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L-NAME: L-NG-nitroarginine methyl ester 

LP: lever press 

MS-PPOH: N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide 

MWM: Morris water maze 

NO: nitric oxide 

NOR: novel object recognition 

NOS: nitric oxide synthase 

NVC: neurovascular coupling 

NVU: neurovascular uncoupling 
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PGE2: prostaglandin E2 
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1. Introduction 

1.1. The neurovascular unit 

The neurovascular unit is a multicellular structure that facilitates the tight coupling 

between vascular and neural activity in the brain, regulating cerebral blood flow (CBF) 

in response to metabolic demands, termed neurovascular coupling (NVC) (1–3). NVC 

ensures that localized increases in neuronal activity trigger rapid adjustments in blood 

supply, matching oxygen and nutrient delivery to metabolic needs (1–4). This process 

involves coordinated interactions among neurons, astrocytes, pericytes, microglia and 

vascular endothelial cells, which collectively detect synaptic activity and translate it into 

vasodilation or -constriction (1,3–5) (Fig 1). Neurovascular uncoupling (NVU) refers to 

a disruption of this relationship between neuronal activity and blood flow in the brain. 

NVU occurs when this mechanism fails, leading to mismatches between metabolic 

demand and blood supply, which can impair brain function. It is often associated with 

conditions like stroke, epilepsy, Alzheimer's disease, traumatic brain injury and old age. 

 
Figure 1. Cellular components of the neurovascular unit (from Smith et al.(6)). For the function 

of the components see the description below. 
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Components of the neurovascular unit: 

Endothelial cells form the inner lining of brain capillaries and are interconnected by tight 

junctions, constituting the structural basis of the blood-brain barrier, which restricts 

paracellular diffusion (7–9). Endothelial cells regulate molecular exchange by expressing 

transporters, furthermore, they secrete vasoactive factors like nitric-oxide (NO), 

epoxyeicosatrienoic acids (EETs) and prostaglandins which modulate the vascular tone 

(1–3,10–12). 

Pericytes, mural cells embedded in the basal lamina, regulate the capillary diameter via 

contractile proteins, thus controlling the CBF. Beyond their role in regulating vascular 

tone, pericytes maintain blood-brain barrier integrity by stabilizing endothelial tight 

junctions through platelet-derived growth factor receptor-β signalling. This pathway 

promotes pericyte-endothelial adhesion and suppresses endothelial transcytosis, reducing 

leakiness (4,13,14). 

Astrocytes are critical components of the neurovascular unit, with their endfeet processes 

ensheathing brain capillaries, forming a close association with the vasculature (15). 

Additionally, astrocytes release vasoactive signals, including NO, prostaglandins, 

potassium ions, and arachidonic acid metabolites, which play a key role in mediating 

neurovascular coupling (1,3,10,11,13,16–18). 

Neurons, particularly glutamatergic and GABAergic subtypes, actively influence 

vascular tone through various signalling mechanisms (19). NO released by neurons 

induces vasodilation, enhancing blood flow to active brain regions (13). Vasoactive 

intestinal peptide secreted by interneurons (20) and noradrenaline released from locus 

coeruleus projections (21) have both been implicated in neurovascular signalling, 

although their specific contributions to cerebrovascular regulation remain to be fully 

established. 

Microglia, the resident brain immune cells, survey the neurovascular unit to detect and 

respond to injury or infection. Upon activation, they release pro-inflammatory cytokines 

and reactive oxygen species, which can either protect or damage the neurovascular unit 

depending on the context (22). 
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The basal membrane and surrounding extracellular matrix form a structural scaffold 

that supports the neurovascular unit (23,24). Beyond providing mechanical stability, the 

extracellular matrix regulates cell signalling through interactions with integrins and other 

adhesion molecules, influencing cell migration, proliferation, and barrier function. 

 

1.2. Diseases linked to neurovascular unit dysfunction and diminished 

functional hyperaemia 

Dysfunction of the neurovascular unit is associated with several neurological disorders, 

each characterized by distinct yet overlapping pathological mechanisms that impair CBF 

regulation. Among these, Alzheimer’s disease, aging, hypertension-related small vessel 

disease and diabetes mellitus represent conditions where neurovascular unit dysfunction 

plays a central role in disease advancement. 

Alzheimer’s disease is characterized by early cerebrovascular dysfunction, which 

contributes to disease progression (25). Even before cognitive symptoms manifest, 

patients exhibit reduced CBF, particularly in memory-critical regions such as the 

hippocampus (26,27). This chronic hypoperfusion arises from multiple interdependent 

mechanisms. Amyloid-beta (Aβ) peptides induce pericyte contraction, leading to 

capillary constriction and impaired microcirculation (5). Simultaneously, reactive oxygen 

species generated by Aβ accumulation might damage endothelial cells, reducing NO 

bioavailability and impairing vasodilation. This leads to oxidative stress that impairs 

blood vessel function and can damage the blood-brain barrier. The resulting reduction in 

blood flow creates a cycle of ongoing damage to both blood vessels and neurons (28–30). 

Astrocytes, which normally mediate neurovascular coupling, become dysfunctional as Aβ 

disrupts their calcium signalling, impairing the release of vasoactive mediators such as 

prostaglandins and potassium. Over time, this persistent mismatch between neuronal 

energy demand and blood supply can accelerate synaptic failure and neurodegeneration, 

creating a cycle where worsening functional hyperaemia might lead to cognitive decline. 

Even in the absence of apparent neurological disease, aging itself leads to progressive 

neurovascular deterioration (31). Endothelial cells exhibit reduced NO production, 

impairing vasodilatory capacity, while pericytes are gradually lost, increasing capillary 

fragility (32–35). Astrocytes, which normally support neuronal and vascular function, 
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shift toward a pro-inflammatory reactive state, further disrupting neurovascular coupling 

(36,37). These age-related changes contribute to the subtle cognitive decline observed in 

otherwise healthy older adults and increase susceptibility to neurodegenerative diseases 

such as Alzheimer’s disease and Parkinson’s disease. 

Beyond the primary pathology under investigation, other systemic conditions such as 

chronic hypertension and diabetes mellitus promote cerebral small vessel disease and 

direct vascular injury, impairing NVC through arteriolosclerosis, pericyte loss, capillary 

rarefaction, advanced glycation end-product accumulation, and oxidative stress, leading 

to reduced vascular compliance, blunted functional hyperaemia on fMRI, increased 

blood-brain barrier permeability, and heightened risk of vascular cognitive impairment 

and dementia (31,38–42). 

These disorders afflict a significant portion of the population, creating substantial mental, 

economic, and social burdens. To advance our understanding of the underlying 

mechanisms behind this functional deterioration, there is an urgent need for improved 

disease modelling that more accurately replicates these pathological states related to the 

loss of functional hyperaemia. 

 

1.3. Lack of NVU targeting approach in antidementia drug research 

The pace of developing novel cognitive enhancers has been slow, with a notable absence 

of new mechanisms advancing to late-stage clinical trials for dementia over the past two 

decades (43–45). The current therapeutic landscape for Alzheimer’s disease is still 

dominated by symptomatic treatments developed decades ago, specifically cholinesterase 

inhibitors (donepezil, rivastigmine, and galantamine) and the NMDA receptor antagonist 

memantine (46,47). Yet their benefits are limited and do not halt disease progression.  

The recent approval of monoclonal antibodies targeting Aβ, such as lecanemab (2023) 

and donanemab (2024), for early Alzheimer’s disease (48–51) represents a shift toward 

disease-modifying approaches. However, their clinical benefits are modest, and side 

effects like amyloid-related imaging abnormalities compromise their wider applicability. 

The specific effects of these therapies on neurovascular function are not fully elucidated. 
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While numerous molecular pathways implicated in NVU have been identified—including 

NO signalling (18,52), astrocytic endfoot regulation (53–55), and pericyte-mediated 

capillary constriction (56–58)—progress toward clinical translation has been limited. For 

instance, despite evidence linking endothelial NOS dysfunction to impaired vasodilation 

(59–62), no endothelial NOS-targeted therapies have advanced considerably. Similarly, 

while pericyte degeneration is an established feature of NVU, the translation of pericyte-

stabilizing strategies from preclinical models to human clinical trials for dementia has not 

yet been realized (63–65). 

Other emerging strategies target upstream mechanisms like mitochondrial dysfunction 

and neuroinflammation. Compounds such as MitoQ, a mitochondrial antioxidant, have 

shown potential in reducing oxidative stress and neuroinflammation in animal models of 

central nervous system injury and disease (66–69), and NLRP3 inflammasome inhibitors 

are being explored for their dual effects on neuroinflammation and vascular damage 

(70,71). However, these approaches have not proven their clinical utility yet. 

A fundamental cause of the scarcity of late-stage clinical candidates targeting the 

components of NVC may be the lack of predictive preclinical models of NVU useable 

for drug evaluation. Many existing models may not adequately recapitulate the complex 

neurovascular pathophysiology of human dementia. Therefore, the development of a 

well-validated and translationally relevant animal model of NVU is a critical requisite for 

efficiently testing and de-risking future therapeutic candidates, whether they target NVU 

directly or their efficacy is simply contingent upon an intact neurovascular system. 

 

1.4. The need for preclinical NVU models 

Preclinical research in dementia has been largely dominated by genetic models of 

amyloidosis (e.g., double or triple-transgenic Alzheimer's disease model mice, or the Five 

Familial Alzheimer's Disease Mutations (5xFAD) model) (72–75) or tauopathy (e.g., 

P301S, rTg4510 mouse models) (76–80). While invaluable for elucidating the 

mechanisms of protein aggregation and related toxicity, these models are not optimized 

for studying NVU. Their primary objective is to recapitulate complex genetic disease 

states, which often include vascular components as secondary consequences, rather than 

to provide a clean, inducible system for screening therapeutics that target cerebrovascular 
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function directly. Consequently, drug efficacy readouts from these complex models 

cannot be easily interpreted in the context of NVU. 

Similarly, chronic hypoperfusion models (e.g., bilateral carotid artery stenosis) (81) 

induce sustained vascular insufficiency but model a specific, often irreversible, 

cerebrovascular pathology. While highly relevant for studying vascular dementia and 

small vessel disease, these surgical models do not offer the temporal control needed to 

study the acute, dynamic, and potentially reversible nature of neurovascular coupling 

itself. 

Recent efforts have sought to improve model validity by incorporating aging and 

comorbid vascular risk factors. Reviews of vascular cognitive impairment models 

highlight the use of aged rodents (82), and human studies of hypertension–amyloid 

interactions (83) provide rationale for models combining hypertension (e.g., 

spontaneously hypertensive rats) with amyloid deposition to represent mixed dementia 

pathology (83,84). While these approaches provide valuable platforms for studying 

complex, multifactorial disease progression, they can be time-intensive, variable, and less 

suited for the high-throughput screening of compounds designed to directly target 

neurovascular pathways. 

The field lacks a standardized, pharmacologically tractable model that can reliably induce 

a state of NVU for the primary purpose of evaluating candidate drugs aimed at restoring 

cerebral haemodynamics. 

Given the proven relevance of neurovascular uncoupling to human cognitive decline, a 

pharmacologically induced model in a translationally relevant species like the rat holds 

significant promise for drug discovery. Such a model would not seek to replicate the full 

spectrum of human dementia, but rather to establish a highly relevant and controlled 

system for studying the functional consequences of NVU and for screening potential 

cognitive enhancers. A study done by Tarantini et al. (85) established this proof-of-

concept in mice, inducing NVU through a 7-day pharmacological regimen inhibiting 3 

key vasodilatory pathways: EET, NO and prostaglandin production. 

• EETs, these bioactive lipid mediators are well-known for their vasodilatory 

effects, acting on vascular smooth muscle to promote relaxation and enhance 

blood flow. EETs are produced from arachidonic acid by epoxygenase enzymes.  
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N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide (MS-PPOH) is a 

selective inhibitor of these enzymes. 20 mg/kg/day was applied of the compound 

via subcutaneously implanted osmotic minipump. 

• NO is a key signalling molecule in the cardiovascular system, exerting potent 

vasodilatory effects by activating soluble guanylate cyclase in vascular smooth 

muscle cells. NO also plays a critical role in neurovascular coupling, where it acts 

as a mediator between neuronal activation and subsequent increases in cerebral 

blood flow. L-NG-nitroarginine methyl ester or L-NAME, is a widely used 

inhibitor of NOS, the enzyme responsible for synthesizing NO from L-arginine. 

Inhibition of NO production with L-NAME leads to vasoconstriction and 

increased vascular resistance. L-NAME was dissolved in drinking water, 

100 mg/kg/day. 

• Prostaglandins are lipid compounds with diverse physiological roles, including 

the modulation of vascular tone. Certain prostaglandins, such as Prostaglandin E₂, 

promote vasodilation by relaxing vascular smooth muscle. In the context of 

neurovascular coupling, prostaglandins are known to participate in the regulation 

of cerebral blood flow in response to neuronal activity. Indomethacin is a 

nonsteroidal anti-inflammatory drug, that inhibits cyclooxygenase (COX) 

enzymes, specifically COX-1 and COX-2, which are responsible for converting 

arachidonic acid into prostaglandins. Suppressing COX activity by indomethacin 

leads to diminished vasodilation and increased vascular resistance. Indomethacin 

was administered orally, 7.5 mg/kg/day. 

This treatment resulted in an approximately 2/3 decrease in evoked cerebral functional 

hyperaemia and significant impairments in spatial memory, recognition memory, and 

motor coordination (85). However, no other mice model of pharmacologically induced 

NVU had been reported since, nor a similar, validated procedure had been established in 

rats. 
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1.5. The rodent test battery system applied by our group serving as the 

framework to incorporate a rat NVU model  

Our research team has developed an advanced cognitive test battery for rats designed to 

evaluate potential cognitive enhancers with improved translational validity (86–90). In 

this paradigm, experienced rats are trained across multiple cognitive tasks that model 

distinct human cognitive domains, such as attention (five-choice serial reaction time task, 

5CSRTT) (91), social cognition (cooperation task) (92), spatial memory (Morris water 

maze, MWM) (93), procedural memory ("pot jumping" task) (94), and visual memory 

(pairwise discrimination) (95). This approach mimics the baseline cognitive abilities seen 

in human patients, providing a more relevant model than studies using naïve animals and 

one or two “fashionable” cognitive tasks (e.g. novel object recognition or Morris water 

maze) (86–89,96,97). 

Moreover, to maintain motivation and cognitive performance, the animals are kept under 

controlled food restriction, a regimen shown to enhance health, improve cognitive 

function (98–101), slow aging, and reduce mortality compared to ad libitum feeding 

(102–106). This also ensures consistent engagement in food-rewarded behavioural tasks. 

A key advantage of this system is the ability to longitudinally assess the effects of 

cognitive impairment methods and potential treatments within the same animal cohort. 

Following impairment induction, the system enables the systematic evaluation of putative 

cognitive enhancers in a controlled experimental framework, incorporating 

randomization, double-blind procedures, and vehicle-treated comparison groups to 

minimize bias and enhance reproducibility. 

The choice of impairment method is crucial, as it must exhibit strong construct validity 

for modelling clinical cognitive deficits. While neurotransmitter-targeting agents (e.g., 

scopolamine, MK-801) have been widely used, their predictive value has been questioned 

(107,108), and our own studies have yielded inconsistent results with these compounds 

(109–111). Since NVU is known to impair cognition in patients, we sought to implement 

it as an impairment method with a stronger neurobiological rationale. The 

pharmacologically induced NVU model, previously established in mice (as detailed in 

Section 1.4.) (85), provides a mechanistically grounded method for inducing cognitive 

deficits that is ideally suited for this purpose. 
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2. Objectives  

The primary aim of this doctoral work was to establish a pharmacologically induced NVU 

model in rats using MS-PPOH, L-NAME, and indomethacin, and validate this protocol 

in a translationally relevant population of aged, experienced rats assessed within our 

cognitive test battery. In doing so, to create a novel platform for evaluating prospective 

therapeutics on NVU function and its cognitive sequelae as a model of human cognitive 

decline. 

With this aim in mind, the specific objectives of this study were: 

1. To establish NVU-inducing pharmacological doses that effectively disrupt 

neurovascular coupling while minimizing undesirable side effects. 

2. To identify cognitive assays within our test battery that are sensitive to NVU-

induced impairment. 

3. To validate the NVU model in a translationally relevant population by testing its 

effects in aged, cognitively experienced rats. 

4. To optimize treatment protocols through iterative experimentation, adjusting 

dosages and administration methods based on observed tolerability and efficacy. 

These objectives were addressed through a series of experiments, which included dose-

finding studies in young naïve rats (Experiment 1 and 2), cognitive testing in aged, 

experienced rats (Experiment 3), and investigations into the combined (or singular) 

effects of NVU-inducing compounds (Experiment 4 and 5). 

 



14 

 

3. Methods 

This part along with the “Results” of this doctoral work was mainly taken from our 

published papers (112,113). 

 

The design of the NVU experiments (Exp 1-4) followed the same scheme. It involved a 

drug-treated and a vehicle-treated group and consisted of three phases: 1. baseline 

measurements, 2. treatment period with continued testing of the animals, 3. terminal 

surgery for neurovascular coupling measurement followed by ex vivo assays.  

Treatment of animals was done by separate people from those who performed the 

cognitive assays, and physiological measurements. The latter were unaware of what were 

the animals treated with (blinding). 

All procedures carried out on animals were authorized by the regional animal health 

authority in Hungary (Pest County Government Office, resolution number 

PE/EA/785-5/2019 and PE/EA/00808-7/2021 and conformed to the Hungarian welfare 

legislation and the EU 63/2010 Directive on the protection of animals used for scientific 

purposes. All procedures were carried out in accordance with the ARRIVE guidelines and 

the principles of the 3Rs (Replacement, Reduction, and Refinement). 

 

3.1. Housing of animals 

Animals were housed in polycarbonate cages (1,376 cm2 area, 16 cm height) under 

reversed light-dark cycle (light phase from 4 pm to 4 am). They were kept in a 

temperature-controlled room maintained at 20–23 °C with relative humidity ranging from 

60 to 75 %. Drinking water was available ad libitum. Cardboard tubes and aspen bricks 

were available as environmental enrichment. Animals were intensively handled before 

and during the experiments. Housing density and food access (commercial pellet rat feed 

(R/MZ + H, SSniff Spezialdiäten GmbH, Soest, Germany) varied by experiment.  
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3.2. Exp 1: Dose-finding and protocol optimization in young, naïve Wistar 

rats. 

For this study, we used altogether 28 male Hannover Wistar rats (Toxicoop, Budapest, 

Hungary) weighing 200-225 g at the start of the experiments, housed in groups of three. 

 

3.2.1. Treatment 

For inducing neurovascular uncoupling, the following drugs were used: 5 mg/kg 

MS-PPOH, 10 mg/kg L-NAME, 1 mg/kg indomethacin, injected ip. twice daily (at 6 am 

and 6 pm) for 8 consecutive days (see Fig 2). The compounds were administered in a 

cocktail which was prepared daily as follows: first the proper amount of MS-PPOH 

(prepared at Eötvös Loránd Research Network – Research Centre for Natural Sciences, 

Budapest, Hungary) was dissolved in 45 % hydroxy-propyl-β-cyclodextrin (HPβCD, 

Cyclolab Ltd., Budapest, Hungary) in an ultrasonic water-bath (10 min, 40 C). Then 

indomethacin (Sigma-Aldrich Co., St. Louis, USA) was added and sonicated for a further 

10 min. Indomethacin did not dissolve but formed a fine suspension which did not 

sediment for a few hours. Last, L-NAME (Merck KGaA, Darmstadt, Germany) was 

added to the solution which dissolved immediately. Control animals received 45 % 

HPβCD solution. The dosing volume was 2 ml/kg. 

 

 

Figure 2. Timeline of Exp 1. All interventions are indicated by corresponding 

abbreviations on days when they were performed. BP: blood pressure measurement, 

MWM: Morris water maze, FC: fear conditioning, CBF: cerebral blood flow 

measurement, T: treatment. 

 



16 

 

3.2.2. Cognitive assays 

Fear-conditioning 

The test device was a sound-proof shocking chamber (26×26×30 cm) (Ugo Basile, 

Gemonio, Italy) in which the behaviour of the animals was recorded with an infrared 

video camera controlled by the software EthoVision v13.0 (Noldus, Wageningen, 

Netherlands). The experiment consisted of an Acquisition and a Retention session. Length 

of each session was 5 minutes. During the Acquisition trial, the rats received 5 mild foot 

shocks (0.6 mA, 1 sec) as unconditional stimulus at 60 seconds interval. The shocks were 

preceded by a compound conditional stimulus consisting of a continuous sound (65 dB, 

3 kHz) and a flickering light (1 Hz) for 10 seconds, where in the last second, the 

unconditional and conditional stimuli were presented simultaneously. During Retention 

trials, the animals received the same conditional stimuli, in the absence of the foot shock. 

The main variable was the animals’ freezing time during the session.  Measurements were 

carried out on Day 4 (Acquisition) and 8 (Retention) (see Fig 2). 

 

Morris water maze 

The apparatus consisted of a black circular pool with a diameter of 190 cm and a depth 

of 60 cm, filled with water at 40 cm depth and maintained at 23±1 °C. A hidden round 

black escape platform, 10 cm in diameter, was submerged 0.5 cm below the water surface 

and located in one of the four quadrants (south-east, south-west, north-east, north-west), 

40 cm from the pool's edge. Extra-maze cues were positioned on the walls of the 

experimental room to aid in orientation during the swim trials. At the beginning of each 

trial, the rat was placed into the pool at one of four starting points (North, East, West, or 

South, systematically rotated) and given 3 minutes to find the hidden platform. Each rat 

was allowed to remain on the platform for 30 seconds before being removed, dried with 

a cloth and returned to its home cage. Each animal underwent three trials a day with 20-

minute intertrial interval between them. Escape latency was recorded, and the swimming 

path was tracked using Smart v3.0 video tracking system software (Panlab, Barcelona, 

Spain). Every animal participated in three sessions (Day 5-7, see Fig 2), each consisting 

of three trials. 
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3.2.3. Cerebral blood flow measurement 

Collecting data of altered CBF was the same in Exp 1 to Exp 4. On the last day of each 

experiment, following any remaining cognitive tasks, the animals were anesthetized with 

intraperitoneal injections of urethane at a dose of 1.5 g/kg prior to surgery. The depth of 

anaesthesia was verified by the absence of tail-pinch and pedal reflexes. The rats were 

then positioned in a stereotaxic frame (Stoelting, Wood Dale, IL, USA) and placed on a 

preheated bench set to 37 °C (Supertech Instruments, Pécs, Hungary). Lidocaine (Egis, 

Budapest, Hungary) was applied locally on their shaved heads. A midline skin incision 

was made, and the skull surface was cleaned. The left barrel cortex was located using 

stereotaxic coordinates (3.3 mm posterior to bregma and 4.5–5.0 mm lateral from the 

midline (114)), and an approximately 3 mm wide cranial window was created with a 

dental drill, avoiding penetration of the dura mater. The window was filled with artificial 

cerebrospinal fluid (with a standard composition of 126 mM NaCl, 1.8 mM KCl, 

1.25 mM KH₂PO₄, 2.4 mM CaCl₂·2H₂O, 26 mM NaHCO₃, 12 mM glucose, and 1.3 mM 

MgSO₄·7H₂O), and a laser Doppler probe (OxyFlo Probe, Oxford Optronix Ltd. – 

ADInstruments, PowerLabs) was lowered in the liquid. This probe measured changes in 

cerebral blood flow in the barrel cortex while the contralateral whisker pad was manually 

stimulated with a brush at approximately 2 Hz. Data were registered using LabChart 6 

software (ADInstruments, Dunedin, New Zealand, version 6.2.1). Changes in perfusion 

units (PFU) were recorded over time, with a 5 mV difference corresponding to 1 PFU 

change. The procedure involved positioning the probe, stimulating the whisker pad, and 

adjusting the probe position if no notable blood flow change was detected. Once a stable 

signal was obtained, a 2-minute baseline was established. The recording protocol included 

two 30-second contralateral stimulations (see example in Fig 7b and Fig 9b) and one 15-

second ipsilateral "control" stimulation, each separated by 3 minutes of break. This 

sequence was repeated four times with 3-minute intervals between each. The mean of the 

15 s long baseline period preceding stimulation was subtracted from the mean of the 

stimulation period to determine signal amplitude. The amplitudes of the eight 

contralateral stimulations and the four ipsilateral stimulations (aspecific signals) were 

averaged. The average ipsilateral amplitude was subtracted from the contralateral 

amplitude mean, yielding the coupling parameter (increased blood flow) characteristic 

for each individual. 
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After the CBF measurement- still under the influence of anaesthesia - animals were 

swiftly decapitated and prepared for tissue sample harvest. 

 

3.2.4. Blood pressure measurement 

The animals' blood pressure was measured using a 4-channel CODA® apparatus 

(Non-Invasive Blood Pressure System; Kent Scientific Corp., Torrington, USA), which 

utilizes two tail cuffs: an occlusion cuff and a volume pressure recording cuff (see Fig 3). 

The animals were placed in holding tubes and the cuffs were put on their tails. The tubes 

then were placed on a warmed platform and were covered with a black insulating cloth. 

Each recording session included 40 inflating – releasing cycles of blood pressure 

measurement. The variables measured were systolic, diastolic, and mean blood pressure, 

blood flow, and heart rate. Measurement cycles were categorized by the equipment itself 

as ‘failed’ or ‘OK’ but even from the ‘OK’ set we filtered out any unrealistic data and 

excluded values that fell outside the mean±2 standard deviations. We then calculated a 

revised mean for each variable and assigned it to the subject as its measured value on the 

given day.  

Each animal underwent a habituation session 7-9 days before the experiment. Prior to the 

measurements, the transparent restriction tubes were placed inside the animals’ home-

cages, in order to help them acclimate being inside of these plastic instruments.  

Blood pressure measurements for Exp 1 were done on Day 2, 5 and 7 (see Fig 2). 
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Figure 3. Visual representation of a rat in a restrictive tube during a blood pressure 

measurement. This image was made with BioRender. 

 

3.2.5. Tissue collection and sampling 

After completing the CBF measurement, the animals were decapitated, the brain was 

removed, and the barrel cortex was dissected from the left hemisphere. Tissue samples 

for ELISA tests were washed with phosphate buffered saline (PBS, 137 mM NaCl, 

2.7 mM KCl, 10 mM Na₂HPO₄, and 1.8 mM KH₂PO, pH 7.4, in 1:10 dilution), weighed, 

placed into Eppendorf tubes, snap-frozen in liquid nitrogen and stored at -80 °C until 

further processing. The animals’ small intestines after removal were measured in length. 

From the proximal end, approximately 10 % was discarded and the next 10 % was taken 

as tissue sample. The samples were cut open in longitudinal direction, cleaned of faeces 

and checked for signs of ulceration or malformation. Lastly, the samples were washed in 

PBS, froze and stored at -80 °C for later evaluation. 

 

3.2.6. PGE2 level determination 

The levels of PGE2 in the small intestine and barrel cortex were determined by ELISA 

(Cayman Chemical, Ann Arbor, MI, USA, - Prostaglandin E2 ELISA Kit (Monoclonal), 

Item No. 514010). Briefly, barrel cortex and small intestine tissues were homogenized in 
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precooled 100 % ethanol containing 10 M indomethacin and centrifuged at 1500×g for 

15 min at 4 °C. Ethanol was evaporated from the supernatants using a vacuum centrifuge, 

then the residues were resolved in assay buffer and used for determination of PGE2. 

Values were normalised to the weight of the tissue. 

 

3.3. Exp 2: Further dose refinement in young, naïve Wistar rats with 

expanded cognitive testing. 

For this study, we used 17 male Hannover Wistar rats (Toxicoop, Budapest, Hungary) 

weighing 155-215 g and being 2 months of age at the start of the experiment. Four animals 

were kept in a cage, except one cage containing five. Food was available ad libitum prior 

to treatment but restricted during treatment (15 g/rat supplied at least 2 h before the end 

of the dark phase). 

 

3.3.1. Treatment 

For inducing NVU the following drugs were used: 2.5 mg/kg MS-PPOH, 0.5 mg/kg 

indomethacin, 5 mg/kg L-NAME, injected ip. for 9 consecutive days, twice per day (at 

6 am and 6 pm) except Day 9 when only one injection was applied in the morning. The 

compounds were administered in a “cocktail” which was prepared daily as follows: first 

the proper amount of MS-PPOH was dissolved in 30 % HPβCD in an ultrasonic water-

bath (40 min, 24 °C). Then indomethacin was added and sonicated for further 50 min. 

Last, L-NAME was added to the solution which dissolved immediately. Nine animals 

were treated with this cocktail, while 8 control rats received 30 % HPβCD solution. The 

dosing volume was 2 ml/kg. 

 

Treatment allocation 

Based on individual numbering, the first two animals served as controls and the next two 

as treated across two cages, while in two additional cages this allocation was reversed. 

The last animal (in the cage with five) was assigned to the treated group. This constituted 

a balanced allocation rather than true randomization, resulting in nearly identical baseline 

body weights between groups. Separate persons performed the injections and the 
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measurements; those who did the latter were not aware of which treatment the animals 

received. 

The timeline of the experiment is shown in Fig 4.  

 

 

Figure 4. Timeline of Exp 2. All interventions are indicated by corresponding 

abbreviations on days when they were performed. BP: blood pressure measurement, YM: 

Y-maze alternation test, LP: lever press learning, NOR: novel object recognition assay, 

CBF: cerebral blood flow measurement, T: treatment.  

 

3.3.2. Cognitive assays 

Y-maze alternation test 

The Y-maze used to assess short-term working memory was a symmetrical, dark grey 

plastic apparatus with three identical arms (45x16x29.5 cm) arranged at 120-degree 

angles and connected at the centre. Each arm was accessible through an arched opening 

in a partition wall. The maze was placed in a room with moderate lighting (20 lx at surface 

level). 

At the beginning of each trial, the rat was placed in the designated “entry” arm (arm #1), 

and its movements were recorded for 10 minutes using a ceiling-mounted video camera. 

The video feed was displayed on a computer monitor (Record-It!, v1.0, Panlab, Harvard 

Apparatus, Barcelona, Spain) outside the experimental room, where the experimenter 

manually logged arm entries in real-time in an Excel document. After each trial, the 

animal was returned to its cage, and the maze was cleaned with 10 % alcohol. 

The collected data were analysed using an Excel macro to determine the total number of 

entries and the percentage of spontaneous alternation. Spontaneous alternation was 
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defined as an entry into the least recently visited arm (e.g., 1-2-3-1), with the percentage 

calculated as: 

Spontaneous alternation % = ((number of spontaneous alternations) / (total entries - 2)) × 100. 

Animals’ performance within the maze was observed at baseline (about a week before the 

treatment) and on Treatment Day 4 and 8 (see Fig 4). 

 

Lever-press training 

Animals performed this task from Treatment Day 6 to 8 (see Fig 5) in a 30×24×21 cm 

Skinner box (MedAssociates, VT, USA) equipped with a lever and a magazine at the 

opposite wall of the chamber. During this short period rats had to learn that pressing the 

lever would result in getting a pellet in the magazine. If the animals pressed the pedal, the 

feeder light turned on and remained lit until the delivered pellet was eaten. After a 5-

seconds-long intertrial interval the lever was activated again (indicated by a light stimulus 

above it) until the next lever-press which resulted in the next pellet delivery. The first 

measurement on Day 6 was 20 minutes long, the subsequent sessions the next two days 

lasted for 30 minutes. The number of rewards obtained during the sessions was the 

outcome variable. 

 

Novel object recognition 

This assay was conducted on Treatment Day 9, right after the last injection (see Fig 4) as 

described in Gáspár et al (36). Animal behaviour was observed in a 48×48×42 cm box 

lined with bedding material and recorded using a video camera system (Record-It!, v1.0, 

Panlab, Harvard Apparatus, Barcelona, Spain). The experiment included an acquisition 

trial and a retention trial. During the acquisition trial, the rats were allowed to explore two 

identical objects placed in the box for 3 minutes. Following an 80-minute delay, the 

retention trial was conducted, where one of the original objects was replaced with a 

different one (novel object), and the rats again had 3 minutes to explore them. The objects 

used were a plastic bottle filled with gravel and a glass bottle filled with a blue dye 

solution. Both objects were equally assigned as familiar or novel. The primary 

measurement was the exploration time for each object. Recognition memory was assessed 
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using the discrimination index, calculated as: DI = (tnew object - told object) / (tnew object + told 

object). According to predefined criteria, rats that spent less than 10 seconds by exploring 

the objects or examined only one of the two objects during any trial were excluded from 

the analysis. 

 

3.3.3. Cerebral blood flow measurement 

CBF was measured in the same mode as described in Exp 1 on Day 9 

3.3.4. Blood pressure measurement 

Baseline blood pressure measurement was carried out at 4-6 days before the day of the 

first treatment. During the treatment, blood pressure was monitored on Days 2, 4, 6 and 

8 (see Fig 4). 

3.3.5. Tissue collection and sampling 

Barrel cortices, hippocampi and upper part of small intestine were collected after the CBF 

assessments in the same manner as described in Exp 1. 

3.3.6. 11,12-EET level determination 

For the measurement of 11,12-EET, BlueGene ELISA Kits were used 

(11,12-Epoxyeicosatrienoic Acid ELISAs kit, BlueGene Biotech, China, Catalogue 

number: E02E0540). For homogenization, 0.02 mol/l PBS (pH 7.0-7.2) was added to the 

barrel cortex and hippocampus tissues according to the dilution ratio (see homogenization 

protocol of kit E02E0166 (115) (description is the same as in kit E02E0540, our own 

setup, which is not available on the manufacturer’s site at the time this dissertation was 

written)) and crushed by metal ball crushing. If the tissue samples were larger, this step 

was also preceded by pulverisation in a mortar using liquid nitrogen. The sample was then 

centrifuged for 15 minutes. The collected supernatants were stored in a freezer at -80 °C 

until evaluation. The obtained amount of supernatants of some animal samples were 

insufficient for testing it in one well of the ELISA kit, so some samples within groups 

were pooled or left out.  
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3.4. Exp 3: Validation in aged, experienced Long-Evans rats to assess 

translational relevance 

We conducted this study with 25 experienced male Long-Evans rats (Janvier Labs, 

France) weighing 270-490 g and being 27.5 months of age at the start of the experiment. 

Animals were kept in groups of three (or two if previous cage-mates died). They had 

restricted food access throughout their life: 45 g for three rats (proportionally varied if 

needed), with food supplied at least 2 h before the end of the dark phase. 

It is important to stress that experienced in this context refers to animals that, prior to this 

experiment, underwent an intensive cognitive training regimen—completing at least one 

daily cognitive task on weekdays—resulting in over two years of accumulated testing 

experience. As outlined in the introduction, such subjects provide a translationally 

relevant model for preclinical studies investigating cognitive dysfunction, as their 

extensive training history better reflects complex cognitive profiles observed in humans. 

The timeline of the experiment is shown in Fig 5.  

 

 

Figure 5. Timeline of Exp 3. All interventions are indicated by corresponding 

abbreviations on days when they were performed. BP: blood pressure measurement, 

MWM: Morris water maze, 5C: 5CSRTT, PJ: pot jumping test, TS: touchscreen pairwise 

visual discrimination, Coop: cooperation task, YM: Y-maze alternation test, CBF: 

cerebral blood flow measurement, T: treatment. “/” indicates that half of the animals did 

PJ on day 5 and MWM on day 6, while the other half was tested in reverse order. 
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3.4.1. Treatment 

For 14 consecutive days (see Fig 5) the animals were treated ip. with the presumed 

uncoupling cocktail (n=12) or vehicle (n=13) twice a day (at 6 am and 6 pm) except on 

Days 1 and 14 when they only received one injection in the evening and in the morning, 

respectively. The starting dosages were set to 5 mg/kg for MS-PPOH, 7 mg/kg for L-

NAME and 0.7 mg/kg for indomethacin.  

The compounds were administered in a “cocktail” which was prepared daily as follows: 

first the proper amount of MS-PPOH was dissolved in 45 % HPβCD in an ultrasonic 

water-bath (40 min, 24 °C). Then indomethacin was added and sonicated for further 

50 min. Last, L-NAME was added to the solution which dissolved immediately. Control 

animals received 45 % HPβCD solution. The dosing volume was 2 ml/kg.  

The animals were divided into seven cohorts whose treatments and behavioural 

experiments started with a day shift. In the first treated cohort, after the first four 

injections we observed that both the vehicle- and cocktail treated animals were sleepy and 

not motivated to work in the cognitive assays, therefore we reduced the cyclodextrin 

concentration to 30 %. After their tenth injection, because of overt toxicity (see Results), 

we needed to decrease the doses of the components to 2.5 mg/kg MS-PPOH, 5 mg/kg L-

NAME and 0.5 mg/kg indomethacin, which were dissolved in 20 % HPβCD + 1 % 

NaHCO3. The changed solvent resulted in a faster dissolution time through ultrasound 

sonication (10 min for MS-PPOH and additional 20 min for indomethacin) and a pH=8.0-

8.1 of the “cocktail” solution that was tolerable for the animals, as the pH of the peritoneal 

fluid is between 7.5 and 8. In case of animals that started to lose weight intensively, drug 

injections were suspended until they gained weight again. See the detailed treatment and 

exact number of injections in Table 1.  
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Table 1. Number of injections and cumulative doses used for the different cohorts of rats 

during the treatment period in Exp 3. - In the second column the numbers of rats are 

shown treated with vehicle or “cocktail”. In the 3rd, 4th and 5th column the number of 

injections of the used vehicle are indicated for the given rats. In the last three columns 

the cumulative doses of the given substances are shown. The ‘/’ signs in the cells separate 

the values for different animals. CD stands for hydroxypropyl-β-cyclodextrin. 

vehicle 
45 % 

CD 

30 % 

CD 

20 % CD + 

1 % NaHCO3 
Cumulative dose (mg/kg) 

dose of MS-PPOH/ 

L-NAME/ 

Indomethacin 

5-7-0.7 

mg/kg 

2.5-5-0.5 

mg/kg 
MS-PPOH L-NAME Indomethacin 

Cohort A 

2, vehicle 4 6 16    

2, cocktail 4 6 8 70 110 11 

Cohort B 4, vehicle 2 6 18    

Cohort C 

2, vehicle  6 20    

1, cocktail  6 12 60 102 10.2 

Cohort D 

1, vehicle  4 22    

2, cocktail  4 18/22 65/75 118/138 11.8/13.8 

Cohort E 

2, vehicle   26    

2, cocktail   21/26 52.5/65 105/130 10.5/13 

Cohort F 4, cocktail   

21/24/ 

26/26 

52.5/60/ 

65/65 

105/120/ 

130/130 

10.5/12/ 

13/13 

Cohort G 

2, vehicle   26    

1, cocktail   20 50 100 10 

 

Treatment allocation 

Animals were assigned to vehicle- and drug treated groups in a balanced manner based 

on their performance in baseline trials (see below). Learning parameters from all the 
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assays were taken into account with the help of an in-house made excel macro. Separate 

persons performed the injections and the learning assays. Those conducting assays were 

originally unaware of treatment allocation, however, due to toxicity-induced weight loss, 

blinding could not completely be maintained. 

 

3.4.2. Cognitive assays 

Morris water maze 

Description of the experimental set-up is the same as in Exp 1. 

Animals learned the task at their age of 3.5-4 months during 4 daily sessions with the 

platform fixed in the south-east quadrant. Afterwards, they received monthly maintenance 

training sessions in which the location of the platform was rotated around the four 

quadrants from session to session. For the current experiment, escape latency values from 

the last two maintenance sessions preceding the treatment period were averaged for each 

animal and the obtained mean was considered as baseline performance and used in the 

group allocation process. During the treatment period MWM task was performed on 

Day 5/6 and 13 (see Fig 5) with different platform locations (north-west and north-east, 

respectively). 

 

Cooperation paradigm 

Social learning was assessed in a cooperative task as described in Gáspár et al. (97). Pairs 

of animals participated in the task, which was carried out in a Skinner box measuring 

30×24×21 cm (MedAssociates, VT, USA). The opposite walls of the chamber were 

equipped with one nose-poke module, one lever and one magazine for each. The two 

animals were separated by a dividing fence in the midline of the chamber. A trial started 

with lights turning on in the nose-poke modules for a maximum of 15 seconds. Any of 

the animals could initiate the task by continuously nose-poking the module for 3 seconds, 

which then activated the lever on the opposite side for 15 sec. If the other animal pressed 

the lever within this period, a reward pellet was delivered for both rats and a new trial 

started. An omission response was recorded if the rats failed to perform a nose-poke or 

lever press. Incorrectly timed or out-of-sequence responses resulted in a 5-second 
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timeout. Learning performance was characterized by the percentage of rewarded trials. 

Each daily test session lasted 20 minutes. 

Animals started to learn cooperation at 6.5-7 months of age. Within 2 months training, 

most pairs acquired the task, and after that they took part in weekly maintenance sessions. 

For establishing a baseline for the current experiment learning performance values in the 

last 3 sessions preceding the treatment period were averaged, and these means were also 

used for treatment allocation. Cooperation tasks were run on Treatment Day 3, 7 and 11 

(see Fig 5). 

 

5-choice serial reaction time task 

The 5CSRTT apparatus featured a test box measuring 31×35×34 cm (TSE Systems, Bad 

Homburg vor der Höhe, Germany). Task was based on method described in Gáspár et al 

(97). The boxes included five nose-poke modules on the back wall and a magazine on the 

front wall. During the task, following a 5-second inter-trial interval, a 1-second light 

stimulus appeared in one randomly chosen nose-poke module, prompting the animal to 

nose-poke into the indicated hole. A response was considered correct if the animal nose-

poked into the designated hole during the stimulus or within 5 seconds afterward (limited 

hold). Correct responses were rewarded with a pellet delivered into the magazine, and 

nose-poking into the magazine initiated the next trial. An incorrect response occurred if 

the animal nose-poked into any hole where the stimulus was absent. An omission was 

recorded if the rat did not nose-poke within the limited hold period. Incorrect responses 

and omissions resulted in a 5-second time-out punishment, during which the house light 

was turned off. After the time-out, the house light was turned back on, and the rat could 

start the next trial by nose-poking into the magazine. A premature response was recorded 

if the animal nose-poked into any hole during the inter-trial interval, also resulting in a 

time-out punishment. Each daily test session lasted 20 minutes. The measured outcomes 

included the percentages of omission, correct, and premature responses, and accuracy. 

Definitions for each were the following formulas: 

correct % = (correct responses / (omissions + correct responses + incorrect responses)) x 100 

omission % = (omissions / (omissions + correct responses + incorrect responses)) x 100 
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premature % = (premature responses / number of trials) x 100 

accuracy % = ((correct responses / (correct responses + incorrect responses)) × 100). 

Animals began to learn 5CSRTT in the first half year of their lives and acquired the skills 

to perform the abovementioned task in an over 1-month-long training period. Afterwards 

they performed weekly maintenance tests. For the current experiment, the baseline was 

determined by averaging data from the last three sessions preceding the treatment. For 

treatment allocation the correct and premature response ratio was used from these 

averages. During treatment 5CSRTT was carried out on Day 2, 8 and 13 (see Fig 5). 

 

Pot jumping 

The method was based on the study of Ernyey et al. (94). In the Morris water maze tank, 

twelve flowerpots (16 cm high and 10 cm wide at the bottom) were positioned upside 

down to form a circle. The distance between the centres of adjacent pots increased 

gradually from 18 to 46 cm in a counterclockwise direction. The tank was filled with 

water to a depth of 6 cm to prevent rats from climbing off the pots. During each session, 

the animals were placed on the starting pot, which was the closest to the next pot. For 

three minutes, the rats could move freely on the pots while their behaviour was observed 

and recorded with a video camera system. The key outcome parameters were the longest 

distance jumped between pots and the number of passes. 

Pot jumping started around the age of 3.5-4 months. Maintenance sessions were carried 

out weekly. Baseline was determined by the last two sessions prior to treatment. For 

treatment allocation two variables, longest distance travelled, and number of passes were 

used. Pot jumping was assessed on Day 5/6 and 10 (see Fig 5). 

 

Touchscreen - Pairwise visual discrimination 

The experiment was conducted in a touchscreen apparatus (Campden Instruments Ltd., 

Lafayette, IN, USA, cat. no. 80604) according to the method in Gáspár et al (97). Each 

box featured a touch screen at the front and a magazine at the back. The touchscreen could 

be split into two sections with a cover panel. Subjects were trained to distinguish between 

two images (one correct and one incorrect) that appeared randomly in the left or right 
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window of the touchscreen. Half of the animals got Image1 as a correct image, for the 

other half the Image2 was correct. Selecting the correct image with a nose-poke resulted 

in a pellet reward, while choosing the incorrect image caused a 5-second timeout during 

which the house light turned on. The appearance of the two images for the next trial was 

triggered by the subjects entering and exiting the food magazine. Each daily test session 

lasted 20 minutes, and the ABET II touch v2.15 software recorded the number of 

completed trials as well as correct and incorrect responses. 

Similarly to 5CSRTT, animals learned the touchscreen task in the first half year of their 

lives and acquired the skills to perform the final stage described above in an over 1-

month-long training period. Later they performed maintenance tests weekly, as well. For 

the current experiment, the baseline was derived from averaging data from the last three 

sessions preceding the treatment. For treatment allocation the correct response ratio was 

used. After the start of the treatment the touchscreen task was conducted on Day 4, 9 and 

12 (see Fig 5). 

 

Y-maze alternation test 

Experimental set-up was the same as described in Exp 2. 

Measurements were carried out three times: between 8-11 days before the treatment 

period (baseline), on Day 4 and Day 14 right after the last injection (see Fig 5).  

 

3.4.3. Cerebral blood flow measurement 

CBF was measured in the same mode as described in Exp 1 on Day 14 

3.4.4. Blood pressure measurement 

After 3 habituation measurements within two weeks preceding the treatment period, 

baseline was recorded on Day 1 prior to the first injection. Additional measurements were 

carried out on Day 3, 6, 9 and 12 (see Fig 5). 
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3.4.5. Tissue collection and sampling 

Brain hemispheres (excluding the cerebellum), upper part of small intestine and both 

kidneys were collected after the Doppler-probing of the brain, in the same manner as 

described in Exp 1. 

Samples for histological analysis were put inside tissue cassettes, placed into 4 % 

paraformaldehyde then within 48 hours into70 % alcohol. Later these were dried and 

embedded in paraffin wax in preparation for tissue slicing and staining (HistoCore 

Arcadia C - Cold Plate and HistoCore Arcadia H - Heated Paraffin Embedding Station, 

Leica, Wetzlar, Germany).  

 

3.4.6. PGE2 and 11,12-EET level determination 

For the measurement of PGE2 and 11,12-EET levels, the same methods were used as 

described in Exp 1 an Exp 2, respectively. 

 

3.4.7. Section preparation and staining 

Kidney 

Samples embedded in paraffin blocks were cut with a microtome (RM2245 Semi-

Automated Microtome, Leica, Wetzlar, Germany), then these sections were mounted onto 

glass slides (Apex Superior Adhesive Slide) in a water bath (Leica HI1210 - Water Bath, 

Wetzlar, Germany) and finally dried on a heating pad (Leica HI1220 - Slide dryer, Leica, 

Wetzlar, Germany). After complete de-paraffinization and rehydration, staining was done 

via Harris haematoxylin and counterstaining via eosin. Histological alterations were 

scored by type and according to their extension in the section (see Table 4). These scores 

were then summed up for each individual to get a variable for quantifying between group 

difference. 

 

Brain 

Six brain samples were randomly chosen from each group for immunostaining. Brains 

were immersion-fixed in 4 % paraformaldehyde in 0.1 M (PBS), embedded in paraffin 
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and 6 μm thick tissue sections were cut mounted on pre-coated glass slides (StarFrost). 

Shortly after deparaffinisation and rehydration, the sections were pre-treated with 0.3 % 

Triton-X 100 for 1 h at 22–24 °C to enhance the penetration of antibodies. Non-specific 

immunoreactivity was blocked by incubating our specimens in a cocktail of 5 % normal 

donkey serum ( Jackson, Cambridge, United Kingdom), 2 % bovine serum albumin 

(Sigma, Darmstadt, Germany) and 0.3 % Triton X-100 in PBS for 1 h at 22–24 °C. 

Sections were incubated for (16 h at least at 4 °C) to select combinations of the primary 

guinea pig antibodies anti-vesicular glutamate transporter type 1 (VGLUT1, 1:5000, 

Synaptic Systems, Göttingen, Germany) and anti-glial fibrillary acidic protein (GFAP, 

raised in rabbit, 1:2000, Synaptic Systems, Göttingen, Germany) diluted in PBS to which 

0.1 % NDS and 0.3 % Triton X-100 had been added. After extensive washing, 

immunoreactivities were determined by carbocyanine 2 or 3-coupled secondary donkey 

antibodies (1:200 [Jackson], 2 h at 22–24 °C). Glass-mounted sections were cover-

slipped with glycerol/gelatine (Sigma, Darmstadt, Germany). Sections were inspected 

and images acquired on a 780LSM confocal laser-scanning microscope (Zeiss, Jena, 

Germany) at 20x primary magnification with emission spectra for each dye were limited 

as follows: Cy2 (505–530 nm) and Cy3 (560–610 nm). 

 

3.5. Exp 4: Isolation of MS-PPOH’s effects in young, naïve Long-Evans 

rats 

Subjects in this experiment were 16 male Long-Evans rats (Janvier Labs, France, 380-

460 g, 6.5-months-old) housed four per cage. Food access was restricted: 60 g/cage 

supplied at least 2 h before the end of the dark phase.  

 

3.5.1. Treatment 

In Exp 4, MS-PPOH was administered intraperitoneally for 9 consecutive days, twice 

daily (at 5 am and 5 pm) except on Days 1 and 9 when only one injection was given in 

the evening and in the morning, respectively (see Fig 6). The dosage was 5 mg/kg, the 

molecule was dissolved in 20 % HPβCD and was administered in 1 ml/kg volume. Odd-

numbered animals were allocated to the control groups, even-numbered rats to the 
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MS-PPOH group. This resulted in less than 1 % baseline weight difference between 

groups. Separate persons performed the injections and the assays; those who did the latter 

were not aware of which treatment the animals received. 

 

 

Figure 6. Timeline of Exp 4. All interventions are indicated by corresponding 

abbreviations on days when they were performed. BP: blood pressure measurement, YM: 

Y-maze alternation test, CBF: cerebral blood flow measurement, T: treatment. 

 

3.5.2. Cognitive assay 

Y-maze alternation test 

The test was performed the same way as described in Exp 1. on Treatment Day 8 (see 

Fig 6). 

3.5.3. Cerebral blood flow measurement 

CBF was measured in the same mode as described in Exp 1 on Day 9. 

3.5.4. Blood pressure measurement 

After 3 habituation measurements within a week preceding the treatment period, baseline 

was recorded on Treatment Day 1 prior to the first injection. Further measurements were 

carried out on Day 2, 5 and 8 (see Fig 6). 

3.5.5. Tissue collection and sampling 

Brain hemispheres (excluding the cerebellum), upper part of small intestine and kidneys 

were collected after the CBF measurements.  

Tissue samples for ELISA tests were preserved the same way as detailed in Exp 1. 

3.5.6. 11,12-EET level determination 

ELISA measurements for EET levels and kidney tissue staining (6 samples from each 

group) were done as detailed in Exp 2 and 3, respectively. 
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3.6. Exp 5: Conditioned taste aversion (CTA) testing in aged rats to 

investigate possible gastrointestinal malaise effects 

To investigate the possible adverse gastrointestinal effect of the treatment cocktail we 

performed a supplementary conditioned taste aversion (CTA) experiment. First, in order 

to validate the CTA method in our hands, we previously carried out a CTA test using the 

standard positive control, lithium-chloride. 

We conducted this study with 12 naïve male Hannover Wistar rats (Toxicoop, Budapest, 

Hungary) weighing 240-260 g and being 2-2.5 months of age at the start of the 

experiment. 

On Day 1, water was withdrawn from the group-housed animals for a 20-hour water 

deprivation period. On Day 2, animals were separated into individual cages, and two 

water bottles were introduced (for 4 hours) to measure baseline water consumption and 

to assess drinking patterns for potential side preferences. Day 3 involved taste aversion 

conditioning: animals got access to two bottles containing 0.3 % saccharin solution. An 

hour later the animals were ip. administered 1.2 ml LiCl solution (30 mg/ml, Reanal 

Laboratory Chemicals Ltd., Budapest, Hungary) or saline. Afterwards, the saccharin 

bottles were available for an additional hour. On Days 4 and 5, animals were presented 

with a saccharin solution-containing and a water-containing bottle (Table 2). Fluid 

consumption was measured for four hours to determine saccharin preference: 

(=saccharin solution consumption / (saccharin solution + water consumption) x 100). 
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Table 2. Design of the LiCl validation test. Daily breakdown of procedures and key actions 

that took place. 

Day Procedure Key Actions 

1 Water deprivation Initiate fluid restriction 

2 
Baseline water intake 

measurement 
Record normal water consumption 

3 Conditioning phase 
Saccharin access → LiCl/vehicle 

injection 

4-5 Aversion test Free choice: Saccharin vs. water 

 

For the main CTA experiment we used 11 aged male Hannover Wistar rats (Toxicoop, 

Budapest, Hungary) weighing 410-550 g at 27-27.5 months of age. 

For the treatment we used 5 mg/kg MS-PPOH, 1 mg/kg indomethacin and 10 mg/kg L-

NAME dissolved in 20 % cyclodextrin + 1 % NaHCO3. Control animals received 20 % 

HPβCD. Animals were treated ip. The experiment spanned six days (Table 3), during 

which animals were individually housed and subjected to controlled feeding and fluid 

intake measurements. Food pellets were provided at 15 g per animal daily, with uneaten 

food weighed on conditioning and test days (Days 3–6). Animals were randomly allocated 

to the two treatment groups. Blinding was not feasible because rats required immediate 

treatment after the first drinking measurement, as the treatment was embedded in the 

measurement procedure carried out by a single experimenter. 

Water deprivation (20 hours) began on Day 1, followed by a four hour-long baseline water 

consumption measurement on Day 2 to establish individual drinking patterns. 

Conditioning was conducted on Days 3 and 4. Animals were provided with two bottles of 

0.3 % saccharin solution (Reanal Laboratory Chemicals Ltd., Budapest, Hungary), 

available for 2 hours. On Day 3, after 1 hour of saccharin consumption, subjects were 

treated with either the cocktail or vehicle solution. Thereafter, the saccharin solution was 

accessible for an additional hour. On Day 4 the same treatment preceded the saccharin 

access and subsequently, the bottles were provided for two hours. On Days 5-6, animals 
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were provided with a bottle of saccharin solution and a bottle of water for a period of 4 

hours to evaluate saccharin preference. Solution consumption was monitored by periodic 

bottle weighing, and residual food weight was recorded. Saccharin preference was 

determined as the following: 

saccharin preference=saccharin solution consumption / (saccharin solution + water 

consumption) x 100 

 

Table 3. Design of the CTA experiment. Daily breakdown of procedures and key actions 

that took place. 

Day Procedure Key Actions 

1 Water deprivation Initiate fluid restriction 

2 
Baseline water intake 

measurement 
Record normal water consumption 

3–4 Conditioning phase 
Saccharin access → ‚cocktail’/vehicle 

injection 

5–6 Aversion test Free choice: Saccharin vs. water 

 

3.7. Statistical evaluation 

In the NVU experiment(s) results obtained with variables that were repeatedly measured 

(cognitive performance, blood pressure) were evaluated by repeated measures analysis of 

variance (ANOVA). Post-hoc Newman-Keuls test in Exp 1 and Duncan test in Exp 2-4 

was carried out when either a significant treatment effect or a significant interaction was 

calculated. Results of assays performed at a single time point (CBF, ELISA, immune 

staining) were evaluated by unpaired t-test. Mann-Whitney U-test was applied for the 

histological scores of the kidney tissue staining. Saccharin preference in the CTA test was 

evaluated by unpaired t-test. All results are presented as mean ± SEM. Differences were 

considered statistically significant at p < 0.05. 

 



37 

 

4. Results  

4.1. Exp 1:  Dose-finding and protocol optimization in young, naïve 

Hannover Wistar rats 

Exp 1 was designed to establish whether the triple cocktail could induce neurovascular 

uncoupling in rats, using doses scaled down from the mouse protocol. We assessed CBF 

response, cognitive performance, blood pressure, and tissue biochemistry. The results 

confirmed the sought-after effects but revealed dose-limiting side effects. 

No significant changes were caused by the treatment in the performance of rats either in 

the Morris water maze or the fear conditioning paradigm (see Fig 7c, d). 

However, as a side effect, the treatment significantly elevated blood pressure in the 

animals (Treatment: F(1,25) = 7.405, p < 0.05; Time: F(3) = 8.244, p < 0.001) (Fig 7b), 

and caused alterations (inflammation, bleeding, ulcers) in the small intestine in 8 out of 

14 rats. 

Nevertheless, the treatment caused 54 % inhibition in the induced hyperaemia in the 

barrel cortex when the contralateral whisker pad was stimulated (p<0.05 (t-test), see 

Fig 7a). 

PGE2 levels were significantly lower in the barrel cortex (t(22)=7.272, p < 0.001) and 

small intestine (t(22)=2.888, p < 0.01) compared to control tissue samples. (see Fig 7e, 

f). 

One cocktail-treated animal died on Day 3 of the treatment (after 5 injections), with no 

particular symptoms (14 grams (6 %) weight loss compared to the initial weight). Autopsy 

showed no visible alteration, and the bowel was not ulcerated. Thus, 13 control and 14 

drug-treated animals constituted the final sample size. 
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Figure 7. CBF reduction, blood pressure elevation, and PGE₂ target engagement in 

Exp 1. a) Increase in CBF in the barrel cortex in response to whisker stimulation (mean 

± SEM. b) exemplary measurement recordings, showing change of CBF (PFU) during a 
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stimulation period. The vertical dotted lines mark the start and end of such periods, 

outlining 30 seconds of recordings; ‘vehicle’: vehicle-treated animal’s recording, 

‘cocktail’: cocktail-treated animal’s recording. c) Systolic and diastolic blood pressure 

over the course of vehicle or cocktail treatment (mean ± SEM). In the systolic 

measurement *: p < 0.05 vs ’vehicle’, post-hoc Newman-Keuls test after repeated 

measures ANOVA. d) Freezing time in fear conditioning (mean ± SEM). The first 

measurement on Day 4 and the second on Day 8 were the Acquisition (Acq) and Retention 

(Ret) sessions, respectively. e) Escape latency in the Morris water maze task (mean ± 

SEM). f-g) Changes in PGE2 levels in the brain and small intestine, respectively (mean ± 

SEM). ** and ***: p < 0.01 and p < 0.001, respectively, vs ‘vehicle’, t-test. 

 

4.2. Exp 2: Further dose refinement in young, naïve Wistar rats with 

expanded cognitive testing 

Given the toxicity observed in Exp 1, we halved all doses to improve tolerability while 

expanding the cognitive battery. However, this dose reduction also eliminated the NVU 

effect, highlighting the narrow therapeutic window. We measured CBF, working memory, 

blood pressure, and EET levels to assess whether lower doses could maintain efficacy. 

There was no significant difference between groups in the mean change of CBF in the 

barrel cortex in response to the stimulation of the contralateral whisker pad (Fig 8a). We 

also did not see a significant difference in the systolic (see Fig 8c) or the diastolic blood 

pressure in the two groups although an overall tendency of increase can be seen in the 

cocktail treated group. This group also showed a significantly lower heart rate (see Fig 8d) 

compared to controls (F(1,15)=13.24, p < 0.005). Post-hoc analysis (Duncan test) 

revealed a significant difference between the two groups on Day 2 (p < 0.05). There was 

no significant difference in EET levels neither in hippocampus nor in barrel-cortex 

samples (see Fig 8e, f). No significant difference was observed in the Y-maze test (see 

Fig 8b). Unfortunately, very few animals produced valid data in the lever press and NOR 

assays, so the outcome of these tests was not evaluable.  
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Figure 8. No CBF reduction, cognitive impairment, or EET changes at halved doses in 

Exp 2. a) Increase in CBF in the barrel cortex in response to whisker stimulation (mean 

± SEM). b) Percent of alternations in the Y-maze (mean ± SEM). c) and d) Systolic blood 

pressure and heart rate, respectively, over the course of vehicle or cocktail treatment 

(mean ± SEM). *: p < 0.05 vs ’vehicle’, post-hoc Duncan test after repeated measures 

ANOVA. e) and f) 11,12-EET levels in the barrel cortex and hippocampus (respectively) 

(mean ± SEM).  
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4.3. Exp 3: Validation in aged, experienced Long-Evans rats to assess 

translational relevance 

Exp 3 tested the cocktail in our most translationally relevant population: aged, cognitively 

experienced rats. We used intermediate doses and adjusted formulations during the 

experiment to manage appearing toxic effects. Despite these challenges, we observed 

transient attentional deficits, though CBF reduction was non-significant. Biochemical 

analysis confirmed PGE₂ reduction, but EET levels remained unchanged. Histology 

revealed severe nephrotoxicity in treated animals. 

The uncoupling cocktail only caused a non-significant, 28 % decrease in the hyperaemia 

induced by whisker stimulation and measured in the barrel cortex (see Fig 9). In three 

vehicle-treated and 3 cocktail-treated animals we could not detect measurable signals in 

response to whisker stimulation; thus, they dropped out from this measurement. 

 

Figure 9. CBF response: non-significant 28% reduction in aged rats in Exp 3. and a) 

increase in CBF in the barrel cortex in response to whisker stimulation (mean ± SEM) 

b) exemplary measurement recordings, showing change of CBF (PFU) during a 

stimulation period. The vertical dotted lines mark the start and end of such periods, 

outlining 30 seconds of recordings; ‘vehicle’: vehicle-treated animal’s recording, 

‘cocktail’: cocktail-treated animal’s recording. 
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The most conspicuous effect of the treatment was the decreased food intake and the 

consequent weight loss in the cocktail-treated group (Fig 10a). As we strived to take all 

the cocktail treated animals over the course of the experiment this outcome necessitated 

to introduce breaks in the series of injections at certain timepoints to avoid too much 

decrease in the body mass and let the animals to recover weight. As a result, animals in 

the cocktail treated group received varying cumulative doses of the components: between 

50 and 75 mg/kg of MS-PPOH, 100 to 138 mg/kg of L-NAME and between 10 and 

13.8 mg/kg of indomethacin. Table 1 shows the exact number of cocktail injections and 

the cumulative dose of the cocktail components which each rat received. Even with these 

precautionary measures the decrease in body mass by the end of treatment was 7.8 % 

(32 g) in the cocktail treated group while it was only 2.8 % (12 g) in the vehicle treated 

group; the difference was significant (t-test, t(23)=-3.066, p < 0.01).  

There were not consistent changes in the blood pressure and heart rate of the animals 

(Figure 10b-d). No significant effects were detected in systolic blood pressure, while a 

significant Time*Treatment interaction was found for diastolic blood pressure 

(F(4,92)=2.912, p < 0.05), due to a substantially lower value in the vehicle-treated group 

on Day 3. ANOVA showed a significant Treatment effect in heart rate measurements 

(F(1,23)=2.912, p < 0.01); however post hoc analysis only revealed significant difference 

between the two groups on Day 6. 
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Figure 10. Significant weight loss in treated animals with minimal blood pressure changes 

in Exp 3. a) Change in body mass of the animals during the treatment period (mean ± 

SEM). **: p < 0.01 vs ‘vehicle’, t-test. b), c) and d) systolic, diastolic blood pressure and 

heart rate, respectively, over the course of vehicle or cocktail treatment (mean ± SEM). * 

and **: p < 0.05 and p < 0.01. 

 

PGE2 levels were significantly lower in the ‘Cocktail’ group both in the brain 

(t(22)=-2.954, p < 0.01) and in the small intestine (t(17)=-3.991, p < 0.001) (Fig 11a, b). 

On the other hand, no significant alteration was caused by treatment in the case of 11,12-

EET levels, in neither sample type (Fig 11c, d). 
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Figure 11. PGE₂ reduced in brain and intestine; 11,12-EET unchanged in brain and 

kidney in Exp 3.  a) and b) PGE2 levels in the brain and small intestine, respectively (mean 

± SEM). c) and d) 11,12-EET levels in the brain and kidney, respectively (mean ± SEM). 

** and ***: p < 0.01 and p < 0.001, respectively, vs ‘vehicle’, t-test.  

 

Among the cognitive tasks, significant group differences were only observed in the 

5CSRTT measurements (Fig 12a, b). Significant Treatment effects were detected in the 

percent correct responses (F(1,23)=6.947, p < 0.05), percent omission responses 

(F(1,23)=4.2524, p=0.0507) and accuracy ratio (F(1,23)= 7.242, p < 0.05). In addition, a 

significant Time effect occurred in the percent correct and omission responses 

(F(3,69)=18.902, p < 0.001 and F(3,69)=23.286, p < 0.001, respectively), and a 

significant Time x Treatment interaction in the accuracy ratio (F(3,69)=4.149, p < 0.01). 
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Correct response rate and accuracy ratio were significantly lower, whereas omission rate 

was higher in the cocktail-treated group on Day 8.  

In MWM, cocktail-treated rats showed a notably higher latency on Day 3 than vehicle-

treated rats, but ANOVA did not reveal significant treatment effect or interaction 

(Fig 12d). In the other variables, such as percentage of correct responses in the pairwise 

discrimination task (Fig  12c), total arm entries (Fig 12e) and spontaneous alternation 

percentage (Fig  12f) in the Y-maze, percentage of successful trials in the cooperation task 

(Fig 12g), and longest distance (Fig  12h) and number of jumps (Fig 12i) in the pot 

jumping test, no notable group difference could be observed. 

However, in all assays a decrease in performance from baseline was observed at the first 

measurement occasion of the treatment period in both groups. This decrease was 

significant in the 5CSRTT correct % and omission % responses (Fig 12a), Y-maze arm 

entries (time effect F(2,46)=55.215, p<0.001; Fig 12e) and spontaneous alternations (time 

effect F(2,46)=5.298, p<0.01; Fig 12f), and pot jump longest distance (time effect 

F(2,46)=25.291, p<0.001; Fig 12h) and number of jumps (time effect F(2,46)=27.683, 

p<0.001; Fig 12i) variables.  
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Figure 12. Transient attentional deficits in 5CSRTT with no other cognitive impairments 

in Exp 3 over the course of vehicle or cocktail treatment. a) Correct response percentage 

and omission percentage in the 5CSRTT task. b) Accuracy ratios in the 5CSRTT task. c) 

Correct response rate in the pairwise discrimination task. d) Escape latency in the Morris 

water maze task. e) and f) Number of entries and percent of alternations, respectively in 

the Y-maze. g) Percentage of successful trials in the cooperation task. h) and i) Longest 

distance covered and number of passes in the pot jump test. Mean ± SEM values are 

shown. *, ** and ***: p < 0.05, p < 0.01 and p < 0.001, respectively, vs ‘vehicle’; +, ++ 

and +++: p < 0.05, p < 0.01 and p < 0.001, respectively, vs ‘Baseline’; post-hoc Duncan 

test after repeated measures ANOVA 
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For assessing eventual morphological changes caused by the treatment, we investigated 

the hippocampus, a vulnerable archicortical brain area (Fig 13).  

Treatment with the cocktail did not change the density of GFAP+ astrocytes in the CA1 

region (663.34 ± 52.04 [cocktail] vs. 599.91 ± 51.59 [vehicle], number of astrocytes / 

1 mm2, p = 0.42). The area covered by the processes of individual GFAP+ astrocytes were 

similar in both groups (863.79 ± 46.91 [cocktail] vs. 853.27 ± 43.78 [vehicle], µm2, p = 

0.86). Treatment caused no changes in VGLUT1 fluorescent intensity in the stratum 

radiatum of the CA1 region (60.44 ± 4.31 [cocktail] vs. 67.19 ± 3.86 [vehicle], arbitrary 

units, p = 0.25). 

 

 

Figure 13. Brain histology: no changes in astrocytes or synaptic terminals. GFAP-

immunoreactive astrocytes (red) and VGLUT1-immunoreactive terminals in the CA1 

region of the hippocampus. Dashed lines in top images surround the fields which are 



48 

 

covered by the processes of individual astrocytes. Abbreviations: CA1 cornu ammonis 1 

region, pyr=pyramidal layer. Scale bar: 10 μm. 

 

We extended our histological analysis to peripheral tissues, focusing specifically on renal 

morphology. Kidney sections from the cocktail-treated group exhibited marked 

histological alterations (see Fig 14) compared to vehicle-treated controls (mean histology 

scores: 10.5±0.96 vs. 1.7±0.36, respectively; p<0.001, Mann-Whitney U-test). For the 

scoring and categorizations of specific types of renal alterations, see Table 4. 

 

Figure 14. Kidney histology: severe nephrotoxicity in cocktail-treated animals. Example 

sections of kidney histology (haematoxylin - eosin staining). ’Vehicle’: section from a 

vehicle-treated rat (#A). Focal vacuolation of tubular epithelium (arrow). ’Cocktail’: 

section from a cocktail-treated rat (#13). Multifocal vacuolation of tubular epithelium 

(arrow). Multifocal tubular dilation and eosinophilic casts in the tubular lumen (asterisk). 

Apoptotic cells in the tubules (arrowhead). Scale bar: 200 μm. 

 



49 

 

Table 4. Scoring of alterations caused by treatment in kidney tissue sections. Assigned 

score for each category correspond to the following: 0 = No pathological changes, 1 = 

Minimal changes (affecting ≤10 % of the section), 2 = Mild changes (affecting 11–25 % 

of the section), 3 = Moderate changes (affecting 26–50 % of the section), 4 = Severe 

changes (affecting >50 % of the section). 

vehicle-treated animal ID 

Alteration 1 1C C 11 20 E 2 4 5 6 A 15 

Vacuolization of tubular epithelium (focal) 0 1 0 1 0 0 1 1 1 0 1 1 

Vacuolization of tubular epithelium 

(multifocal or diffuse) 
0 0 0 0 0 2 0 0 0 0 0 0 

Tubular dilatation 0 0 0 0 0 0 0 0 0 1 1 0 

Eosinophil casts in the tubular lumen 0 0 0 0 0 0 0 0 0 0 0 0 

Brown pigments in the tubular epithelium 0 0 0 0 0 1 2 2 1 1 1 1 

Apoptosis in the tubular epithelium 0 0 0 0 0 0 0 0 0 0 0 0 

Apoptosis in the medulla 0 0 0 0 0 0 0 0 0 0 0 0 

Total score 0 1 0 1 0 3 3 3 2 2 3 2 

cocktail-treated animal ID 

Alteration 0 8 12 13 14 1A 21 3 19 1F 1E 

Vacuolization of tubular epithelium (focal) 0 0 0 0 0 0 0 0 0 0 0 

Vacuolization of tubular epithelium 

(multifocal or diffuse) 
3 3 3 2 2 2 0 3 2 2 2 

Tubular dilatation 2 2 1 4 3 2 2 3 3 2 2 

Eosinophil casts in the tubular lumen 2 2 1 3 2 2 1 1 1 2 2 

Brown pigments in the tubular epithelium 3 3 3 3 2 2 0 0 1 0 0 

Apoptosis in the tubular epithelium 1 3 1 1 1 1 0 0 1 1 1 

Apoptosis in the medulla 0 2 3 2 1 3 1 1 1 2 2 

Total score 11 15 12 15 11 12 4 8 9 9 9 
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4.4. Exp 4: Isolation of MS-PPOH’s effects in young, naïve Long-Evans 

rats 

To determine whether MS-PPOH contributed to the observed mild efficacy, we tested it 

alone at 10 mg/kg/day in young rats. We measured CBF, Y-maze performance, blood 

pressure, 11,12-EET levels, and kidney histology. The results confirmed that MS-PPOH 

alone is ineffective at engaging its target in the brain. 

The cocktail-treated group exhibited a greater mean change from baseline in CBF 

compared to controls due to two outlier values, however, this difference was not 

statistically significant (Fig 15).  

No significant effects were observed for either systolic blood pressure or heart rate across 

measurements. However, a significant time effect was revealed on diastolic blood 

pressure (time: F(3,39)=2.941, p < 0.05.). 
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Figure 15. MS-PPOH alone: no effect on CBF, cognition, blood pressure, or brain 11,12-

EET levels in Exp 3 – a) increase in CBF in the barrel cortex in response to whisker 

stimulation (mean ± SEM). b) and c) Number of entries and percent of alternations in the 

Y-maze, respectively (mean ± SEM). d), e) and f) systolic, diastolic blood pressure and 

heart rate, respectively, over the course of vehicle or cocktail treatment (mean ± SEM). 

g) and h) 11,12-EET levels in the brain and kidney, respectively (mean ± SEM). *: p < 

0.05, t-test. 

 

Y-maze performance analysis revealed no significant between-group difference in 

spontaneous alternation behaviour. 
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EET levels in renal tissue showed a statistically significant difference between groups 

(t(13)=2.849, p < 0.05). No other measured analytes demonstrated significant variations. 

We did not observe notable histological alterations in kidney sections (mean histology 

scores of the vehicle-treated and cocktail-treated groups were 1.2±0.48 and 0.33±0.21, 

respectively; p>0.05, Mann-Whitney U-test). 

 

4.5. Exp 5: Conditioned taste aversion (CTA) testing in aged rats to 

investigate possible gastrointestinal malaise effects 

To explain the decreased food intake observed in aged animals, we performed a 

conditioned taste aversion test with the cocktail to check whether it causes gastrointestinal 

malaise. We paired saccharin consumption with injection of the drug cocktail and 

measured subsequent saccharin preference. The results confirmed significant aversion, 

indicating the cocktail induces gastrointestinal distress in aged rats. We validated the 

assay with LiCl as the standard positive control. 

 

Conditioned taste aversion test with LiCl 

After conditioning, during experimental Days 4 and 5 when animals had simultaneous 

access to water and saccharin solution, animals treated with LiCl showed significantly 

reduced saccharin preference compared to controls (Day 4: t(10) = 19.905, p < 0.001; 

Day 5: t(10) = 29.651, p < 0.001, Fig 16). 
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Figure 16. CTA evoked by LiCl - Proportion of saccharin solution consumption in a two-

bottle choice situation (saccharin solution and water) after pairing saccharin 

consumption with LiCl or saline treatment (mean ±SEM). The dotted line marks the ‘no-

preference’ value. ***: p < 0.001, vs ‘Saline’ t-test. 

 

CTA measurement with the cocktail 

Following conditioning, during Days 5-6 when animals had simultaneous access to water 

and saccharin solution, treated animals demonstrated significantly reduced saccharin 

preference compared to controls (Day 5: t(9) = 4.219, p < 0.01; Day 6: t(9) = 3.813, 

p < 0.01; Fig 17a). 

Additionally, the 'Cocktail' treatment group showed significantly greater food pellet 

leftovers versus controls across multiple days (Day 4: t(9) = -2.842, p < 0.05; Day 5: 

t(9)=-2.306, p < 0.05; Day 6: t(9) = -3.406, p < 0.01; Fig 17b). 
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Figure 17. Saccharin consumption and leftover pellets in the CTA test with the cocktail.a) 

Proportion of saccharin solution consumption in a two-bottle choice situation (saccharin 

solution and water) after pairing saccharin consumption with cocktail or vehicle 

treatment (mean ± SEM). The dotted line marks the ‘no-preference’ value. b) weight of 

leftover food pellets from Day 3 to 6 of their treatment (mean ± SEM). * and **: p < 0.05 

and p < 0.01, respectively, vs ‘Vehicle’ t-test. 
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5. Discussion 

The primary objective of this doctoral work was to develop a pharmacologically induced 

NVU model in rats that could serve as a valid translational platform for modelling human 

cognitive decline. Rats were selected as the preferred species due to their superior 

learning capabilities compared to mice, making them more suitable for investigating 

complex cognitive functions across multiple domains. While previous work in mice 

demonstrated promising results for pharmacological NVU induction no such approach 

had been reported in the literature in rats.  

A summary of the key points of the performed experiments and their respective designs 

are shown in Table 5. 

Table 5. Summary of the performed experiments. Each experiment is indicated with the 

number) of rats (N) involved. Apart from Exp 5, all treatment consisted of two injections 

per treatment day (b.i.d.). In the case of Exp 5, only 2 days involved ‘cocktail-treatment’. 

In Exp 3, because of toxic side-effects, starting dosages had to be adjusted. Final amounts 

are indicated with bolded numbers. Performed cognitive task abbreviations: MWM: 

Morris water maze, 5C: 5CSRTT, PJ: pot jumping test, TS: touchscreen pairwise visual 

discrimination, Coop: cooperation task, YM: Y-maze alternation test, FC: fear 

conditioning, LP: lever-press learning, NOR: novel object recognition. *: single dose 

Study Subjects  
Duration 

(day) 

Dosage (mg/kg, b.i.d.) Performed 

cognitive 

tasks MS-PPOH L-NAME Indomethacin 

Exp 1 

(N=28) 

Naïve, young 

– Hannover 

Wistar 

8 5 10 1 FC, MWM 

Exp 2 

(N=17) 

Naïve, young 

– Hannover 

Wistar 

8 2.5 5 .5 
YM, LP, 

NOR 

Exp 3 

(N=25) 

Experienced, 

aged – 

Long-Evans 

14 
5 

2.5 

7 

5 
.7 

.5 

MWM, 5C 

PJ, TS, 

COOP, YM 

Exp 4 

(N=15) 

Naïve, young 

– Long-Evans 
8 5 - - YM 

Exp 5 

(N=11) 

Naïve, aged – 

Hannover 

Wistar 

6 (2) 5* 10* 1* - 
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It was evident from the literature on the applied pharmacons that significant dose 

adjustments would be required for successful translation from mice to rats. Thus, in our 

initial experiment (Exp 1) we applied substantially reduced daily doses: 2x5 mg/kg MS-

PPOH instead of 20 mg/kg/, 2x10 mg/kg L-NAME instead of 100 mg/kg and 2x1 mg/kg 

indomethacin instead of 7.5 mg/kg, administered given. With these doses we successfully 

induced NVU but still observed substantial adverse effects including elevated blood 

pressure and intestinal pathology. These findings necessitated further refinement of the 

model, most of all, further dose reduction. 

In Exp 2, we implemented a halving dose reduction of all cocktail components 

(MS-PPOH, L-NAME, and indomethacin) which successfully eliminated the previously 

observed toxic effects. However, this modification also abolished the intended NVU 

effects, as evidenced by the absence of significant changes in neurovascular coupling 

responses, working memory performance, and brain EET levels. This outcome 

highlighted the narrow therapeutic range achievable with this pharmacological approach. 

A fundamental aspect of our conceptual framework was the use of aged, cognitively 

experienced animals, which more accurately reflects the human clinical population 

targeted by potential cognitive enhancers. For pharmacologically induced NVU, such 

subjects offer a specific advantage: although a short-term treatment may be insufficient 

to teach complex tasks, it can reveal the disruption of knowledge that has already been 

acquired. 

In Exp 3, we employed an aged, experienced Long-Evans cohort with a modified dosing 

regimen intermediate between those of Exp 1 and 2. Unexpectedly, this protocol induced 

severe toxicity manifested as dramatically reduced food intake and significant weight 

loss, effects not previously observed in younger animals. These adverse reactions 

necessitated continuous dose adjustments to rescue the experiment, with the primary goal 

of determining whether any NVU or cognitive deterioration could be elicited. 

Cognitive assessment in Exp 3 revealed limited but noteworthy effects. The most 

prominent finding was impaired performance in the 5CSRTT, characterized by decreased 

correct responses and increased omissions. While the elevated omission rate might reflect 

reduced motivation due to treatment-induced malaise, the diminished accuracy – 

observed specifically on Day 8 – suggests a genuine, though transient, attentional deficit. 
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The Morris water maze showed a trend toward poorer performance in treated animals, 

but this did not reach statistical significance and appeared more as a lack of improvement 

rather than an overt deficit. 

Consistent with these subtle cognitive changes, we observed only a mild disruption in 

neurovascular coupling. It is noteworthy that the hyperaemic response to whisker 

stimulation was already quite low in the aged control group, with some animals producing 

undetectable signals. No adverse blood pressure effects were recorded. ELISA data 

indicated a moderate reduction in brain PGE2, confirming partial cyclooxygenase 

inhibition, but EET levels were again unchanged. While the poor brain penetration of 

MS-PPOH could be speculated upon, 11,12-EET levels were also not decreased in the 

kidney. 

Histological analysis revealed no brain alterations, but moderate toxicity was evident in 

kidney samples. Nephrotoxicity has been reported for all three compounds, though 

typically at higher doses than those used here (116–121). In a subsequent experiment 

(Exp 4), MS-PPOH alone did not cause notable kidney histopathology. However, these 

data were generated in young rats, and aged subjects may exhibit heightened sensitivity. 

Given that Exp 3 failed to show a decrease in brain 11,12-EET, potentially due to the 

interim dose reduction of MS-PPOH, we sought to determine if the initial 2x5 mg/kg 

daily dose could effectively lower EET levels. Therefore, Exp 4 assessed the effects of 

MS-PPOH alone in young, naïve rats, again measuring blood pressure and Y-maze 

performance as cognitive outcome. The results demonstrated that even a 10 mg/kg/day 

dose of MS-PPOH did not reduce 11,12-EET levels in either the brain or the kidney of 

young rats, nor had any influence on other measured variables. 

The pronounced reduction in food intake observed in Exp 3 prompted us to investigate 

potential gastrointestinal malaise using a conditioned taste aversion paradigm in Exp 5. 

Since the effect was age-dependent, we used aged Wistar rats for this purpose. The results 

clearly demonstrated that the drug cocktail induces significant aversion, providing a 

plausible explanation for the feeding disruptions seen in aged animals of Exp 3. This 

finding represents a critical limitation of the current pharmacological approach, 

particularly in aged populations where such side effects may substantially deteriorate 

behavioural and physiological assessments. 



58 

 

6. Conclusions 

The creation of a dependable, pharmacologically induced model of NVU offers 

considerable promise. Such a model would not only deepen our knowledge of how 

cerebrovascular dysfunction leads to cognitive decline but could also serve as a 

translationally relevant platform for evaluating potential cognitive-enhancing drugs in 

discovery research. However, our investigations indicate that the present strategy 

(simultaneously inhibiting three key pathways of neurovascular coupling, namely EET 

synthesis, NO production, and prostaglandin synthesis) requires refinement before it can 

serve as a reliable NVU model. The following observations inform potential amendments 

to the approach: 

 

1. Establishing individual target engagement 

The first step would be to establish individual dose-response relationships for each 

compound by quantifying changes in EET, PGE2, and NO levels in the brain. This step, 

which was also missing in the original mouse study (85), is essential to confirm target 

engagement at specific doses. Without it, the contribution of each component to the 

overall NVU effect remains unknown. For instance, the EET data from Exp 3 and 4 

indicate that MS-PPOH may have been ineffective at the doses used. An added 

complication for this compound is its unknown blood-brain penetration efficacy. 

 

2. Balancing efficacy and toxicity 

A more significant challenge is identifying doses that produce a sufficient cerebral 

efficacy without causing pronounced peripheral effects. A key lesson from our work is 

that simple dose adjustment proved insufficient to circumvent the trade-off between 

central efficacy and peripheral safety; modified regimens either failed to produce NVU 

(Exp 2) or led to severe adverse events (Exp 3). Pronounced systemic toxicity can 

overshadow the intended cerebrovascular disruption and confound the interpretation of 

cognitive and physiological data. 
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3. Accounting for drug synergy and age sensitivity 

Even with established individual effective doses, we must anticipate potential synergistic 

interactions between the compounds, especially with regard to their peripheral effects (see 

for example (116)). (Such synergism could also explain why even lowered doses 

provoked severe side effects in aged rats, whereas younger animals tolerated higher doses 

with fewer complications.) This possibility necessitates complementary measurements of 

EET, PGE2, and NO levels following their combined administration. 

 

4. Intracerebroventricular administration 

In principle, the issue of peripheral toxicity could be circumvented by delivering the 

compounds directly into the brain, ideally via osmotic minipumps connected to an 

intracerebroventricular (icv.) cannula. This method would also resolve the uncertainty 

regarding MS-PPOH's brain penetration. Practically, however, this approach introduces 

major formulation challenges, as MS-PPOH and indomethacin require specific solvents 

(cyclodextrin and NaHCO₃, respectively). While we managed this for systemic 

administration, it is uncertain whether these formulations are suitable for the much higher 

concentrations needed in a one- to two-week minipump delivery. 

 

5. Icv. dose-response curves 

If the minipump formulation challenge can be overcome, the fundamental dose-finding 

studies mentioned in point 1 should be conducted using the icv. route of administration to 

establish effective concentrations directly within the central nervous system. 

 

6. Methodological challenges in measuring NVC 

Assuming all dosing obstacles are surmounted, a subsequent challenge involves the 

measurement of neurovascular coupling itself. Our experience showed that the 

measurable CBF signals in the barrel cortex in response to whisker stimulation exhibited 

significant inter-subject variability; a weak signal does not necessarily indicate impaired 

coupling. Due to this variability, demonstrating the uncoupling efficacy of an intervention 
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requires either very large sample sizes or, optimally, a self-controlled "before-after" 

experimental design. The latter would necessitate a chronic survival model using a less 

invasive measurement technique like fMRI or fUS, which would also permit longitudinal 

tracking of the induced NVU. 

 

7. Targeting cognitively relevant brain regions 

Although measuring whisker-stimulated hyperaemia in the barrel cortex is technically 

convenient, this region is not the most functionally relevant for studying cognitive 

functions. Assessing NVC in areas more directly linked to memory, such as the 

hippocampus, demands more sophisticated and methodologically challenging 

approaches. Furthermore, standardizing the conditions for CBF measurements (e.g., 

location, timing, stimulus parameters) across studies remains an ongoing difficulty. 

 

8. Subject resilience and compensatory mechanisms 

Finally, our prior work has indicated that cognitively experienced animals can exhibit 

resilience to impairment (97,109,110). The transient nature of the attention deficit 

observed in Exp 2 suggests a similar resilience may exist against NVU. Additionally, 

long-term compensatory mechanisms (e.g., upregulated enzyme synthesis) may develop 

to counteract the pharmacological inhibition over time.  

 

Overall feasibility and translational value 

Model development is a vital component of pharmaceutical research and development to 

ensure a smooth transition from preclinical results to clinical success. While the published 

mouse study (85) suggested that transferring this pharmacological NVU model to rats 

would yield a straightforward and attractive method for target validation or drug 

screening, our findings illustrate that achieving this goal is far more complex. It demands 

significant technological resources, time, and its overall feasibility remains uncertain. 

However, securing funds for developing such models should be considered as outmost 

importance, because decisions based on inadequately validated models are a primary 

cause of late-stage clinical failures. 
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To advance NVU modelling, we recommend prioritizing several key research directions. 

First, comprehensive dose-response studies should be conducted for each individual 

compound to establish clear relationships between dosage and target engagement, with 

particular focus on measuring EET, PGE2 and NO levels in both brain and peripheral 

tissues. This foundational work must precede any combination therapy approaches. 

Second, alternative administration routes such as icv. delivery should be explored 

alongside innovative formulations that can enhance central nervous system efficacy while 

minimizing peripheral toxicity. Third, there is a pressing need to develop chronic, non-

invasive NVU assessment methodologies, with fMRI representing a particularly 

promising approach for enabling longitudinal studies without requiring terminal 

procedures. Finally, dedicated investigation of potential compensatory mechanisms is 

warranted, as these may significantly obscure NVU effects in behaviourally experienced 

subjects and contribute to the transient nature of observed cognitive impairments. While 

our work has identified substantial barriers to reliable pharmacological NVU induction in 

rats, it simultaneously outlines a clear roadmap for model refinement. Successfully 

addressing these challenges through the recommended approaches will be crucial for 

creating robust preclinical models that can effectively bridge the gap to clinical 

applications in cerebrovascular cognitive impairment research. 
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7. Summary 

The neurovascular unit regulates cerebral blood flow in response to neuronal activity, a 

process impaired in disorders like Alzheimer’s disease but also in normal aging. Despite 

its clinical relevance, no reliable pharmacological models of NVU exist for preclinical 

drug development. This doctoral work aimed to establish such a model in rats by 

simultaneously blocking three vasodilatory pathways with a single “cocktail” of 

inhibitors: MS-PPOH for EETs, L-NAME for nitric oxide, and indomethacin for 

prostaglandins, a strategy based on prior mouse studies. 

Initial experiments in young rats confirmed NVU induction (54 % reduced cerebral blood 

flow response) but revealed dose-limiting toxicity (hypertension, intestinal damage). 

Dose reduction improved tolerability but abolished NVU effects, highlighting a narrow 

therapeutic window. A key innovation was testing aged, cognitively experienced rats, a 

translationally more relevant population. Here, intermediate dosing caused transient 

attentional deficits and mild cerebral blood flow disruption (28 %), but severe weight loss 

due to decreased food intake. Conditioned taste aversion assay revealed gastrointestinal 

toxicity in aged animals. Stand-alone MS-PPOH treatment failed to alter brain EET 

levels, suggesting poor target engagement. 

While partial NVU induction was achieved, the model’s utility is limited by toxicity, 

particularly in aged rats. Future work should explore alternative dosing strategies, icv. 

delivery, and non-invasive cerebral blood flow monitoring (e.g., fMRI or fUS) to improve 

translational validity. This research provides a foundation for refining NVU models, 

essential for developing therapies targeting cerebrovascular dysfunction in cognitive 

decline. 



63 

 

8. References 

1. Attwell D, Buchan AM, Charpak S, Lauritzen M, MacVicar BA, Newman EA. 

Glial and neuronal control of brain blood flow. Nature. 2010 Nov;468(7321):232–43. 

doi:10.1038/nature09613 

2. Iadecola C. The Neurovascular Unit Coming of Age: A Journey through 

Neurovascular Coupling in Health and Disease. Neuron. 2017 Sep;96(1):17–42. 

doi:10.1016/j.neuron.2017.07.030 

3. Meyer-Baese L, Jaeger D, Keilholz S. Neurovascular coupling: a review of 

spontaneous neocortical dynamics linking neuronal activity to hemodynamics and what 

we have learned from the rodent brain. J Neurophysiol. 2025 Feb;133(2):644–60. 

doi:10.1152/jn.00418.2024 

4. Kisler K, Nelson AR, Montagne A, Zlokovic BV. Cerebral blood flow regulation 

and neurovascular dysfunction in Alzheimer disease. Nat Rev Neurosci. 2017 

Jul;18(7):419–34. doi:10.1038/nrn.2017.48 

5. Nortley R, Korte N, Izquierdo P, Hirunpattarasilp C, Mishra A, Jaunmuktane Z, et 

al. Amyloid β oligomers constrict human capillaries in Alzheimer’s disease via signaling 

to pericytes. Science. 2019 Jul 19;365(6450):eaav9518. doi:10.1126/science.aav9518 

6. Smith BC, Tinkey RA, Shaw BC, Williams JL. Targetability of the neurovascular 

unit in inflammatory diseases of the central nervous system. Immunol Rev. 

2022;311(1):39–49. doi:10.1111/imr.13121 

7. Abbott NJ, Patabendige AAK, Dolman DEM, Yusof SR, Begley DJ. Structure and 

function of the blood–brain barrier. Neurobiol Dis. 2010 Jan 1;37(1):13–25. 

doi:10.1016/j.nbd.2009.07.030 

8. Daneman R, Prat A. The blood-brain barrier. Cold Spring Harb Perspect Biol. 

2015;7(1):a020412. doi:10.1101/cshperspect.a020412 PubMed PMID: 25561720; 

PubMed Central PMCID: PMC4292164. 

9. Zlokovic BV. The Blood-Brain Barrier in Health and Chronic Neurodegenerative 

Disorders. Neuron. 2008 Jan 24;57(2):178–201. doi:10.1016/j.neuron.2008.01.003 

10. Tarantini S, Balasubramanian P, Delfavero J, Csipo T, Yabluchanskiy A, Kiss T, et 

al. Treatment with the BCL-2/BCL-xL inhibitor senolytic drug ABT263/Navitoclax 

improves functional hyperemia in aged mice. GeroScience. 2021 Oct 1;43(5):2427–40. 

doi:10.1007/s11357-021-00440-z 

11. Alkayed NJ, Narayanan J, Gebremedhin D, Medhora M, Roman RJ, Harder DR. 

Molecular characterization of an arachidonic acid epoxygenase in rat brain astrocytes. 

Stroke. 1996 May;27(5):971–9. doi:10.1161/01.str.27.5.971 PubMed PMID: 8623121. 



64 

 

12. Chen BR, Kozberg MG, Bouchard MB, Shaik MA, Hillman EMC. A Critical Role 

for the Vascular Endothelium in Functional Neurovascular Coupling in the Brain. J Am 

Heart Assoc. 3(3):e000787. doi:10.1161/JAHA.114.000787 

13. Tricoire L, Vitalis T. Neuronal nitric oxide synthase expressing neurons: a journey 

from birth to neuronal circuits. Front Neural Circuits. 2012 Dec 5;6:82. 

doi:10.3389/fncir.2012.00082 PubMed PMID: 23227003; PubMed Central PMCID: 

PMC3514612. 

14. Armulik A, Genové G, Mäe M, Nisancioglu MH, Wallgard E, Niaudet C, et al. 

Pericytes regulate the blood–brain barrier. Nature. 2010 Nov;468(7323):557–61. 

doi:10.1038/nature09522 

15. Abbott NJ, Rönnbäck L, Hansson E. Astrocyte–endothelial interactions at the 

blood–brain barrier. Nat Rev Neurosci. 2006 Jan;7(1):41–53. doi:10.1038/nrn1824 

16. Zonta M, Angulo MC, Gobbo S, Rosengarten B, Hossmann KA, Pozzan T, et al. 

Neuron-to-astrocyte signaling is central to the dynamic control of brain microcirculation. 

Nat Neurosci. 2003 Jan;6(1):43–50. doi:10.1038/nn980 

17. Filosa JA, Bonev AD, Straub SV, Meredith AL, Wilkerson MK, Aldrich RW, et al. 

Local potassium signaling couples neuronal activity to vasodilation in the brain. Nat 

Neurosci. 2006 Nov;9(11):1397–403. doi:10.1038/nn1779 

18. Lourenço CF, Ledo A, Barbosa RM, Laranjinha J. Neurovascular uncoupling in 

the triple transgenic model of Alzheimer’s disease: Impaired cerebral blood flow response 

to neuronal-derived nitric oxide signaling. Exp Neurol. 2017 May 1;291:36–43. 

doi:10.1016/j.expneurol.2017.01.013 

19. Cauli B, Hamel E. Revisiting the role of neurons in neurovascular coupling. Front 

Neuroenergetics. 2010 Jun 23;2. doi:10.3389/fnene.2010.00009 

20. Iwasaki M, Akiba Y, Kaunitz JD. Recent advances in vasoactive intestinal peptide 

physiology and pathophysiology: focus on the gastrointestinal system. F1000Research. 

2019 Sep 12;8:F1000 Faculty Rev-1629. doi:10.12688/f1000research.18039.1 PubMed 

PMID: 31559013; PubMed Central PMCID: PMC6743256. 

21. Grimm C, Duss SN, Privitera M, Munn BR, Karalis N, Frässle S, et al. Tonic and 

burst-like locus coeruleus stimulation distinctly shift network activity across the cortical 

hierarchy. Nat Neurosci. 2024 Nov;27(11):2167–77. doi:10.1038/s41593-024-01755-8 

22. Pallarés-Moratalla C, Bergers G. The ins and outs of microglial cells in brain 

health and disease. Front Immunol. 2024 Apr 11;15. doi:10.3389/fimmu.2024.1305087 

23. Du F, Shusta EV, Palecek SP. Extracellular matrix proteins in construction and 

function of in vitro blood-brain barrier models. Front Chem Eng. 2023 Feb 20;5. 

doi:10.3389/fceng.2023.1130127 



65 

 

24. Chen Z, Du C, Liu S, Liu J, Yang Y, Dong L, et al. Progress in biomaterials 

inspired by the extracellular matrix. Giant. 2024 Aug 1;19:100323. 

doi:10.1016/j.giant.2024.100323 

25. Solis E, Hascup KN, Hascup ER. Alzheimer’s Disease: The Link Between 

Amyloid-β and Neurovascular Dysfunction. J Alzheimers Dis JAD. 2020;76(4):1179–98. 

doi:10.3233/JAD-200473 PubMed PMID: 32597813; PubMed Central PMCID: 

PMC7483596. 

26. Taghvaei M, Dolui S, Sadaghiani S, Shakibajahromi B, Brown C, Khandelwal P, 

et al. Regional cerebral blood flow reflects both neurodegeneration and microvascular 

integrity across the Alzheimer’s continuum. Alzheimers Dement. 2024 Dec 

3;21(1):e14382. doi:10.1002/alz.14382 PubMed PMID: 39625074; PubMed Central 

PMCID: PMC11772719. 

27. Wang C, Ji D, Su X, Liu F, Zhang Y, Lu Q, et al. Cerebral perfusion correlates 

with amyloid deposition in patients with mild cognitive impairment due to Alzheimer’s 

disease. J Prev Alzheimers Dis. 2025 Feb 1;12(2):100031. 

doi:10.1016/j.tjpad.2024.100031 

28. Incalza MA, D’Oria R, Natalicchio A, Perrini S, Laviola L, Giorgino F. Oxidative 

stress and reactive oxygen species in endothelial dysfunction associated with 

cardiovascular and metabolic diseases. Vascul Pharmacol. 2018;100:1–19. 

doi:10.1016/j.vph.2017.05.005 PubMed PMID: 28579545. 

29. Pourbagher-Shahri AM, Farkhondeh T, Talebi M, Kopustinskiene DM, 

Samarghandian S, Bernatoniene J. An Overview of NO Signaling Pathways in Aging. 

Molecules. 2021 Jul 27;26(15):4533. doi:10.3390/molecules26154533 PubMed PMID: 

34361685; PubMed Central PMCID: PMC8348219. 

30. Iadecola C. The pathobiology of vascular dementia. Neuron. 2013;80(4):844–66. 

doi:10.1016/j.neuron.2013.10.008 PubMed PMID: 24267647; PubMed Central PMCID: 

PMC3842016. 

31. Iadecola C, Duering M, Hachinski MD V, Joutel A, Pendlebury ST, Schneider JA, 

et al. Vascular Cognitive Impairment and Dementia. J Am Coll Cardiol. 2019 Jul 

2;73(25):3326–44. doi:10.1016/j.jacc.2019.04.034 PubMed PMID: 31248555; PubMed 

Central PMCID: PMC6719789. 

32. Ungvari Z, Tarantini S, Kiss T, Wren JD, Giles CB, Griffin CT, et al. Endothelial 

dysfunction and angiogenesis impairment in the ageing vasculature. Nat Rev Cardiol. 

2018 Sep;15(9):555–65. doi:10.1038/s41569-018-0030-z 

33. Pacinella G, Ciaccio AM, Tuttolomondo A. Endothelial Dysfunction and Chronic 

Inflammation: The Cornerstones of Vascular Alterations in Age-Related Diseases. Int J 

Mol Sci. 2022 Dec;23(24):15722. doi:10.3390/ijms232415722 



66 

 

34. Berthiaume AA, Schmid F, Stamenkovic S, Coelho-Santos V, Nielson CD, Weber 

B, et al. Pericyte remodeling is deficient in the aged brain and contributes to impaired 

capillary flow and structure. Nat Commun. 2022 Oct 7;13(1):5912. doi:10.1038/s41467-

022-33464-w 

35. Cai C, Zambach SA, Grubb S, Tao L, He C, Lind BL, et al. Impaired dynamics of 

precapillary sphincters and pericytes at first-order capillaries predict reduced 

neurovascular function in the aging mouse brain. Nat Aging. 2023 Feb;3(2):173–84. 

doi:10.1038/s43587-022-00354-1 

36. Tarantini S, Tran CHT, Gordon GR, Ungvari Z, Csiszar A. Impaired neurovascular 

coupling in aging and Alzheimer’s disease: Contribution of astrocyte dysfunction and 

endothelial impairment to cognitive decline. Exp Gerontol. 2017 Aug 1;94:52–8. 

doi:10.1016/j.exger.2016.11.004 

37. Stackhouse TL, Mishra A. Neurovascular Coupling in Development and Disease: 

Focus on Astrocytes. Front Cell Dev Biol. 2021 Jul 12;9. doi:10.3389/fcell.2021.702832 

38. Zhang Y, Zhang X, Ma G, Qin W, Yang J, Lin J, et al. Neurovascular coupling 

alterations in type 2 diabetes: a 5-year longitudinal MRI study. BMJ Open Diabetes Res 

Care. 2021 Jan 18;9(1). doi:10.1136/bmjdrc-2020-001433 PubMed PMID: 33462074; 

PubMed Central PMCID: PMC7816934. 

39. Barloese MCJ, Bauer C, Petersen ET, Hansen CS, Madsbad S, Siebner HR. 

Neurovascular Coupling in Type 2 Diabetes With Cognitive Decline. A Narrative Review 

of Neuroimaging Findings and Their Pathophysiological Implications. Front Endocrinol. 

2022 Jul 4;13. doi:10.3389/fendo.2022.874007 

40. Hainsworth AH, Markus HS, Schneider JA. Cerebral Small Vessel Disease, 

Hypertension, and Vascular Contributions to Cognitive Impairment and Dementia. 

Hypertension. 2024 Jan;81(1):75–86. doi:10.1161/HYPERTENSIONAHA.123.19943 

PubMed PMID: 38044814; PubMed Central PMCID: PMC10734789. 

41. Huang CJ, Zhou X, Yuan X, Zhang W, Li MX, You MZ, et al. Contribution of 

Inflammation and Hypoperfusion to White Matter Hyperintensities-Related Cognitive 

Impairment. Front Neurol. 2022 Jan 4;12:786840. doi:10.3389/fneur.2021.786840 

PubMed PMID: 35058875; PubMed Central PMCID: PMC8763977. 

42. Singh VP, Bali A, Singh N, Jaggi AS. Advanced Glycation End Products and 

Diabetic Complications. Korean J Physiol Pharmacol Off J Korean Physiol Soc Korean 

Soc Pharmacol. 2014 Feb;18(1):1–14. doi:10.4196/kjpp.2014.18.1.1 PubMed PMID: 

24634591; PubMed Central PMCID: PMC3951818. 

43. Kim CK, Lee YR, Ong L, Gold M, Kalali A, Sarkar J. Alzheimer’s Disease: Key 

Insights from Two Decades of Clinical Trial Failures. J Alzheimers Dis. 2022;87(1):83–



67 

 

100. doi:10.3233/JAD-215699 PubMed PMID: 35342092; PubMed Central PMCID: 

PMC9198803. 

44. Gyertyán I. How can preclinical cognitive research further neuropsychiatric drug 

discovery? Chances and challenges. Expert Opin Drug Discov. 2020 Jun;15(6):659–70. 

doi:10.1080/17460441.2020.1739645 PubMed PMID: 32183541. 

45. Jutten RJ, Papp KV, Hendrix S, Ellison N, Langbaum JB, Donohue MC, et al. 

Why a clinical trial is as good as its outcome measure: A framework for the selection and 

use of cognitive outcome measures for clinical trials of Alzheimer’s disease. Alzheimers 

Dement. 2023;19(2):708–20. doi:10.1002/alz.12773 

46. Li DD, Zhang YH, Zhang W, Zhao P. Meta-Analysis of Randomized Controlled 

Trials on the Efficacy and Safety of Donepezil, Galantamine, Rivastigmine, and 

Memantine for the Treatment of Alzheimer’s Disease. Front Neurosci. 2019 May 15;13. 

doi:10.3389/fnins.2019.00472 

47. Miculas DC, Negru PA, Bungau SG, Behl T, Hassan SS ul, Tit DM. 

Pharmacotherapy Evolution in Alzheimer’s Disease: Current Framework and Relevant 

Directions. Cells. 2022 Dec 28;12(1):131. doi:10.3390/cells12010131 PubMed PMID: 

36611925; PubMed Central PMCID: PMC9818415. 

48. Wu W, Ji Y, Wang Z, Wu X, Li J, Gu F, et al. The FDA-approved anti-amyloid-β 

monoclonal antibodies for the treatment of Alzheimer’s disease: a systematic review and 

meta-analysis of randomized controlled trials. Eur J Med Res. 2023 Nov 28;28:544. 

doi:10.1186/s40001-023-01512-w PubMed PMID: 38017568; PubMed Central PMCID: 

PMC10683264. 

49. Chowdhury S. Monoclonal Antibody Treatments for Alzheimer’s Disease: 

Aducanumab and Lecanemab. Discoveries. 2023;11(3):e173. doi:10.15190/d.2023.12 

PubMed PMID: 39726673; PubMed Central PMCID: PMC11671221. 

50. Kim BH, Kim S, Nam Y, Park YH, Shin SM, Moon M. Second-generation anti-

amyloid monoclonal antibodies for Alzheimer’s disease: current landscape and future 

perspectives. Transl Neurodegener. 2025 Jan 27;14(1):6. doi:10.1186/s40035-025-00465-

w 

51. Rabinovici GD, Selkoe DJ, Schindler SE, Aisen P, Apostolova LG, Atri A, et al. 

Donanemab: Appropriate use recommendations. J Prev Alzheimers Dis. 2025 May 

1;12(5):100150. doi:10.1016/j.tjpad.2025.100150 

52. Lourenço CF, Ledo A, Caetano M, Barbosa RM, Laranjinha J. Age-Dependent 

Impairment of Neurovascular and Neurometabolic Coupling in the Hippocampus. Front 

Physiol. 2018 Jul 17;9. doi:10.3389/fphys.2018.00913 



68 

 

53. MacVicar BA, Newman EA. Astrocyte regulation of blood flow in the brain. Cold 

Spring Harb Perspect Biol. 2015 Mar 27;7(5):a020388. doi:10.1101/cshperspect.a020388 

PubMed PMID: 25818565; PubMed Central PMCID: PMC4448617. 

54. Filosa JA, Morrison HW, Iddings JA, Du W, Kim KJ. Beyond neurovascular 

coupling, role of astrocytes in the regulation of vascular tone. Neuroscience. 2016 May 

26;323:96–109. doi:10.1016/j.neuroscience.2015.03.064 PubMed PMID: 25843438; 

PubMed Central PMCID: PMC4592693. 

55. Institoris A, Vandal M, Peringod G, Catalano C, Tran CH, Yu X, et al. Astrocytes 

amplify neurovascular coupling to sustained activation of neocortex in awake mice. Nat 

Commun. 2022 Dec 22;13(1):7872. doi:10.1038/s41467-022-35383-2 

56. Kisler K, Nelson AR, Rege SV, Ramanathan A, Wang Y, Ahuja A, et al. Pericyte 

degeneration leads to neurovascular uncoupling and limits oxygen supply to brain. Nat 

Neurosci. 2017 Mar;20(3):406–16. doi:10.1038/nn.4489 

57. Hirunpattarasilp C, Barkaway A, Davis H, Pfeiffer T, Sethi H, Attwell D. 

Hyperoxia evokes pericyte-mediated capillary constriction. J Cereb Blood Flow Metab. 

2022 Nov 1;42(11):2032–47. doi:10.1177/0271678X221111598 

58. Mai-Morente S, Isasi E, Rafael A, Budelli G, Olivera-Bravo S, Vitureira N, et al. 

Pericyte pannexin1 controls cerebral capillary diameter and supports memory function. 

Nat Commun. 2025 Jul 3;16(1):6128. doi:10.1038/s41467-025-61312-0 

59. Wang F, Cao Y, Ma L, Pei H, Rausch WD, Li H. Dysfunction of Cerebrovascular 

Endothelial Cells: Prelude to Vascular Dementia. Front Aging Neurosci. 2018 Nov 16;10. 

doi:10.3389/fnagi.2018.00376 

60. An L, Shen Y, Chopp M, Zacharek A, Venkat P, Chen Z, et al. Deficiency of 

Endothelial Nitric Oxide Synthase (eNOS) Exacerbates Brain Damage and Cognitive 

Deficit in A Mouse Model of Vascular Dementia. Aging Dis. 2021 Jun 1;12(3):732–46. 

doi:10.14336/AD.2020.0523 PubMed PMID: 34094639; PubMed Central PMCID: 

PMC8139201. 

61. Liao FF, Lin G, Chen X, Chen L, Zheng W, Raghow R, et al. Endothelial Nitric 

Oxide Synthase–Deficient Mice: A Model of Spontaneous Cerebral Small-Vessel 

Disease. Am J Pathol. 2021 Nov 1;191(11):1932–45. doi:10.1016/j.ajpath.2021.02.022 

62. Katusic ZS, d’Uscio LV, He T. Emerging roles of endothelial nitric oxide synthase 

in preservation of cognitive health. Stroke. 2023 Mar;54(3):686–96. 

doi:10.1161/STROKEAHA.122.041444 PubMed PMID: 36848426; PubMed Central 

PMCID: PMC9991080. 

63. Winkler EA, Sagare AP, Zlokovic BV. The Pericyte: A Forgotten Cell Type with 

Important Implications for Alzheimer’s Disease? Brain Pathol. 2014 Jun 19;24(4):371–



69 

 

86. doi:10.1111/bpa.12152 PubMed PMID: 24946075; PubMed Central PMCID: 

PMC4423607. 

64. Uemura MT, Maki T, Ihara M, Lee VMY, Trojanowski JQ. Brain Microvascular 

Pericytes in Vascular Cognitive Impairment and Dementia. Front Aging Neurosci. 2020 

Apr 14;12. doi:10.3389/fnagi.2020.00080 

65. Zhang Y, Mu BR, Ran Z, Zhu T, Huang X, Yang X, et al. Pericytes in Alzheimer’s 

disease: Key players and therapeutic targets. Exp Neurol. 2024 Sep 1;379:114825. 

doi:10.1016/j.expneurol.2024.114825 

66. Mao P, Manczak M, Shirendeb UP, Reddy PH. MitoQ, a mitochondria-targeted 

antioxidant, delays disease progression and alleviates pathogenesis in an experimental 

autoimmune encephalomyelitis mouse model of multiple sclerosis. Biochim Biophys 

Acta. 2013 Dec;1832(12):2322–31. doi:10.1016/j.bbadis.2013.09.005 PubMed PMID: 

24055980; PubMed Central PMCID: PMC3830526. 

67. Zhou J, Wang H, Shen R, Fang J, Yang Y, Dai W, et al. Mitochondrial-targeted 

antioxidant MitoQ provides neuroprotection and reduces neuronal apoptosis in 

experimental traumatic brain injury possibly via the Nrf2-ARE pathway. Am J Transl Res. 

2018 Jun 15;10(6):1887–99. PubMed PMID: 30018728; PubMed Central PMCID: 

PMC6038061. 

68. Huang T, Shen J, Bao B, Hu W, Sun Y, Zhu T, et al. Mitochondrial-targeting 

antioxidant MitoQ modulates angiogenesis and promotes functional recovery after spinal 

cord injury. Brain Res. 2022 Jul 1;1786:147902. doi:10.1016/j.brainres.2022.147902 

69. Márquez BT, Leung TCS, Hui J, Charron F, McKinney RA, Watt AJ. A 

mitochondrial-targeted antioxidant (MitoQ) improves motor coordination and reduces 

Purkinje cell death in a mouse model of ARSACS. Neurobiol Dis. 2023 Jul 1;183:106157. 

doi:10.1016/j.nbd.2023.106157 

70. Lu Y, Cheng L, Xiong Y, Huang C, Liu Z, Shen C, et al. NLRP3 Inflammasome 

in Vascular Dementia: Regulatory Mechanisms, Functions, and Therapeutic Implications: 

A Comprehensive Review. CNS Neurosci Ther. 2025 May 6;31(5):e70403. 

doi:10.1111/cns.70403 PubMed PMID: 40326096; PubMed Central PMCID: 

PMC12052953. 

71. Peng Y, Sun Y, Song X, Jin C, Yin X, Zheng X. Dual role of innate immune 

activation in cerebral small vessel disease. Int Immunopharmacol. 2025 Sep 

23;162:115178. doi:10.1016/j.intimp.2025.115178 

72. Sasaguri H, Nilsson P, Hashimoto S, Nagata K, Saito T, De Strooper B, et al. APP 

mouse models for Alzheimer’s disease preclinical studies. EMBO J. 2017 Sep 

1;36(17):2473–87. doi:10.15252/embj.201797397 PubMed PMID: 28768718; PubMed 

Central PMCID: PMC5579350. 



70 

 

73. Oblak AL, Lin PB, Kotredes KP, Pandey RS, Garceau D, Williams HM, et al. 

Comprehensive Evaluation of the 5XFAD Mouse Model for Preclinical Testing 

Applications: A MODEL-AD Study. Front Aging Neurosci. 2021 Jul 23;13:713726. 

doi:10.3389/fnagi.2021.713726 PubMed PMID: 34366832; PubMed Central PMCID: 

PMC8346252. 

74. Wilcock DM, Lamb BT. The importance of continuing development of novel 

animal models of Alzheimer’s disease and Alzheimer’s disease and related dementias. 

Alzheimers Dement. 2024;20(7):5078–9. doi:10.1002/alz.14105 

75. Elder GA, Gama Sosa MA, De Gasperi R. Transgenic Mouse Models of 

Alzheimer’s Disease. Mt Sinai J Med N Y. 2010;77(1):69–81. doi:10.1002/msj.20159 

PubMed PMID: 20101721; PubMed Central PMCID: PMC2925685. 

76. Takeuchi H, Iba M, Inoue H, Higuchi M, Takao K, Tsukita K, et al. P301S Mutant 

Human Tau Transgenic Mice Manifest Early Symptoms of Human Tauopathies with 

Dementia and Altered Sensorimotor Gating. PLoS ONE. 2011 Jun 15;6(6):e21050. 

doi:10.1371/journal.pone.0021050 PubMed PMID: 21698260; PubMed Central PMCID: 

PMC3115982. 

77. Song L, Lu SX, Ouyang X, Melchor J, Lee J, Terracina G, et al. Analysis of tau 

post-translational modifications in rTg4510 mice, a model of tau pathology. Mol 

Neurodegener. 2015 Mar 26;10:14. doi:10.1186/s13024-015-0011-1 PubMed PMID: 

25881209; PubMed Central PMCID: PMC4391670. 

78. Blackmore T, Meftah S, Murray TK, Craig PJ, Blockeel A, Phillips K, et al. 

Tracking progressive pathological and functional decline in the rTg4510 mouse model of 

tauopathy. Alzheimers Res Ther. 2017 Sep 20;9(1):77. doi:10.1186/s13195-017-0306-2 

PubMed PMID: 28931441; PubMed Central PMCID: PMC5607580. 

79. García-Arriaza J, Marín MQ, Merchán-Rubira J, Mascaraque SM, Medina M, 

Ávila J, et al. Tauopathy Analysis in P301S Mouse Model of Alzheimer Disease 

Immunized with DNA and MVA Poxvirus-Based Vaccines Expressing Human Full-

Length 4R2N or 3RC Tau Proteins. Vaccines. 2020 Mar 13;8(1):127. 

doi:10.3390/vaccines8010127 PubMed PMID: 32183198; PubMed Central PMCID: 

PMC7157204. 

80. Wenger K, Viode A, Schlaffner CN, van Zalm P, Cheng L, Dellovade T, et al. 

Common mouse models of tauopathy reflect early but not late human disease. Mol 

Neurodegener. 2023 Feb 2;18(1):10. doi:10.1186/s13024-023-00601-y 

81. Washida K, Hattori Y, Ihara M. Animal Models of Chronic Cerebral 

Hypoperfusion: From Mouse to Primate. Int J Mol Sci. 2019 Dec;20(24):6176. 

doi:10.3390/ijms20246176 



71 

 

82. Yang Y, Kimura-Ohba S, Thompson J, Rosenberg GA. Rodent Models of Vascular 

Cognitive Impairment. Transl Stroke Res. 2016 Oct;7(5):407–14. doi:10.1007/s12975-

016-0486-2 PubMed PMID: 27498679; PubMed Central PMCID: PMC5016244. 

83. Kim T, Yi D, Byun MS, Ahn H, Jung JH, Kong N, et al. Synergistic interaction of 

high blood pressure and cerebral beta-amyloid on tau pathology. Alzheimers Res Ther. 

2022 Dec 24;14(1):193. doi:10.1186/s13195-022-01149-7 

84. Denver P, D’Adamo H, Hu S, Zuo X, Zhu C, Okuma C, et al. A Novel Model of 

Mixed Vascular Dementia Incorporating Hypertension in a Rat Model of Alzheimer’s 

Disease. Front Physiol. 2019 Oct 24;10:1269. doi:10.3389/fphys.2019.01269 PubMed 

PMID: 31708792; PubMed Central PMCID: PMC6821690. 

85. Tarantini S, Hertelendy P, Tucsek Z, Valcarcel-Ares MN, Smith N, Menyhart A, 

et al. Pharmacologically-Induced Neurovascular Uncoupling is Associated with 

Cognitive Impairment in Mice. J Cereb Blood Flow Metab. 2015 0 1;35(11):1871–81. 

doi:10.1038/jcbfm.2015.162 

86. Gyertyán I. Cognitive ‘Omics’: Pattern-Based Validation of Potential Drug 

Targets. Trends Pharmacol Sci. 2017 Feb;38(2):113–26. doi:10.1016/j.tips.2016.10.010 

PubMed PMID: 27855993. 

87. Gyertyán I, Kassai F, Kozma K, Kitka T, Ernyey AJ. Procognitive profiling of a 

serotonin 5-HT6 receptor antagonist in a complex model system in rats: A novel 

translational approach for clinical prediction. Brain Res Bull. 2020;165:238–45. 

doi:10.1016/j.brainresbull.2020.10.014 PubMed PMID: 33086133. 

88. Gyertyán I, Lubec J, Ernyey AJ, Gerner C, Kassai F, Kalaba P, et al. Cognitive 

profiling and proteomic analysis of the modafinil analogue S-CE-123 in experienced aged 

rats. Sci Rep. 2021;11(1):23962. doi:10.1038/s41598-021-03372-y 

89. Kassai F, Ernyey AJ, Kozma K, Plangár I, Gyertyán I. Lack of general learning 

ability factor in a rat test battery measuring a wide spectrum of cognitive domains. J Integr 

Neurosci. 2022;21(1):12. doi:10.31083/j.jin2101012 PubMed PMID: 35164448. 

90. Ernyey AJ, Kassai F, Kozma K, Plangár I, Somfai Z, Miklya I, et al. Age-related 

decline of various cognitive functions in well-experienced male rats treated with the 

putative anti-aging compound (2R)-1-(1-benzofuran-2-yl)-N-propylpentane-2-amine ((-

)BPAP). GeroScience. 2024 Feb;46(1):417–29. doi:10.1007/s11357-023-00821-6 

PubMed PMID: 37306892; PubMed Central PMCID: PMC10828437. 

91. Robbins TW. The 5-choice serial reaction time task: behavioural pharmacology 

and functional neurochemistry. Psychopharmacology (Berl). 2002 Oct;163(3–4):362–80. 

doi:10.1007/s00213-002-1154-7 PubMed PMID: 12373437. 



72 

 

92. Kozma K, Kassai F, Ernyey AJ, Gyertyán I. Establishment of a rodent cooperation 

assay as a model of social cognition. J Pharmacol Toxicol Methods. 2019 May 1;97:44–

51. doi:10.1016/j.vascn.2019.03.003 

93. Morris R. Developments of a water-maze procedure for studying spatial learning 

in the rat. J Neurosci Methods. 1984 May;11(1):47–60. doi:10.1016/0165-

0270(84)90007-4 PubMed PMID: 6471907. 

94. Ernyey AJ, Grohmann Pereira T, Kozma K, Kouhnavardi S, Kassai F, Gyertyán I. 

Following of aging process in a new motor skill learning model, “pot jumping” in rats. 

GeroScience. 2019 May 25;41(3):309–19. doi:10.1007/s11357-019-00073-3 PubMed 

PMID: 31129861; PubMed Central PMCID: PMC6698317. 

95. Bussey TJ, Padain TL, Skillings EA, Winters BD, Morton AJ, Saksida LM. The 

touchscreen cognitive testing method for rodents: how to get the best out of your rat. 

Learn Mem Cold Spring Harb N. 2008 Jul;15(7):516–23. doi:10.1101/lm.987808 

PubMed PMID: 18612068; PubMed Central PMCID: PMC2505319. 

96. Gáspár A, Hutka B, Ernyey AJ, Tajti BT, Varga BT, Zádori ZS, et al. 

Intracerebroventricularly Injected Streptozotocin Exerts Subtle Effects on the Cognitive 

Performance of Long-Evans Rats. Front Pharmacol. 2021 May 7;12:662173. 

doi:10.3389/fphar.2021.662173 PubMed PMID: 34025423; PubMed Central PMCID: 

PMC8138205. 

97. Gáspár A, Hutka B, Ernyey AJ, Tajti BT, Varga BT, Zádori ZS, et al. Performance 

of the intracerebroventricularly injected streptozotocin Alzheimer’s disease model in a 

translationally relevant, aged and experienced rat population. Sci Rep. 2022;12(1):20247. 

doi:10.1038/s41598-022-24292-5 PubMed PMID: 36424423; PubMed Central PMCID: 

PMC9691696. 

98. Fahlström A, Zeberg H, Ulfhake B. Changes in behaviors of male C57BL/6J mice 

across adult life span and effects of dietary restriction. Age Dordr Neth. 2012;34(6):1435–

52. doi:10.1007/s11357-011-9320-7 PubMed PMID: 21989972; PubMed Central 

PMCID: PMC3528371. 

99. Gyger M, Kolly D, Guigoz Y. Aging, modulation of food intake and spatial 

memory: a longitudinal study. Arch Gerontol Geriatr. 1992;15 Suppl 1:185–95. 

doi:10.1016/s0167-4943(05)80018-4 PubMed PMID: 18647688. 

100. Means LW, Higgins JL, Fernandez TJ. Mid-life onset of dietary restriction extends 

life and prolongs cognitive functioning. Physiol Behav. 1993 Sep;54(3):503–8. 

doi:10.1016/0031-9384(93)90243-9 PubMed PMID: 8415944. 

101. Altamirano FG, Castro-Pascual I, Ponce IT, Coria-Lucero CD, Cargnelutti E, 

Ferramola ML, et al. Late-Onset Caloric Restriction Improves Cognitive Performance 

and Restores Circadian Patterns of Neurotrophic, Clock, and Epigenetic Factors in the 



73 

 

Hippocampus of Old Male Rats. J Gerontol A Biol Sci Med Sci. 2024;80(1):glae252. 

doi:10.1093/gerona/glae252 PubMed PMID: 39447038. 

102. Speakman JR, Mitchell SE. Caloric restriction. Mol Aspects Med. 2011 

Jun;32(3):159–221. doi:10.1016/j.mam.2011.07.001 PubMed PMID: 21840335. 

103. Robertson LT, Mitchell JR. Benefits of short-term dietary restriction in mammals. 

Exp Gerontol. 2013 Oct;48(10):1043–8. doi:10.1016/j.exger.2013.01.009 PubMed 

PMID: 23376627; PubMed Central PMCID: PMC3745522. 

104. Masoro EJ. Caloric restriction-induced life extension of rats and mice: a critique 

of proposed mechanisms. Biochim Biophys Acta. 2009 Oct;1790(10):1040–8. 

doi:10.1016/j.bbagen.2009.02.011 PubMed PMID: 19250959. 

105. Austad SN, Hoffman JM. Beyond calorie restriction: aging as a biological target 

for nutrient therapies. Curr Opin Biotechnol. 2021;70:56–60. 

doi:10.1016/j.copbio.2020.11.008 PubMed PMID: 33360494; PubMed Central PMCID: 

PMC8219814. 

106. Babygirija R, Han JH, Sonsalla MM, Matoska R, Calubag MF, Green CL, et al. 

Fasting is required for many of the benefits of calorie restriction in the 3xTg mouse model 

of Alzheimer’s disease. Nat Commun. 2025 Aug 4;16(1):7147. doi:10.1038/s41467-025-

62416-3 

107. Janhunen SK, Svärd H, Talpos J, Kumar G, Steckler T, Plath N, et al. The 

subchronic phencyclidine rat model: relevance for the assessment of novel therapeutics 

for cognitive impairment associated with schizophrenia. Psychopharmacology (Berl). 

2015;232(21–22):4059–83. doi:10.1007/s00213-015-3954-6 PubMed PMID: 26070547. 

108. Sarter M, Hagan J, Dudchenko P. Behavioral screening for cognition enhancers: 

From indiscriminate to valid testing: II. Psychopharmacology (Berl). 1992;107(4):461–

73. doi:10.1007/BF02245257 

109. Gyertyán I, Kozma K, Kassai F, Ernyey AJ. P.377 Rats with long learning 

experience showed resistance to the impairing effect of MK-801 in several cognitive 

assays. Eur Neuropsychopharmacol. 2020 Nov 1;40:S217. 

doi:10.1016/j.euroneuro.2020.09.283 

110. Gyertyán I, Kassai F, Gáspár A, Varga BT, Ernyey AJ. P.0549 A complex 

experimental design for measuring the learning impairing effect of repeat dose 

scopolamine in experienced aged rats. Eur Neuropsychopharmacol. 2021 Dec 1;53:S404. 

doi:10.1016/j.euroneuro.2021.10.519 

111. Gáspár A, Ernyey AJ, Tajti BT, Varga BT, Gyertyán I. Cognitive characterization 

of the scopolamine-induced dementia model in experienced rats. Neurosci Appl. 2022 Jan 

1;1:100355. doi:10.1016/j.nsa.2022.100355 



74 

 

112. Varga BT, Gáspár A, Ernyey AJ, Hutka B, Tajti BT, Zádori ZS, et al. Introduction 

of a pharmacological neurovascular uncoupling model in rats based on results of mice. 

Physiol Int. 2022 Sep 5;109(3):405–18. doi:10.1556/2060.2022.00226 PubMed PMID: 

36057105. 

113. Varga BT, Ernyey AJ, Tajti BT, Gáspár A, Demeter Z, Kollár L, et al. Translational 

difficulties in establishing a pharmacologically induced neurovascular uncoupling model 

in rats. Sci Rep. 2026 Jul 17;16(1):27671. doi:10.1038/s41598-026-58244-0 PubMed 

PMID: 42310327; PubMed Central PMCID: PMC13542137. 

114. Vijayan S, Hale GJ, Moore CI, Brown EN, Wilson M. Activity in the Barrel Cortex 

During Active Behavior and Sleep. J Neurophysiol. 2010 Apr 1;103(4):2074–84. 

doi:10.1152/jn.00474.2009 

115. Shanghai BlueGene Biotech CO., LTD. [Internet]. [cited 2026 Sep 15]. Rat 

Epoxyeicosatrienoic acids ELISA kit (E02E0166). Available from: 

https://www.elisakit.cc/uploads/file/e02e0166-rat-eets-c.pdf 

116. Agmon Y, Peleg H, Greenfeld Z, Rosen S, Brezis M. Nitric oxide and prostanoids 

protect the renal outer medulla from radiocontrast toxicity in the rat. J Clin Invest. 1994 

Sep;94(3):1069–75. doi:10.1172/JCI117421 PubMed PMID: 8083347; PubMed Central 

PMCID: PMC295165. 

117. van Dokkum RP, Jacob HJ, Provoost AP. Blood pressure and the susceptibility to 

renal damage after unilateral nephrectomy and L-NAME-induced hypertension in rats. 

Nephrol Dial Transplant Off Publ Eur Dial Transpl Assoc - Eur Ren Assoc. 2000 

Sep;15(9):1337–43. doi:10.1093/ndt/15.9.1337 PubMed PMID: 10978388. 

118. Ribeiro-Rama AC, Figueiredo IV, Veiga FJ, Castel-Branco MM, Cabrita AMS, 

Caramona MM. Hepatic and renal toxicities of indomethacin acid, salt form and 

complexed forms with hydroxypropyl-β-cyclodextrin on Wistar rats after oral 

administration. Fundam Clin Pharmacol. 2011;25(5):599–607. doi:10.1111/j.1472-

8206.2010.00887.x 

119. Li J, Stier CT, Chander PN, Manthati VL, Falck JR, Carroll MA. Pharmacological 

manipulation of arachidonic acid-epoxygenase results in divergent effects on renal 

damage. Front Pharmacol. 2014 Aug 15;5. doi:10.3389/fphar.2014.00187 

120. Hammoud SH, Omar AG, Eid AA, El-Mas MM. CYP4A/CYP2C modulation of 

the interaction of calcium channel blockers with cyclosporine on EDHF-mediated renal 

vasodilations in rats. Toxicol Appl Pharmacol. 2017;334:110–9. 

doi:10.1016/j.taap.2017.09.007 PubMed PMID: 28899749. 

121. Ragab TIM, Ali NA, El Gendy ANG, Mohamed SH, Shalby AB, Farrag ARH, et 

al. Renoprotective and therapeutic effects of newly water, ethanol, and butanol ginseng 



75 

 

fractions in hypertensive and chronic kidney disease with L-NAME. Biomed 

Pharmacother. 2021 Oct 1;142:111978. doi:10.1016/j.biopha.2021.111978 

 



76 

 

9. Bibliography of the candidate’s publications  

Own publications involved in the current thesis 

1. Varga BT, Gáspár A, Ernyey AJ, Hutka B, Tajti BT, Zádori ZS, et al. Introduction of a 

pharmacological neurovascular uncoupling model in rats based on results of mice. Physiol 

Int. 2022 Sep 5;109(3):405–18. doi:10.1556/2060.2022.00226 PubMed PMID: 36057105. 

2. Varga BT, Ernyey AJ, Tajti BT, Gáspár A, Demeter Z, Kollár L, et al. Translational 

difficulties in establishing a pharmacologically induced neurovascular uncoupling model in 

rats. 2026. doi: 10.1038/s41598-026-58244-0 In press 

 

Conference papers: 

1. Varga BT, Ernyey AJ, Demeter Z, Tajti BT, Gáspár, A, Zádori ZS, et al. 

Pharmacologically-induced neurovascular uncoupling in rats: model development 

challenges and insights. Neuroscience Applied 5: 1 pp. 106061--. Paper: 106061 

(2026) 

2. Varga BT, Ernyey AJ, Demeter Z, Tajti BT, Gáspár, A, Zádori ZS, et al. Challenges 

and lessons in developing a pharmacologically-induced neurovascular uncoupling 

model in rats. International Pharmacology Conference: focus on drug discovery and 

innovation (HUPHAR 2025): Oral & Poster Abstracts (2025) 226 p. pp. 181-181. 

Paper: 43, 1 p. 

Own publications not involved in the current thesis 

1. Al-Khrasani M, Essmat N, Boldizsár I, Varga BT, Chalabiani Y, Abbood SK, et al. Do 

vitamins halt the COVID-19-evoked pro-inflammatory cytokines involved in the 

development of neuropathic pain? Biomedicine and Pharmacotherapy. 2025;189. 

2. Essmat N, Boldizsár I, Chalabiani Y, Varga BT, Abbood SK, Kirchlechner-Farkas JM, et al. 

Crosstalk Between Glycinergic and N-Methyl-D-Aspartate Receptor-Mediated 

Glutamatergic Transmission in Behaviours Associated with Opioid Use Disorder. 

International Journal of Molecular Sciences. 2025;26(21):10526. 

doi:10.3390/ijms262110526 

3. Tajti BT, Yoon O, Ernyey AJ, Gáspár A, Varga BT, Gyertyán I. Using Appetitive Motivation 

to Train Mice for Spatial Learning in the Barnes Maze. Biomed Research International. 

2023;2023. 

4. Gáspár A, Hutka B, Ernyey AJ, Tajti BT, Varga BT, Zádori ZS, et al. 

Intracerebroventricularly Injected Streptozotocin Exerts Subtle Effects on the Cognitive 

Performance of Long-Evans Rats. Frontiers in Pharmacology. 2021;12. 



77 

 

doi:10.3389/fphar.2021.662173 Corrigendum: Intracerebroventricularly Injected 

Streptozotocin Exerts Subtle Effects on the Cognitive Performance of Long-Evans Rats 

(Front. Pharmacol., (2021), 12, (662173), 10.3389/fphar.2021.662173). Frontiers in 

Pharmacology. 2023;13. 

5. Gáspár A, Hutka B, Ernyey AJ, Tajti BT, Varga BT, Zádori ZS, et al. Performance of the 

intracerebroventricularly injected streptozotocin Alzheimer’s disease model in a 

translationally relevant, aged and experienced rat population. Scientific Reports. 2022;12(1). 

 

Conference papers: 

1. Ernyey AJ, Gáspár A, Kassai F, Hidasi F, Tajti BT, Varga BT, et al. Rats use 

random strategy for solving complicated cognitive tasks Conference on 

Pharmacology, Pharmacokinetics & Innovation (HUPHAR 2024): Oral & 

Poster Abstracts (2024) 217 p. pp. 179-180., 2 p. 

2. Gáspár A, Ernyey AJ, Hutka B, Tajti BT, Varga BT, Zádori ZS et al. Cognitive 

performance of aged, experienced Long-Evans rats after icv streptozotocin 

treatment European Neuropsychopharmacology 53: Suppl. 1 pp. S620-S621. 

Paper: P.0848, 2 p. (2021) 

3. Gyertyán I, Kassai F, Gáspár A, Varga BT, Ernyey AJ P.0549 A complex 

experimental design for measuring the learning impairing effect of repeat 

dose scopolamine in experienced aged rats. European 

Neuropsychopharmacology 53: Supplement 1 pp. S404-S404. (2021) 

4. Varga, BT, Ernyey AJ, Tajti, BT, Gáspár A, Gyertyán I. P.0849 Freezing and 

ultrasound vocalization in response to contextual and discrete conditional 

stimuli in a fear conditioning paradigm. European 

Neuropsychopharmacology 53: Supplement 1 pp. S621-S622. (2021) 

5. Gáspár, A, Ernyey AJ, Hutka B, Tajti BT, Varga BT, Zádori Z et al. P.376 

Investigating the effect of intracerebroventricularly injected streptozotocin in 

various learning paradigms in Long-Evans rats. European 

Neuropsychopharmacology 40: Suppl. 1 pp. S216-S217. (2020) 

 



78 

 

10. Acknowledgements 

I wish to recognize those who made this thesis possible. First and foremost, I am deeply 

grateful to my supervisor, Dr. István Gyertyán, for his support, guidance, and patience. I 

also wish to thank my colleagues, Dr. Aliz Judit Ernyey, Tekla Brigitta Tajti, and Dr. Attila 

Gáspár, for their kindness, assistance, and encouragement. I extend my sincere thanks to 

my collaborators, Dr. Zoltán Sándor Zádori, Zsuzsanna Demeter, Barbara Hutka, Dr. 

Levente Kollár, Dr. Péter Kovács, Dr. Mihály Albert, and Dr. Alán Alpár. I would also 

wish to thank, Ildikó Csontos Kerekesné as well, for her invaluable technical assistance 

with the experiments. 

I offer my deepest appreciation to my family: Mom and Dad, all my relatives, my beloved 

wife Panka, and my wonderful friends Áron, Sebi and Zsombor. Last, but not least, I wish 

to acknowledge my loyal companion, my dearest dog, Picúr, who, although no longer 

with us, was undeniably my rock throughout this journey. 

All their steadfast support carried me through these very demanding years of doctoral 

studies. 


	elolapok
	disszertacio_VBT_korr_oppvel_final
	List of abbreviations
	1. Introduction
	1.1. The neurovascular unit
	1.2. Diseases linked to neurovascular unit dysfunction and diminished functional hyperaemia
	1.3. Lack of NVU targeting approach in antidementia drug research
	1.4. The need for preclinical NVU models
	1.5. The rodent test battery system applied by our group serving as the framework to incorporate a rat NVU model

	2. Objectives
	3. Methods
	3.1. Housing of animals
	3.2. Exp 1: Dose-finding and protocol optimization in young, naïve Wistar rats.
	3.2.1. Treatment
	3.2.2. Cognitive assays
	3.2.3. Cerebral blood flow measurement
	3.2.4. Blood pressure measurement
	3.2.5. Tissue collection and sampling
	3.2.6. PGE2 level determination

	3.3. Exp 2: Further dose refinement in young, naïve Wistar rats with expanded cognitive testing.
	3.3.1. Treatment
	3.3.2. Cognitive assays
	3.3.3. Cerebral blood flow measurement
	3.3.4. Blood pressure measurement
	3.3.5. Tissue collection and sampling
	3.3.6. 11,12-EET level determination

	3.4. Exp 3: Validation in aged, experienced Long-Evans rats to assess translational relevance
	3.4.1. Treatment
	3.4.2. Cognitive assays
	3.4.3. Cerebral blood flow measurement
	3.4.4. Blood pressure measurement
	3.4.5. Tissue collection and sampling
	3.4.6. PGE2 and 11,12-EET level determination
	3.4.7. Section preparation and staining

	3.5. Exp 4: Isolation of MS-PPOH’s effects in young, naïve Long-Evans rats
	3.5.1. Treatment
	3.5.2. Cognitive assay
	3.5.3. Cerebral blood flow measurement
	3.5.4. Blood pressure measurement
	3.5.5. Tissue collection and sampling
	3.5.6. 11,12-EET level determination

	3.6. Exp 5: Conditioned taste aversion (CTA) testing in aged rats to investigate possible gastrointestinal malaise effects
	3.7. Statistical evaluation

	4. Results
	4.1. Exp 1:  Dose-finding and protocol optimization in young, naïve Hannover Wistar rats
	4.2. Exp 2: Further dose refinement in young, naïve Wistar rats with expanded cognitive testing
	4.3. Exp 3: Validation in aged, experienced Long-Evans rats to assess translational relevance
	4.4. Exp 4: Isolation of MS-PPOH’s effects in young, naïve Long-Evans rats
	4.5. Exp 5: Conditioned taste aversion (CTA) testing in aged rats to investigate possible gastrointestinal malaise effects

	5. Discussion
	6. Conclusions
	7. Summary
	8. References
	9. Bibliography of the candidate’s publications
	10. Acknowledgements


