthesis were utilized: in the first set of studies, we aimed to test the role of NOS3 in 

cerebrovascular compensatory mechanisms after unilateral occlusion of the common ca-

rotid artery (CCA). Subsequently, NOS1 knockout (NOS1 KO) mice, NOS1 and NOS3 

double knockout (NOS1/3 DKO) mice, and mice treated with L-NAME, an inhibitor of 

NO synthesis, were also investigated. The effects of unilateral CAO on ipsi- and contra-

lateral regional, hemispheric blood flow were assessed using laser-speckle contrast imag-

ing (LSCI). In the second set of studies, morphological differences in pial anastomoses, 

which represent an alternative way for the blood flow to the ischemic regions, were also 

examined. Based on previous evidence, we hypothesized that impaired availability of 

vasodilator NO compromises CBF homeostasis by altering inter- and intrahemispheric 

blood flow redistribution after unilateral disruption of carotid artery flow. We also hy-

pothesized that the existence of compensatory pathways activated in genetically modified 

animals may result in a less severe impairment of adaptation. Therefore, L-NAME treat-

ment was used to identify the effects of acute NO deficiency in vivo. 
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3 Materials and Methods 

3.1 Experimental animals  

Male mice with a C57Bl6/N genetic background, aged between 12 and 17 weeks, 

served as control animals in this study. To investigate the role of NOSs after unilateral 

CCA occlusion, three genetically modified mouse models were employed: NOS3 knock-

out (NOS3 KO, endothelial NOS knockout, eNOS-KO), NOS1 knockout (NOS1 KO, 

neuronal NOS knockout, nNOS-KO) and NOS1/3 double knockout (NOS1/3 DKO, neu-

ronal and endothelial NOS double knockout). Additionally, a pharmacological approach 

was also employed, using L-NAME treatment in control animals to inhibit NO synthesis 

by all NOS isoforms. The animals were housed in a specific pathogen-free animal facility 

with a 12/12 hours dark/light cycle, and they had access to food and water ad libitum. All 

experimental procedures were conducted in accordance with the guidelines of the Hun-

garian Law of Animal Protection (XXVIII/1998) and adhered to the ARRIVE (Animal 

Research: Reporting In Vivo Experiments) guidelines. Ethical approval for the study was 

obtained from the National Scientific Ethical Committee on Animal Experimentation 

(ÁTET, PEI/001/2706-13/2014, approval date: 17 December 2014; PE/EA/487-6/2021, 

approval date: 9 November 2021). 

3.2 Surgical procedures 

The animals were positioned on a heating pad beneath a stereotaxic microscope 

(Wild M3Z, Heerbrugg, Switzerland) under 2% isoflurane anesthesia (Aerrane, Baxter 

Hungary Kft., Budapest, Hungary). A rectal probe connected to the controlled heating 

pad was employed to ensure stable body temperature throughout the experiment. The 

depth of anesthesia was regularly assessed by monitoring plantar and corneal reflexes. 

The level of anesthesia was deepened whenever any signs of pain or arousal were ob-

served. After that, a small incision was made on the left hindlimb, and a cannula (PE50 

Intramedic Polyethylene Tubing, Becton Dickinson, Franklin Lakes, USA) was inserted 
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into the femoral artery. The cannulation served to measure systemic arterial blood pres-

sure during the experiment and allowed blood sample collection at the end of the proce-

dure. Subsequently, the anesthesia was switched to intraperitoneal ketamine (100 μg/g 

body weight, Calypsol; Gedeon Richter, Budapest, Hungary) and xylazine (10 μg/g body 

weight, CP-Xylazine; CP-Pharma, Burgdorf, Germany). This anesthesia regimen was 

maintained for the remaining part of the experiment. A tracheal cannula (PE10 Intramedic 

Polyethylene Tubing, Becton Dickinson, Franklin Lakes, USA) was introduced to facili-

tate spontaneous respiration. Thereafter, the left carotid sheath was dissected precisely, 

avoiding contact or damage to the vagus nerve. Once the CCA was exposed, a loop was 

gently positioned around it for later occlusion during the experimental procedures. 

3.3 Measurement of CAO-induced changes in CoBF         

After completing the aforementioned surgical procedures, the animals were placed 

in a stereotaxic head holder on a heating pad under the laser speckle instrument. Care was 

taken to secure the heads of the animals to prevent any movements that could introduce 

artifacts in the recordings. The femoral artery cannula was connected to a pressure sensor 

to enable the measurement of systemic arterial blood pressure. For the assessment of 

changes in CoBF, the LSCI method was employed, using its high temporal and spatial 

resolution. The LSCI instrument used (PeriCam PSI; Perimed, Järfälla, Stockholm, Swe-

den) was precisely positioned 10 cm above the previously exposed skull, which was ac-

complished by retracting the skin following a small midline incision. Thereafter, atipame-

zole (1 μg/g i.p.; Sigma-Aldrich, St. Louis, MO, USA) was administered as an antidote 

to counteract the blood pressure-lowering effects of xylazine (131, 132). After stabiliza-

tion of the blood pressure, L-NAME (10 mg/kg i.p.; Bachem AG, Bubendorf, Switzer-

land) was administered intraperitoneally to a group of control animals, and a 30-minute 

waiting period was ensured. Subsequently, baseline measurements of CoBF and blood 

pressure were obtained, taking approximately 10 minutes. Following these baseline meas-
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urements, the unilateral common carotid artery occlusion (CAO) procedure was per-

formed by tightening the previously loose knot around the vessel. After five minutes of 

recording, an arterial blood sample was collected through the femoral cannula into a hep-

arin-coated capillary for subsequent blood gas analysis. The Radiometer ABL80Flex in-

strument (Brønshøj, Denmark) was used to assess the blood gas and acid-base parameters. 

Experiments only with arterial blood gas parameters falling within the physiological 

range (pO2>90 mmHg, pCO2 between 25 and 55 mmHg) were included in the analysis.  

 The original CoBF data, initially measured in arbitrary units (AU), were subse-

quently converted into the percentage of the average baseline value recorded over one 

minute. These percentage values were then averaged at 15-second intervals, including 

time points -45s, -30s, -15s, and 0s, the latter representing the time of occlusion after the 

baseline phase. The percentage values were averaged at 3-second intervals during the first 

minute following the occlusion. Throughout the rest of the experiment, the percentage 

values were averaged every 15 seconds. In the first set of experiments, including compar-

ing control and NOS3 KO animals, the acute values represented the maximal decrease 

after the occlusion, whereas the subacute values represented the CoBF exactly 5 minutes 

after the occlusion. In the experiments aimed to investigate the other isoforms of NOS 

and the effect of acute NOS inhibition by L-NAME, the recovery period following the 

occlusion was divided into two phases: an acute phase spanning from 6 seconds to 90 

seconds and a subacute phase spanning from 90 seconds to 5 minutes. The analysis of 

CoBF changes focused on areas mainly supplied by different cerebral arteries originating 

from the circle of Willis (Fig. 1). Therefore, in the first set of experiments, we differenti-

ated the frontal, parietal, and temporal regions. The frontal region is supplied by the azy-

gous anterior cerebral artery (AACA), fused from the anterior cerebral arteries (ACA) in 

the left and right hemispheres. The parietal region is also supplied by the AACA, but the 

posterior cerebral artery (PCA) also has branches in this region. The temporal region re-

ceives the oxygen- and nutrient-rich blood from the middle cerebral artery (MCA). With 
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occluding the CCA, the blood flow of the MCA and the temporal region's blood flow 

decrease the most. Another region can be identified between the temporal, frontal, and 

parietal regions, namely the zone of pial anastomoses (133, 134). In this region, pial col-

laterals promote the efficient redistribution of blood in various ischemic conditions (Fig. 

1). In the second set of experiments, the frontal and the parietal regions were considered 

as one region, called frontoparietal because, in the first set of studies, no differences had 

been found between cerebrocortical blood flow changes of these two regions after CAO 

(131). Therefore, in the second set of experiments, two regions have been distinguished, 

namely the frontoparietal and temporal regions, supplied by the ACA and MCA, respec-

tively. Furthermore, any major artery, vein, or venous sinus were excluded from the eval-

uation. To quantify the CoBF changes, the area over the CoBF curve values (AOC, 

sec*%) were also determined in the acute and subacute phases for each animal in the 

different cerebrocortical regions. 

 

Figure 1. Localization of cerebrocortical regions on a representative laser-speckle image 

(A, red color: higher blood flow, yellow, blue colors: lower blood flow) and schematic 

illustration of their supplying vessels (B). Small arrows indicate pial anastomoses be-

tween the territories supplied by the middle cerebral arteries (MCA) and the azygous an-

terior cerebral artery (AACA). ACA, anterior cerebral artery; ICA, internal carotid artery; 

PCA, posterior cerebral artery; FP, frontal pole; B, bregma; λ, lambda (131). 
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3.4 Morphological analysis of the cerebrocortical vasculature 

In the second set of experiments, cerebrocortical vasculature was visualized by 

transcardial perfusion of saline solution and black inks. First, in 2% isoflurane anesthesia, 

10 mL of heparinized saline solution (10 IU/mL) was injected into the left cardiac ventri-

cle. Subsequently, a 2 mL mixture of drawing ink (Koh-i-Noor Hardtmuth, České 

Budějovice, Czech Republic), endorsing ink (Interaction-Connect, Gent, Belgium), and 

distilled water in a 6:1:6 ratio was administered to the animals. Following this procedure, 

the brains were removed and placed in a 4% formaldehyde solution for fixation. After a 

minimum of 24 hours, pictures of the dorsal surface of the brains were captured using a 

digital camera and a Leica microscope (Leica MC 190 HD and Leica M80, respectively, 

both from Leica Microsystems, Wetzlar, Germany). The morphological analysis focused 

on the collaterals connecting branches of the ACA and the MCA (Fig. 1B). ImageJ soft-

ware (Image J 1.5, NIH, Bethesda, MD, USA) was employed to analyze the acquired 

pictures. A blinded investigator utilized a micrometer etalon for calibration and per-

formed calculations on the number and tortuosity index of the collaterals in both hemi-

spheres. The tortuosity index was determined by dividing the vessel's curved length by 

the linear distance between the two ends of the vessel (132).  

3.5 Statistical analyses 

The Shapiro-Wilk test was employed to assess the normal distribution of the data. 

The results are presented as the arithmetic mean, accompanied by the standard error of 

mean (SEM) when data are normally distributed, and as the median, accompanied by the 

interquartile range when data are not normally distributed. The significance levels were 

determined using Student's unpaired t-test. For experiments involving multiple variables, 

one-way or two-way repeated measures ANOVA, or Kruskal-Wallis test was utilized, 

followed by Bonferroni's or Tukey's post hoc test, depending on the specific number of 

variables and the normality distribution of the data. Graphs and statistical analyses were 

performed using GraphPad Prism software (v.6.07; GraphPad Software Inc., La Jolla, 
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CA, USA). A p-value of less than 0.05 indicated a statistically significant difference, de-

noted by an asterisk (*). For higher levels of significance, **p<0.01, ***p<0.001, and 

****p<0.0001 were used to denote the corresponding levels of significance. 
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4 Results 

4.1 The role of NOS3 

4.1.1 Blood pressure changes in NOS3 KO animals 

Figure 2 shows the mean arterial blood pressure (MABP) changes after CAO in 

control and NOS3 KO animals. The MABP of control animals slightly increased after 

unilateral CAO; however, after 30 seconds, it started to decrease, and at the end of the 

experiment, i.e. 5 minutes after the occlusion, it was even slightly lower than that of the 

baseline (Fig. 2B). The resting MABP of NOS3 KO animals was approximately 25 

mmHg higher than that of the controls, due to the lack of nitric oxide synthesis in the 

endothelium and the subsequently impaired endothelium-dependent vasodilation (Fig. 

2A). The MABP of NOS3 KO animals after CAO more markedly increased compared to 

controls. That increase was more durable in the animals lacking endothelial nitric oxide 

synthase, resulting in statistically significant differences between the blood pressure ele-

vations of the two groups in the last minute of the experiment (4-5 minutes after CAO, 

Fig. 2B) (131). 
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Figure 2. Mean arterial blood pressure (MABP) in control (n=12) and endothelial nitric 

oxide synthase knockout (NOS3 KO; n=11) mice (A) and its changes after left carotid 

artery occlusion (CAO) (B). CAO was performed at time point “0 s”. MABP was 

significantly higher in NOS3 KO animals at all time points (A), whereas ∆MABP differed 

from 210 s (B). Mean ± SEM, *p<0.05, **p<0.01, ***p<0.001 between control and 

NOS3 KO with two-way ANOVA and Bonferroni’s post hoc test. Note the enhanced time 

resolution between (A) or before (B) the dashed lines (131). 
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4.1.2 Arterial blood gas and acid-base parameters 

 

The arterial blood gas and acid-base parameters did not differ significantly between 

control and NOS3 KO animals (Table 1) (131).  

 

Table 1. Arterial blood gas and acid-base parameters in the two experimental groups 

The data are presented as mean ± SEM. The sample sizes were n=12 and 11 for the control 

and NOS3 KO groups, respectively. No significant differences were observed among the 

experimental groups. SBE: standard base excess, Hct: hematocrit (131). 

 Control NOS3 KO 

pO2 (mmHg) 113.5±5.1 112.6±5.1 

satO2 (%) 97.5±0.4 97.7±0.3 

pCO2 (mmHg) 41.2±2.1 37.6±2.5 

pH 7.30±0.02 7.32±0.02 

SBE (mmol/l) -6.0±1.0 -6.4±0.7 

HCO3
− (mmol/l) 19.7±0.9 18.7±0.6 

Hct (%) 38.4±1.0 39.4±1.2 

 

4.1.3 Cerebrocortical blood flow changes after CAO 

The temporal pattern of regional changes in CoBF can be seen in Figure 3. The 

turquoise color indicates a decrease in blood flow compared to the baseline CoBF. The 

most significant decrease could be seen at 5-10s after CAO in the temporal region of the 

ipsilateral hemisphere. 10s after the occlusion, the blood flow started to increase, and 30s 

after CAO, the decrease in blood flow was barely visible (131). 
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Figure 3. Regional changes of cerebrocortical blood flow (CoBF) at different time points 

after left carotid artery occlusion (CAO), shown as difference images compared with the 

baseline CoBF, i.e., the averaged CoBF in 1 min preceding CAO. CAO was performed 

at time point “0”. AU, arbitrary units F, P, and T indicate the frontal, parietal, and 

temporal regions, respectively, according to the coordinates described in Fig. 1A (131).  

 

The cerebrocortical blood flow of control mice significantly decreased in the 

ipsilateral hemisphere after unilateral CAO. This decrease was the most prominent in the 

temporal region (Fig. 4E), the area supplied by the MCA. 6 seconds after CAO, the CoBF 

decreased by ~25% of the baseline in the temporal region, followed by a recovery period. 

30 s after the occlusion, the recovery was nearly complete when the CoBF increased to 

~90% of the baseline values and remained at that level for the remaining part of the 

experiments (5 minutes after the occlusion) (Fig. 4E). The frontal and parietal regions of 

the ipsilateral hemisphere showed a similar pattern as depicted in the temporal region 

(Fig. 4A, C). However, the maximal CoBF decrease was slightly less, i.e., 20% in the 

parietal and ~18% in the frontal region. Furthermore, the CoBF values in the subacute 

phase were slightly higher than in the temporal region (Fig. 4A, C) (131).  

  

DOI:10.14753/SE.2024.3079



24 

 

After analyzing the regional cerebrocortical blood-flow changes of control animals, 

we aimed to investigate whether endothelial NO-mediated active vasodilatory responses 

are involved in this adaptational process. Therefore, the experiments have also been 

performed on animals lacking endothelial nitric oxide synthase (NOS3), i.e., in NOS3 

KO animals. Regional cerebrocortical blood flow changes of NOS3 KO animals showed 

a similar temporal pattern to those of controls, with an acute drop after the occlusion and 

the subsequent recovery. The most prominent decrease in CoBF could be seen in the 

ipsilateral temporal region of NOS3 KO animals, with nearly the same percentage 

changes as in the controls (~25% maximal CoBF reduction, Fig. 4F) (131).  
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Figure 4. Regional cerebrocortical blood flow (CoBF) in control (n = 12; A, C, and E) 

and NOS3 KO (n = 11; B, D, and F) mice before and after carotid artery occlusion (CAO). 

CoBF is expressed as a percentage of the baseline, i.e., the averaged values in 1 min 

preceding CAO. Open triangles and closed circles represent CoBF in the ipsilateral and 

contralateral hemispheres, respectively. Mean ± SEM, *p<0.05, **p<0.01, ***p<0.001 

vs ‘Contralateral’ with two-way ANOVA and Bonferroni’s post hoc test. Note the 

enhanced time resolution between the dashed lines (131).  
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The reduction of CoBF in the acute phase was significantly higher in the temporal cortex 

of both the control (26.3%) and NOS3 KO animals (26.6%) compared to the frontal 

(16.9% and 20.2%) and parietal regions (19.4% and 17.0%, Fig. 5A). In the ipsilateral 

frontal and parietal regions of NOS3 KO animals, similar maximal reductions could be 

obtained, with no significant differences compared to the controls (Fig. 5A). Furthermore, 

in the subacute phase, similar CoBF reductions have been detected in the frontal, parietal 

and temporal regions of control (6.3%, 7.1% and 9.3%) and NOS3 KO animals (7.2%, 

3.5% and 5.8%) (Fig. 5B) (131).  

 

Figure 5. Regional cerebrocortical blood flow (CoBF) reductions during the acute (A) 

and subacute (B) phases after CAO in the ipsilateral hemisphere of control (filled bars, 

n=12) and NOS3 KO (open bars, n=11) mice. CoBF values have been determined at their 

minimum (“Acute”) or 5 min after CAO (“Subacute”), and reductions are expressed as a 

percentage of the baseline, i.e., the average CoBF in 1 min preceding CAO. Mean ± SEM, 

*p<0.05, **p<0.01 vs. “Frontal”; #p<0.05, ##p<0.01 vs. “Parietal” with two-way 

ANOVA and Bonferroni’s post hoc test (131). 

4.2 The effects of NOS1 deletion and general NO deficiency on the CoBF changes after 

CAO 

In order to further investigate the role of nitric oxide in cerebrocortical adaptation to 

unilateral CAO, we have performed the same experiments on NOS1 KO mice and also 

on animals lacking both neuronal and endothelial nitric oxide synthase (NOS1/3 DKO). 

To evaluate the potential compensatory mechanisms in the knockout animals developed 
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throughout their life, all three NOS isoforms were inhibited in a group of control animals 

with the acute administration of L-NAME.  

4.2.1 Morphological parameters of leptomeningeal collaterals  

Given the significant role of leptomeningeal collateral vessels in the adaptive re-

sponse of the cerebral circulation to changes in blood supply from major cerebral vessels, 

such as the internal carotid and vertebral arteries, we sought to investigate whether the 

deletion of NOS1 and NOS3 genes results in altered morphological properties of pial 

collaterals. Hence, we examined both the number and tortuosity of these vessels (Fig. 6).  

No significant difference was observed in the number of collaterals between the experi-

mental groups (Fig. 6B). However, the tortuosity index of NOS1 KO and NOS1/3 DKO 

animals was significantly increased compared to the control group (Fig. 6C), which might 

negatively influence the collateral circulation in these animals.  

 

Figure 6. Morphology of leptomeningeal collaterals in control, NOS1 KO, and NOS1/3 

DKO mice. Panel (A) shows a representative image of the cerebrocortical vessels in a 

control mouse brain. The arrows indicate the leptomeningeal collaterals between the 

territories of the middle cerebral artery (MCA) and anterior cerebral artery (ACA). (B) 

Number of MCA-to-ACA collaterals. No significant difference in the number of 

collaterals was observed between the groups. (C) Tortuosity index. The tortuosity index 

is significantly increased in NOS1 KO and NOS1/3 DKO animals compared to controls 

(*p<0.05, **p<0.01, one-way ANOVA with Tukey’s post hoc test). Scatter dot plots with 

mean ± SEM are shown (22). 
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4.2.2 Blood pressure of NOS1 KO, NOS1/3 DKO and L-NAME-treated mice 

Given the pivotal role of NO in regulating vascular tone (72, 99), systemic blood 

pressure was assessed in all experimental groups throughout the experiments. In NOS1 

KO mice, a moderate elevation of blood pressure was observed compared to the control 

group (Fig. 7). However, substantial hypertension was evident in NOS1/NOS3 DKO mice 

(Fig. 7), consistent with the idea that NOS3-derived NO regulates peripheral resistance 

(99, 135). Pharmacological inhibition of NO synthesis by L-NAME led to a more robust 

increase in blood pressure, with average values reaching approximately 140 mmHg in 

this group. Furthermore, while control, NOS1 KO, and NOS1/3 DKO animals displayed 

a slight increase in blood pressure upon carotid artery occlusion at 0s, this response was 

completely absent in the already severely hypertensive L-NAME group. 

 

Figure 7. Mean arterial blood pressure (MABP) in control, NOS1 KO, NOS1/3 DKO, and 

L-NAME treated control mice throughout the in vivo experiments. The zero point on the 

x-axis represents the time of carotid artery occlusion. NO deficiency resulted in elevated 

blood pressure in the NOS1 KO, NOS1/3 DKO, and L-NAME treated mice compared to 

the control group (*p<0.05, ****p<0.0001, two-way ANOVA). The values are presented 

as mean ± SEM. The number of animals (n) was 10, 6, 11, and 15 in the control, NOS1 

KO, NOS1/3 DKO, and L-NAME groups, respectively (22).  
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4.2.3 Arterial blood gas, acid-base, and electrolyte parameters 

The hematocrit, blood gas, acid-base, and electrolyte parameters were assessed at 

the end of the experiments in femoral arterial samples, and the results are presented in 

Table 2. Importantly, all these physiological parameters were similar in the different ex-

perimental groups and remained within the physiological range. A mild metabolic acido-

sis, observed in all experimental groups, is likely attributable to the effects of anesthesia 

(136). 

 

Table 2. Arterial acid-base, blood gas, hematocrit, and electrolyte parameters.  

Arterial blood sampling from the femoral artery was conducted at the end of the 

experiment. The data are presented as either mean ± SEM or median and interquartile 

range, depending on the normality of the data distribution. The sample sizes were n=10, 

6, 11, and 15 for the control, NOS1 KO, NOS1/3 DKO, and L-NAME groups, 

respectively. No significant differences were observed among the experimental groups in 

these parameters. SBE: standard base excess, Hct: hematocrit (22). 

 Control NOS1 KO NOS1/3 DKO L-NAME 

pH 7.28±0.04 7.26±0.10 7.29±0.06 7.24±0.08 

SBE (mmol/l) -8.97±0.88 -10.03±2.00 -10.43±1.89 -10.17±0.94 

HCO3
- (mmol/l) 17.96±0.52 15.93±1.46 18.40±0.42 17.33±0.83 

pCO2 (mmHg) 39.8±1.7 38.2±2.7 40.3±1.8 40.5±1.9 

pO2 (mmHg) 107.7±2.29 119.7±7.0 102.6±2.0 112.2±3.3 

satO2 (%) 97.21±0.27 97.80±0.52 96.82±0.41 96.95±0.52 

Hct (%) 41.4±0.4 39.0±0.8 41.5±0.4 43.4±0.9 

Na+ (mmol/l) 155.6±1.2 153.0±1.2 156.5±1.3 154.4±0.9 

K+ (mmol/l) 
4.62 (3.88-

4.98) 
4.82 (4.70-4.93) 4.87 (4.37-4.48) 5.07 (4.30-6.20) 

Ca2+ (mmol/l) 1.30±0.04 1.30±0.05 1.31±0.03 1.24±0.02 
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4.2.4 Changes in regional CoBF following unilateral CAO 

 The changes in CoBF following unilateral CAO were compared between the ipsi-

lateral and contralateral hemispheres in different experimental groups, including the con-

trol, genetically modified (NOS1 KO, NOS1/3 DKO), and pharmacologically treated (by 

L-NAME) mice (Fig. 8). Figures 8A and 8B show the CoBF changes in control mice. The 

most pronounced acute CoBF reduction (-30%) after CAO appeared in the ipsilateral 

temporal region (Fig. 8A). After that, the CoBF of this region recovered to 90% of its 

original level within 30 sec, indicating the effective adaptation of the cerebral circulation 

to CAO, and remained slightly below the baseline level in the rest of the experiment. In 

contrast, the blood flow of the contralateral temporal cortex remained practically at the 

baseline level (Fig. 8A). The acute CoBF reduction was less pronounced (-15%) in the 

ipsilateral frontoparietal region and returned to 90% of its original level within 30 sec 

(Fig. 8B). In contrast, the contralateral frontotemporal cortex did not show any marked 

hypoperfusion (Fig. 8B). The transient difference in the blood flow of the ipsilateral vs. 

contralateral frontotemporal regions is an important finding because the AACA supplies 

both of these territories. Therefore, the more pronounced CoBF reduction in the ipsilateral 

side indicates that the blood is drained through pial collaterals to the more ischemic tem-

poral cortex to prevent severe hypoxia.  

In NOS1 KO animals, the acute CoBF drop (32.3%) in the ipsilateral temporal re-

gion and its fast recovery within the first 30 sec were similar to controls (Fig. 8C). How-

ever, the blood flow remained significantly lower (89-94%) than that of the contralateral 

temporal cortex throughout the experiment (Fig. 8C), indicating the involvement of 

NOS1 in adapting the cerebral circulation to CAO. The mild hypoperfusion in the tem-

poral region of NOS1 KO mice may be attributed to less effective pial collateral circula-

tion due to more tortuous anastomoses, as shown in Fig. 6C.  
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Figure 8. Cerebrocortical blood flow (CoBF) in the ipsilateral and contralateral 

hemispheres after unilateral carotid artery occlusion (CAO). Panels A and B: CoBF in 

temporal (A) and frontoparietal (B) regions in control mice (n=10) after unilateral CAO. 

In both ipsilateral regions, the blood flow normalizes after a transient reduction post-CAO. 

Panels C and D: CoBF in temporal (C) and frontoparietal (D) regions in NOS1 KO 

animals (n=6) after unilateral CAO. Note the less complete recovery in the temporal 

region compared to the frontoparietal region. Panels E and F: CoBF in temporal (E) and 

frontoparietal (F) regions in NOS1/3 DKO animals (n=11) after unilateral CAO. Note the 

sustained hypoperfusion in the temporal region but not the frontoparietal region. Panels 

G and H: CoBF in temporal (G) and frontoparietal (H) regions of L-NAME treated 

animals (n=15) after unilateral CAO. Note the acute severe hypoperfusion in both regions 

of the ipsilateral hemisphere and mild hypoperfusion of the contralateral hemisphere in 

the first 90 seconds after CAO and the recovery of CoBF in both regions thereafter. 

Values are presented as mean ± SEM percentage of the baseline. Circles indicate the 

ipsilateral, whereas squares the contralateral hemisphere. Statistical significance is 

denoted as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs. contralateral (two-way 

ANOVA with Bonferroni's post hoc test). Note the enhanced time resolution between the 

dashed lines (22).  

 

Nevertheless, the blood flow in the temporal region was able to recover to almost 90% of 

the baseline level, indicating a partially preserved ability for adaptation. The temporal 

pattern of the CoBF changes in the frontoparietal regions of NOS1 KO mice (Fig. 8D) 

was very similar to that of control animals (Fig. 8B), and significant differences between 

the two hemispheres appeared only in the acute phase (up to 15 seconds). Moreover, mild 

hypoperfusion appeared in the contralateral frontoparietal region of NOS1 KO mice (Fig. 

8D), which indicates CoBF redistribution towards the ipsilateral hemisphere.  

To further examine the role of NO in the adaptation mechanism, mice with genetic 

deficiency of both NOS1 and NOS3 were tested (Fig. 8E-F). In this mouse model, signif-

icant differences between the two hemispheres were consistently present in the temporal 

region throughout the entire measurement (Fig. 8E). Although a marked recovery was 

also present during the first 30 sec, the blood flow in the ipsilateral temporal region re-

mained below 90% of the baseline until the end of the experiment (Fig. 8E), indicating a 
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worsened adaptational capacity in the double knockout animals. In the frontoparietal re-

gions, the CoBF changes in the acute phase were similar to those observed in control and 

NOS1 KO animals, with interhemispheric differences during the first 15 seconds (Fig. 

8F). The blood flow of both the ipsilateral and the contralateral frontoparietal regions 

remained below the baseline during the subacute phase until the end of the measurements 

(Fig. 8F). 

Figures 8G-H depict the CoBF changes in the frontoparietal and temporal regions 

of L-NAME treated animals. Despite the complete inhibition of NO synthesis in this 

group, L-NAME pretreatment did not exacerbate the immediate maximal blood flow re-

duction. However, the recovery of blood flow was delayed in both ipsilateral regions, 

resulting in a more severe hypoperfusion. Moreover, a significant reduction in CoBF was 

observed in both regions of the contralateral hemisphere of L-NAME-treated animals 

during the acute phase after CAO (Fig. 8G-H). In the subacute phase, approximately one 

minute after the occlusion, the blood flow increased and reached or exceeded 90% of the 

baseline level in all investigated regions of the ipsilateral and the contralateral hemi-

spheres (Fig. 8G-H). 

 After assessing the temporal patterns of CoBF changes and the differences between 

the ipsilateral and contralateral regions following unilateral CAO, our next objective was 

to quantify the overall CoBF deficits during the acute (up to 90 seconds, Fig. 9) and sub-

acute phase (90-300 sec after CAO, Fig. 10). Figure 9 presents AOC values (the level of 

hypoperfusion) in the acute phase of the adaptation, which reflect the magnitude of CoBF 

changes in the frontoparietal and temporal regions of the ipsilateral and contralateral hem-

ispheres in control, NOS1 KO, NOS1/3 DKO, and L-NAME treated animals. The phar-

macological inhibition of NO synthesis using L-NAME resulted in the most pronounced 

CoBF reductions in the ipsilateral hemisphere during the acute phase. Significant differ-

ences were observed in the ipsilateral temporal region between control and L-NAME-

treated animals (Fig. 9A), as well as between L-NAME-treated animals and all other 
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groups in the ipsilateral frontoparietal region (Fig. 9B). Furthermore, in the contralateral 

hemisphere, the L-NAME treated animals showed significantly greater CoBF reduction 

as compared to all other experimental groups both in the temporal (Fig. 9C) and in the 

frontoparietal (Fig. 9D) regions.  

 

Figure 9. Comparison of hypoperfusion levels determined by area over the curve (AOC) 

values of blood flow in control, NOS1 KO, NOS1/3 DKO, and L-NAME treated control 

mice (n=10, 6, 11, 15, respectively) in the acute phase (6-90 sec) after unilateral carotid 

artery occlusion. The AOC values of L-NAME treated animals significantly differ from 

controls in the ipsilateral temporal region (A, *p<0.05) and from all other groups in the 

ipsilateral frontoparietal region (B, ****p<0.0001 vs. all groups). Furthermore, L-NAME 

treated animals significantly differ both in the contralateral temporal (C, ***p<0.001, 

****p<0.0001) and the frontoparietal regions (D, **p<0.01, ***p<0.001) from all other 

groups. Scatter dot plots with mean ± SEM are shown. Statistical analysis was performed 

with one-way ANOVA and Tukey's post hoc test (22). 
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In the subacute phase (90-300 sec after CAO, Figure 9A-D), NOS1/3 DKO animals 

exhibited more severe blood flow deficit in the ipsilateral temporal region compared to 

controls (Fig. 10A), indicating a compromised adaptational capacity after unilateral CAO. 

Furthermore, a significant difference was also observed between the NOS1/3 DKO and 

NOS1 KO groups in the ipsilateral frontoparietal (Fig. 10B) and contralateral temporal 

region (Fig. 10C), where the difference between control and NOS1/3 DKO animals also 

almost reached the level of statistical significance (Fig. 10C). Taken together, immedi-

ately after the occlusion (acute phase) the acute and complete pharmacological NOS 

blockade by L-NAME induced the most significant adaptation deficit and cerebrocortical 

hypoperfusion. In contrast, during the subacute phase (90-300 sec after CAO), NOS1/3 

DKO animals showed compromised adaptation and prolonged CoBF reduction, further 

highlighting the interaction between the two NOS isoforms in the cerebrovascular system. 
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Figure 10. Comparison of hypoperfusion levels determined by AOC (area over the curve) 

values of blood flow in control, NOS1 KO, NOS1/3 DKO, and L-NAME treated wild 

type mice (n=10, 6, 11, 15, respectively) in the subacute phase (90-300 sec) after 

unilateral carotid artery occlusion. NOS1/3 DKO animals show worsened recovery in the 

ipsilateral temporal (A, **p<0.01) and frontoparietal (B, *p<0.05) regions. The blood 

flow recovery of NOS1/3 DKO mice is also compromised in the temporal (C, *p<0.05 

and #p=0.0514) but not in the frontoparietal region (D) of the contralateral hemisphere. 

Scatter dot plots with mean ± SEM are shown. Statistical analysis was performed with 

one-way ANOVA and Tukey's post hoc test (22). 
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5 Discussion 

Our study aimed to assess the role of NO and NO synthase isoforms, which are 

known to play critical roles in regulating cerebral vascular tone and blood flow (61, 65-

69, 102), in the adaptation of cerebrocortical microcirculation to unilateral CAO. This 

experimental model closely mimics the hemodynamic conditions observed in patients 

with CAS undergoing carotid endarterectomy. By investigating the effects of NO and NO 

synthase isoforms, we aimed to shed light on the underlying mechanisms involved in 

cerebrovascular adaptation during reduced blood supply to the brain. We utilized genet-

ically modified mouse models and pharmacological interventions to assess the contribu-

tion of NO synthase isoforms to cerebrovascular adaptation following CAO.  

In the first set of studies, a rapid CoBF decrease was observed in the ipsilateral 

frontal, parietal, and temporal regions in control animals after CAO. However, 30 seconds 

after the occlusion, the CoBF returned close to the baseline level, indicating a rapid 

adaptation process. In the remaining part of the experiment, the CoBF was >90% of the 

baseline in all cerebrocortical regions with no significant regional differences. These 

observations suggest that the existing macrovascular connections (i.e., the arteries of the 

circle of Willis) are insufficient to compensate immediately and completely for the 

occlusion of one CCA and that activation of vasoregulatory mechanisms is required to 

adapt cerebrocortical circulation to the altered hemodynamic situation (131). After CAO, 

a significant CoBF reduction in the temporal cortex of the ipsilateral hemisphere was 

expected since this region is predominantly supplied by the MCA originating from the 

circle of Willis close to the influx of the internal carotid artery. However, the ipsilateral 

frontal and parietal cortices also showed reduced blood perfusion compared to the 

contralateral ones, although in mice, these brain regions receive their blood supply from 

the AACA, fused by the bilateral ACAs. This CoBF decrease in the frontal and parietal 

regions can be explained by a stealing effect through pial anastomoses between the 

territories of MCA and AACA. The existence of these anatomical connections (133, 134, 
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137, 138) and their importance after MCA occlusion (139, 140) had already been 

described previously, and we assumed a crucial role of these anastomoses in the 

adaptational process after CCA occlusion, as well. According to our concept, the blood 

from the frontoparietal regions is drained via pial anastomotic vessels to the more 

ischemic temporal cortex of the ipsilateral hemisphere (“stealing phenomenon”) (131). 

During chronic adaptation to ischemic conditions, these pial anastomoses are reportedly 

enlarged 15 days after CAO (137) and six days after MCAO (140). 

It is proved that NO exerts a resting tonic vasodilatory effect in the cerebral circula-

tion, as basal cGMP level is significantly greater in cerebral arteries having intact endo-

thelium than those from which the endothelium was removed (141, 142). Based on the 

data in the literature mentioned above, we hypothesized that endothelium-derived NO 

may play an important role in the cerebrovascular adaptation to CAO. Surprisingly, how-

ever, in our first study, genetic deletion of NOS3 failed to influence cerebrovascular ad-

aptation to unilateral CAO in mice (131). Moreover, we observed a faster recovery of 

CoBF in the temporal cortex of NOS3 KO animals compared to control mice, the differ-

ence of which can be attributed to the higher perfusion pressure due to the elevated blood 

pressure in animals lacking NOS3. This finding does not necessarily mean that NOS3 

does not play an important role in cerebrovascular adaptation to CAO as other endothe-

lium-dependent and -independent regulatory pathways (e.g., prostanoids) (143-146), not 

to mention the other two NOS isoforms may be upregulated in the absence of NOS3, and 

take over its role in the cerebrovascular blood flow regulation.  

In order to clarify the role of other NOS isoforms in the cerebrovascular responses 

to CAO, in the next step, NOS1 KO and NOS1/3 DKO animals, as well as pharmacolog-

ical NOS inhibition by L-NAME were also tested. We hypothesized that simultaneous 

ablation/blockage of two (NOS1/3 DKO) or three (L-NAME) NOS isoforms results in 

worsened CoBF recovery after CAO. In addition, we assumed that the capacity of pial 
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collaterals to supply the most severely impaired temporal cortex might also be affected 

by the loss of NOS enzymes. 

We have already described the importance of pial collaterals in the adaptational pro-

cess (131), so the morphological changes of these connecting arterioles were also ana-

lyzed. The pial collaterals have a significant impact on the adaptational capacity of the 

cerebral circulation to unilateral CAO. The most significant reduction in blood flow after 

CCA occlusion develops in the temporal region, supplied mainly by the MCA (22, 131). 

The pial collaterals contribute to blood flow recovery in the ischemic region by “stealing” 

blood from the less affected parietal and frontal regions supplied by the ACAs and the 

AACA. This “stealing phenomenon” maintains the constant blood flow in all cortical 

regions. However, the number and tortuosity of the pial collaterals can significantly in-

fluence the effectiveness of this “stealing.” The tortuosity varies in different strains and 

knockout mice. For instance, the increase in tortuosity can be caused by the lack of NOS1 

and/or NOS3 enzymes during the development of these vessels. Several studies suggest 

endogenous NO is an important factor in angiogenesis (147, 148). For instance, reducing 

NO availability can have antitumorigenic effects by reducing angiogenesis (149, 150). 

According to Fukumura et al. (151), NOS3 is involved in VEGF-induced angiogenesis. 

Moreover, angiogenesis in the ischemic hindlimb is impaired in NOS3 KO mice (152). 

Furthermore, overexpression of NOS2 has been reported to promote angiogenesis and 

enhance tumor growth (153). According to our results, in both NOS1 KO and NOS1/3 

DKO animals, the tortuosity of the pial collaterals connecting the frontoparietal and the 

temporal regions is increased (22).  

Blood pressure and, consequently, proper perfusion pressure are also key factors in 

the adaptation process. Our first study showed that NOS3 knockout animals have elevated 

blood pressure due to the lack of endothelial nitric oxide synthase (131). In contrast, 

Mashimo and Goyal found that the overexpression of NOS3 causes hypotension in mice 

(154). The blood pressure of NOS1 KO animals in our study was not elevated compared 

DOI:10.14753/SE.2024.3079



40 

 

to controls, similar to the observation of Nelson et al. (155). According to the literature, 

animals lacking the NOS2 enzyme also do not show elevated blood pressure (156). On 

the other hand, we observed an elevated blood pressure in NOS1/NOS3 double knockout 

animals compared to controls (22) because NOS3, essential in maintaining normotensive 

blood pressure (99), is also missing in this knockout line. However, animals with the 

simultaneous lack of NOS1 and NOS3 or all three isoforms do not have an even more 

elevated blood pressure compared to NOS3 KO animals (155, 156), confirming that the 

other two isoforms of NOS does not play a role in blood pressure regulation. After L-

NAME injection, a similar increase in blood pressure can be seen in our experiments, as 

previously reported by Mattson et al. (135), who found a 20-30 mmHg increase in the 

blood pressure in C57BL/6J and NOS1 knockout animals after the pharmacological inhi-

bition of nitric oxide synthases with L-NAME (135).  

In order to examine the adaptational capacity of NOS knockout and L-NAME 

treated animals, blood flow changes after unilateral CAO were also compared between 

the examined groups. In NOS1 KO animals, higher tortuosity of the pial collaterals con-

necting the frontoparietal and temporal regions has been observed (22), which may com-

promise intrahemispheric blood flow redistribution as the blood cannot flow efficiently 

enough to the ischemic temporal region. Indeed, in the temporal region of NOS1 KO 

mice, significant differences between the hemispheres were evident at nearly all time 

points, indicating the involvement of NOS1 in the adaptational process. Therefore, the 

mild hypoperfusion in the temporal region of NOS1 KO mice may be attributed to the 

less effective pial collateral circulation.  

The level of NO is reported to be elevated 2-3 minutes after the occlusion of a carotid 

artery or other cerebral vessels to decrease the level of ischemia and prevent neuronal 

damage (109). However, not only NOS3 is the primary producer of nitric oxide in is-

chemic conditions, but NOS1 is also essential in increasing the level of NO. While NOS3 

contributes to the protection by maintaining constant cerebral blood flow by generating 
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NO in the endothelium and consequently inducing vasodilation, NO from NOS1 rather 

triggers cellular injury and neurotoxicity with the accumulating NO in the neurons (71, 

110, 157). This is confirmed by the findings that the lack of NOS3 increases, whereas 

that of NOS1 decreases the infarct size in cerebral ischemia (158). Furthermore, accord-

ing to the study of Huang et al., 0.2-7% of residual NOS1 catalytic activity can be meas-

ured after the targeted disruption of the neuronal NOS gene (57).  

The simultaneous lack of endothelial and neuronal NOS isoforms (NOS3 and 

NOS1) showed not only an elevated blood pressure but also an impaired adaptational 

capacity of the cerebrocortical blood flow in the subacute phase after unilateral CAO. The 

MABP of the double-knock-out animals was significantly higher than that of the controls, 

similar to the observation by Huang et al. (71, 158). After unilateral CAO, the double 

knockouts showed a diminished recovery in the subacute phase compared to the controls, 

mainly in the temporal region. In conclusion, we can state that the simultaneous deletion 

of NOS1 and NOS3 enzymes results in a higher decrease in blood flow during the sub-

acute phase. This difference is even more notable if we consider the elevated MABP of 

NOS1/3 DKO mice. Furthermore, due to the genetic manipulation, they may have devel-

oped compensatory mechanisms to maintain vasoregulation. First, there is a possibility 

for enhanced inducible NO synthase expression; however, NOS2 is reported to be ex-

pressed rather in different pathophysiological conditions, such as inflammation and can-

cer (154). Furthermore, COX1 and COX2-derived prostaglandins (such as prostacyclin 

and prostaglandin E2) and EDHF can also contribute to cerebrovascular functions (114, 

115). The impairment of NO production upregulates the COX – PG pathway (159, 160) 

to compensate for NO loss and preserve the effective regulation of blood flow in the mi-

crovessels (143, 144). Also, upregulation of COX2 expression was found in arterioles of 

NOS3 knockout mice (161). The fact that NOS1/3 DKO animals have significantly ele-

vated blood pressure, a higher tortuosity in the connecting vessels of the frontoparietal 

and temporal regions, and show a diminished CoBF adaptation in the subacute phase after 
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CAO (22) suggests that although prostanoids may substitute for NO to a certain extent, 

adaptation to ischemic conditions is impaired in the simultaneous absence of NOS1 and 

NOS3.  

Finally, we addressed whether the acute pharmacological inhibition of NOS en-

zymes results in similar consequences to those observed in genetically modified animals. 

Prado et al. found that L-NAME-treated rats could not compensate after bilateral carotid 

artery occlusion; their blood flow remained at 30% of the baseline (108), suggesting that 

compensatory mechanisms are less effective during acute NO deficiency. Hypertensive 

rats were reported to develop more severe ischemic damage after the occlusion of a major 

cerebral artery (162, 163), which is presumably due to the increased vascular resistance 

(108) and impaired vasodilatory reserve of the collateral vessels induced by impaired NO 

production (164). Our data show that acute inhibition of all three NOS isoforms by L-

NAME causes a significant CoBF reduction in the acute phase after unilateral CAO, re-

sulting in significant differences in the blood flow not only in the ipsilateral but also in 

the contralateral frontoparietal and temporal regions (22). Ashwal et al. found that inhi-

bition of NO synthesis by L-NAME significantly reduces the infarct volume in a filament 

model of MCA occlusion in rat pups, suggesting that although NO is important in the 

maintenance of cerebral blood flow in the ischemic regions by inducing vasodilation, it 

may also be neurotoxic in ischemic conditions (110). On the other hand, the robust in-

crease in the blood pressure of L-NAME-treated animals has to be taken into account, as 

well. Malinski et al. reported that administering L-NAME results in an approximately 20 

mmHg increase in arterial blood pressure (109). In our experiments, the MABP increase 

was even more pronounced (40-50 mmHg) (22), causing the elevation of the perfusion 

pressure and improving the blood flow in the subacute phase after CAO. 

In conclusion, we can state that NOS1 plays a role in the adaptational process, as 

mice lacking neuronal nitric oxide synthase (NOS1 KO) and double knockout mice of 

NOS1 and NOS3 (NOS1/3 DKO) exhibited impaired cerebrocortical blood flow 

DOI:10.14753/SE.2024.3079



43 

 

adaptation to CAO, particularly in the subacute phase. Acute L-NAME inhibition causes 

the most severe impairment in the adaptational capacity to unilateral CAO in the acute 

phase; however, the enhanced perfusion pressure probably helps the adaptation in the 

subacute phase. Although our experiments provide significant evidence for the role of 

NO in cerebrovascular adaptation, we cannot completely exclude the role of prostanoids 

and other vasorelaxant mediators in this process. Furthermore, the elevated blood 

pressure and enhanced perfusion pressure of NOS KO animals can also help the 

adaptational process. Cyclooxygenase-mediated pathways may take over the role of NO 

during chronic NO deficiency in genetically modified animals. 

Further studies are warranted to investigate whether impairments in cerebrocortical 

blood flow adaptation mechanisms to CAO are present in animal models of various car-

diovascular disorders, including diabetes, which are known to be characterized by oxida-

tive stress, impaired NO bioavailability, and endothelial dysfunction. This would provide 

valuable insights into the specific contributions of impaired NO mediation to the observed 

cerebrovascular dysfunctions and shed light on potential therapeutic targets for preserv-

ing cerebrovascular homeostasis and preventing perioperative complications in CAS pa-

tients with cardiovascular risk factors.  

The present study provides valuable insights into the role of NO and NO synthase 

isoforms in adapting cerebrocortical microcirculation to unilateral CAO and their poten-

tial contribution to the pathophysiology of CAS and perioperative complications during 

carotid endarterectomy. However, several limitations should be considered. Firstly, this 

study focused on the specific role of NOS1 and NOS3 in cerebrovascular adaptation, and 

further investigations are needed to elucidate the underlying cellular mechanisms. Mor-

phological and functional studies indicate that the neuronal NOS1 isoform is present in 

the cerebrovascular endothelium and contributes to regulating vascular tone (102, 165). 

Exploring the role of NO in the neurovascular unit, potential interactions with other vas-
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oregulatory mechanisms, and the involvement of specific cell types within the cerebro-

vascular system would provide a more comprehensive understanding of NO-mediated 

compensatory responses. Additionally, our study primarily utilized genetically modified 

mouse models and pharmacological inhibition of NO synthesis. While these models pro-

vide valuable insights into the specific contributions of NO and NOS isoforms, it is es-

sential to extend the research to animal models of aging (123, 126, 166, 167) and models 

that mimic various cardiovascular risk factors, such as diabetes and metabolic disease, 

which are known to be characterized by endothelial dysfunction and impaired NO bioa-

vailability (60). This would allow for a more comprehensive assessment of the role of NO 

in cerebrovascular adaptation under conditions relevant to older CAS patients with 

comorbidities.  

In terms of clinical implications, the findings of this study highlight the potential 

significance of impaired NO mediation in CAS patients with cardiovascular risk factors. 

Clinical studies are warranted to understand the specific contributions of NO deficiency 

and endothelial dysfunction to cerebrovascular impairments, impaired CBF adaptation to 

carotid artery occlusion, and perioperative complications. Future studies should also in-

vestigate the synergistic actions of aging and comorbidities (168-170).  

Our present findings have an important relevance related to the surgical interven-

tions in the carotid artery. Whereas atherosclerotic stenosis or occlusion of the carotid 

artery usually develops slowly (within months or years), allowing remodeling of the col-

lateral circulation, during carotid surgery, the acute cessation of the carotid arterial blood 

flow is often necessary, and the maintenance of sufficient perfusion of the brain depends 

on the preexisting collateral vessels as well as on the acute compensatory blood flow 

redistribution mechanisms, which were in the focus of the present study. The former can 

be considered anatomical, whereas the latter is the functional modality of adaptation to 

preserve the oxygen and nutrient supply of the brain. Before carotid endarterectomy, 

which involves the temporal occlusion of the artery, the morphological parameters of the 
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collateral network are determined by computed tomography angiography (CTA) or tran-

scranial Doppler ultrasound (171, 172). As indicated in a previous study, the complete-

ness and effectiveness of the circle of Willis are of key importance regarding the com-

pensatory CBF adaptation, and missing branches of the circle of Willis impair brain func-

tions after carotid artery clamping (171). However, even the most precise mapping of the 

collateral vascular connections cannot predict unambiguously the consequences of ca-

rotid artery occlusion on brain oxygenation, which indicates the importance of the func-

tional adaptation mechanisms of the cerebral vessels. Therefore, during carotid surgery, 

the adaptational capacity is also examined by evaluating the oxygen supply of the brain 

after clamping of the carotid artery, either directly (with near-infrared spectroscopy, 

NIRS) or indirectly with stump pressure or systemic arterial blood pressure measurement. 

In the case of an incomplete circle of Willis or improper adaptational capacity, a Le 

Maitre shunt is indicated to support the collateral circulation during endarterectomy (se-

lective shunting) (173), which intervention, however, increases the surgical burden and 

may itself lead to cerebral embolism.  

Our present study focused on the functional adaptation mechanisms of cerebral cir-

culation to acute carotid artery occlusion and identified NO as an important mediator in 

this process. Preoperative evaluation and eventual new therapies for supporting this func-

tional modality of cerebrovascular adaptation may have a significant impact on the pre-

vention of cerebral hypoxia and its neurological consequences during carotid artery sur-

gery. Addressing these aspects will contribute to a more comprehensive understanding of 

cerebrovascular pathophysiology and facilitate the development of tailored strategies for 

CAS management and perioperative care.  
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6 Conclusions  

We aimed to investigate the role of NO in cerebrovascular adaptation in a model of 

unilateral carotid artery flow cessation. Our results indicate that: 

 The existing macrovascular connections (i.e., the arteries of the Willis circle) 

are insufficient to compensate immediately and completely for the loss of one 

CCA, and active vasoregulation is required to adapt the cerebrocortical circu-

lation to the altered hemodynamic situation.  

 The temporal pattern of the CoBF recovery after CAO suggests the signifi-

cance of an active cerebrovascular vasodilator mechanism driven by meta-

bolic, endothelial, or neuronal signals.  

 Intracortical redistribution of the CoBF, presumably via pial anastomoses be-

tween the MCA and AACA, appears to attenuate the ischemia of the most 

severely affected temporal cortex at the expense of reducing the blood perfu-

sion of the frontoparietal regions.  

 The lack of endothelial nitric oxide synthase (NOS3) alone does not impair 

the recovery after unilateral CAO. 

 Mice lacking neuronal nitric oxide synthase (NOS1 KO) and double knockout 

mice of NOS1 and NOS3 (NOS1/3 DKO) exhibit impaired cerebrocortical 

blood flow adaptation to CAO, particularly in the subacute phase.  

 Pharmacological inhibition of NO synthesis with L-NAME results in severe 

alterations in CBF, mainly in the acute phase.  

 The unfavorable morphological development (increased tortuosity) of the 

leptomeningeal collaterals and lack of NO-mediated vasodilation may be re-

sponsible for the prolonged hypoperfusion of the brain in NOS1/3 DKO mice.  
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7 Summary  

CAS is recognized as a significant risk factor for VCI. The impact of CAS on CBF 

within the ipsilateral hemisphere relies on the adaptive capabilities of the cerebral circu-

lation. This doctoral thesis aimed to test the hypothesis that the impaired availability of 

NO compromises CBF homeostasis after unilateral CAO. In control animals, a rapid 

CoBF decrease was observed in the ipsilateral frontal, parietal, and temporal regions after 

CAO. The decreased blood flow in the frontal and parietal regions can be explained by a 

stealing effect through pial anastomoses between the territories of MCA and AACA. In 

our first study, genetic deletion of NOS3 failed to influence cerebrovascular adaptation 

to unilateral CAO in mice, possibly due to the elevated blood pressure in NOS3 KO ani-

mals. However, according to our subsequent results, NOS1 KO mice showed increased 

tortuosity of pial collateral vessels, and NOS1/3 DKO mice exhibited impaired cerebro-

cortical blood flow adaptation to CAO, particularly in the subacute phase. Furthermore, 

L-NAME-treated animals exhibited marked and prolonged hypoperfusion in both the ip-

silateral and contralateral hemispheres in the acute phase, confirming the crucial role of 

NO in compensatory mechanisms following CAO. A novel finding of the present study 

is that whereas acute pharmacological inhibition of NO synthesis had more severe conse-

quences in the acute phase of adaptation, genetic deletion of NOS1/3 mostly compro-

mised the CBF recovery during the subacute phase. We propose that this difference may 

be related to compensatory vasoregulatory mechanisms upregulated during chronic NO 

deficiency and probably explains the milder hypertension in NOS KO compared to L-

NAME-treated mice. These compensatory mechanisms may support the CBF recovery 

during the acute phase of adaptation to CAO, resulting in a less severe phenotype of 

NOS1/3 DKO than L-NAME-treated mice. In the subacute phase, however, the unfavor-

able morphological development (increased tortuosity) of the leptomeningeal collaterals 

and lack of NO-mediated vasodilation together may be responsible for the prolonged hy-

poperfusion of the brain in NOS1/3 DKO mice. 
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