& International Journal of
) Translational Medicine

Article

Chronic Inhibition of Nitric Oxide Synthases Impairs
Spatiotemporal Learning and Memory to a Similar Extent in
C57BL/6 and hAPP23+/— Mice

Jhana O. Hendrickx 10, Elke Calus 2, Peter Paul De Deyn 2,30, Debby Van Dam 2,3
and Guido R. Y. De Meyer 1*

check for
updates

Citation: Hendrickx, J.O.; Calus, E.;
De Deyn, P.P.; Van Dam, D.; De
Meyer, G.R.Y. Chronic Inhibition of
Nitric Oxide Synthases Impairs
Spatiotemporal Learning and
Memory to a Similar Extent in
C57BL/6 and hAPP23+/— Mice. Int.
J. Transl. Med. 2023, 3, 516-526.
https://doi.org/10.3390/
ijtm3040036

Academic Editor: Francesco Fornai

Received: 25 September 2023
Revised: 27 November 2023

Accepted: 12 December 2023
Published: 14 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laboratory of Physiopharmacology, University of Antwerp, Wilrijk, 2610 Antwerp, Belgium
Laboratory of Neurochemistry and Behaviour, Experimental Neurobiology Unit, Wilrijk,

2610 Antwerp, Belgium; elke.calus@uantwerpen.be (E.C.); peter.dedeyn@uantwerpen.be or
p-p-de.deyn@umcg.nl (P.P.D.D.); debby.vandam@uantwerpen.be (D.V.D.)

Department of Neurology and Alzheimer Center Groningen, University Medical Center Groningen,
University of Groningen, 9713 AV Groningen, The Netherlands

*  Correspondence: guido.demeyer@uantwerpen.be

Abstract: Due to global population growth, age-related disorders like cardiovascular disease and
dementia are anticipated to increase. Recent data suggests a connection between cardiovascular
disease and neurodegeneration, especially focusing on arterial stiffness (AS) and Alzheimer’s disease
(AD). In light of this, we conducted a study to explore the impact of long-term nitric oxide synthase
(NOS) isoform inhibition, which leads to AS, on neurobehavioral performance. We also compared
these effects in an AD model and control mice. C57BL/6 and hAPP23+/— mice (an established AD
model) were given 0.5 mg/mL N(G)-Nitro-L-Arginine Methyl Ester (L-NAME) in their drinking
water for 16 weeks. Our findings indicate that chronic non-selective NOS inhibition increased AS and
reduced spatiotemporal learning and memory in both C57BL/6 and hAPP23+/— mice. These effects
were consistent across both groups, emphasizing the role of neuronal NOS (nNOS) in cognitive aging,
regardless of genetic predisposition to AD.
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1. Introduction

In the past, cardiovascular disease and neurodegeneration were traditionally regarded
as distinct medical conditions, categorized based on well-established clinical criteria. How-
ever, recent epidemiological research has challenged this notion by uncovering shared
mechanisms between these two pathological conditions. Particularly, arterial stiffness (AS)
has emerged as a significant risk indicator for brain aging and the onset of Alzheimer’s
disease (AD) [1-3]. AS plays a pivotal role in transmitting cardiac pulsations to the brain.
Given the brain’s intricate microvascular network, it not only exhibits low resistance but
also sustains continuous exposure to pulsatile pressures and mechanical forces from the
heart [4]. It is widely accepted that an increase in pulse wave velocity (PWV), an in vivo
AS marker, is associated with AD-related symptoms, including accelerated cognitive de-
cline, alterations in psychomotor speed, and difficulties in semantic fluency and verbal
learning [1,2,5]. Additionally, imaging-based studies conducted in both symptomatic and
asymptomatic individuals have highlighted the link between elevated PWV measurements
and structural brain changes such as cerebrovascular damage, increased amyloid-f3 (Af)
burden, and cerebral amyloid angiopathy [6-9].

While the growing body of epidemiological evidence suggests a mechanistic overlap,
it is essential to acknowledge its correlational nature, emphasizing the imperative need
for more targeted research. In this context, animal models of arterial stiffness serve as
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valuable tools for investigating the causal mechanisms that connect these two pathological
conditions.

Previous research findings strongly support the pivotal role of nitric oxide (NO), partic-
ularly neuronal nitric oxide synthase (nNOS), in the pathophysiology of both cardiovascular
and neurological conditions. These contributions are significant in understanding the con-
vergence between AS and the acceleration of brain aging [10]. NO is well-established in the
contexts of AS [10,11] and AD [12-14], primarily due to its involvement in nitro-oxidative
stress. The connection between AS and AD has largely been associated with maintain-
ing blood-brain barrier integrity [15,16] and the role of endothelial NO in amyloidogenic
processing of amyloid precursor protein (APP) within human and rodent cerebrovascula-
ture [14,17]. However, the precise role of NO in the mechanistic interplay between AS and
AD remains a topic of debate, necessitating further research to arrive at a more conclusive
understanding. In this study, our objective was to further investigate the impact of AS
induction through chronic non-selective inhibition of all NOS activity on the progression of
AD in a well-characterized humanized heterozygous APP overexpressing (hAPP23+/—)
mouse model.

2. Materials and Methods
2.1. Experimental Set-Up

All male mice were housed in standard mouse cages with a maximum of eight animals
per cage, following conventional laboratory conditions. These conditions included a
constant room temperature of 22 + 2 °C, humidity maintained at 55 = 5%, and a 12-h
artificial day/night cycle with lights on at 8 a.m. Food and water were available ad libitum.
To achieve NOS inhibition, male hAPP23+/— mice [18] (control n = 9; treated n = 6) and
their C57BL/6 littermates (control n = 10; treated n = 6) were provided with drinking
water containing 0.5 mg/mL of N(G)-Nitro-L-Arginine Methyl Ester (L-NAME) starting
at 8 weeks of age and continued for 16 weeks. This regimen aimed to achieve partial
inhibition of eNOS (endothelial nitric oxide synthase) activity in the aortic vessel wall,
using a lower L-NAME dosage compared to previous studies [19,20]. The animal selection
was randomized within each experimental subgroup. To monitor L-NAME intake, the
drinking bottles were weighed at the beginning and end of each week, and the L-NAME
drinking water was replenished accordingly. The average L-NAME intake for treated mice
over the 16-week treatment period was 3.3 £ 0.3 mg per day per animal.

A two-week experimental series followed 15 weeks of L-NAME treatment. In the first
week, during the 15th week of treatment, spatial learning and memory were assessed using
the Morris Water Maze (MWM) test. In the second week, corresponding to the 16th week
of treatment, blood pressure and echocardiographic analyses were performed. At week 16,
the mice were euthanized under deep anesthesia with sodium pentobarbital (250 mg/kg,
i.p. [21]) to allow ex vivo assessment of arterial stiffness and histological analysis of cerebral
amyloidosis. The experiments were approved by the Animal Ethics Committee of the
University of Antwerp (ECD approval n® 2017/53) and were conducted in accordance with
the U.K. Animals (Scientific Procedures) Act, 1986, along with associated guidelines, and
EU Directive 2010/63/EU for animal experimentation. Furthermore, these experiments
were conducted in compliance with the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) Guidelines [22].

2.2. Spatiotemporal Learning and Memory

At 6 months of age, all animal groups were assessed for spatiotemporal learning
and memory, including C57BL/6, L-NAME treated C57BL/6, hAPP23+/—, and L-NAME
treated hAPP23+/—, using the MWM test [23,24]. This test involved a 150 cm diameter
circular pool, 30 cm high, filled with opaque water at 25 °C. Visual cues were strategically
placed around the pool. The MWM test had two main phases: the acquisition phase and
the probe trial. Over 4 days, the acquisition phase included two daily trial blocks with
four trials each, conducted at 10:30 a.m. and 03:00 p.m., with a 15-min inter-trial interval.
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Mice had to find a submerged platform within 120 s. In case they did not, they were
guided to the platform and stayed for 15 s before returning to their home cage. The starting
positions varied randomly. Four days after the acquisition phase, the probe trial took
place. The platform was removed, and the mice were released in a fixed quadrant position.
Their swimming paths were recorded for 100 s. A computerized video-tracking system
(Ethovision, Noldus, The Netherlands) recorded data, including path length, escape latency,
swimming speed, and the percentage of time spent in each quadrant during the acquisition
phase to assess spatial accuracy. Importantly, experimenters were blinded to the genetic or
treatment status of the mice throughout these trials.

2.3. Blood Pressure Measurements

Peripheral blood pressure was non-invasively measured using the CODA tail-cuff
blood pressure system (KENT Scientific CO., Torrington, CT, USA), following previously
established procedures [25]. The mice were gently secured in a plexiglas holder, and occlu-
sion and volume pressure cuffs were carefully placed around the tail. The voltage output
from both cuffs was systematically recorded and subsequently analyzed using a PowerLab
signal transduction unit in conjunction with associated graph software (ADInstruments,
Oxford, UK). To enhance measurement reliability and minimize any potential discomfort
to the animals, blood pressure readings were obtained two days prior to the main measure-
ment, with the actual measurements being conducted on the third day. Each measurement
session comprised 15 cycles, taking approximately 15 min per animal. The reported values
represent the mean values obtained on the third day.

2.4. Echocardiography and PWV Measurements

Echocardiography and PWV measurements were performed using a high-resolution
digital imaging system (Vevo® 2100 Imaging System, FUJIFILM Visual Sonics Inc., Toronto,
ON, Canada). A high-frequency transducer probe (Visual Sonics MS500D, FUJIFILM
Visual Sonics, Inc., Toronto, Canada) with a frequency range of 18-38 MHz was used to as-
sess systolic and diastolic heart function in mice. Mice were anesthetized and placed
on a preheated platform in a supine position to maintain their body temperature at
36-38 °C. Body temperature was monitored using an anal thermometer probe and isoflu-
rane concentrations were adjusted to maintain heart rate at 500 = 50 bpm. Systolic left
ventricular dimensions were measured using short-axis M-mode images and used to cal-
culate fractional shortening (FS%) and ejection fraction (EF%). Diastolic cardiac function
was assessed using color and pulse wave Doppler recordings of the trans-tricuspid flow.
Cardiac parameters were reported as the mean of three consecutive M-mode and/or pulse
wave Doppler images. PWV measurements of the abdominal aorta (aPWV) were performed
on anesthetized mice using a 24-MHz transducer (Visual Sonics MS400, FUJIFILM Visual
Sonics, Inc., Toronto, Canada) and the method developed by Di Lascio et al. [26]. B-mode
images of the abdominal aorta were obtained to measure aortic diameter (D) and pulse
wave Doppler tracing was used to measure aortic flow velocity (V). The slope of the linear
part of the resulting In(D)-V loop was used to calculate PWV values using Matlab v2014
(Mathworks, Natick, MA, USA). Body temperature was maintained at 36-38 °C and heart
rates were kept at 500 & 50 bpm by adjusting isoflurane concentrations.

2.5. Rodent Oscillatory Tension Set-Up for Arterial Compliance (ROTSAC)

After the mice were humanely killed, the thoracic aorta was removed and cleared of
surrounding tissue. The descending thoracic aorta was cut into six 2 mm segments, starting
2 mm distal to the aortic arch, for vascular reactivity and stiffness analyses. These segments
were placed in Krebs Ringer solution and aerated with a 95% O, /5% CO; gas mixture to
maintain pH at 7.4. Aortic segments were mounted in organ baths filled with KR solution
and diameter and transmural pressure were estimated using the Laplace relationship.
Force and displacement were measured with a force-length transducer connected to a
data acquisition system. The Peterson Modulus (Ep) was calculated using the formula
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Ep = D0 x (AP/AD), where AD is the difference between systolic and diastolic diameter,
AP is the pressure difference of 40 mmHg, and DO is the diastolic diameter. A pulse
pressure difference of 40 mmHg was applied at a frequency of 10 Hz, corresponding to a
physiological heart rate of 600 bpm in mice. Measurements took an average of 5-10 min.

2.6. Histology

Brain tissue was collected and fixed in a 4% formalin solution for 24 h. The tissue was
then dehydrated using 60% isopropanol and embedded in paraffin. Serial cross-sections of
the hippocampal and cortical brain tissue were prepared for histological analysis. The slides
were deparaffinized by transferring them through 100% alcohol twice for 3 min, followed
by 95%, 70%, and 50% alcohol for 3 min each. Endogenous peroxidase activity was blocked
by incubating the sections in a 3% hydrogen peroxide solution in methanol for 10 min. The
slides were then rinsed twice in PBS for 5 min and subjected to antigen retrieval using 88%
formic acid for 20 min at room temperature. The tissue sections were then treated with a
primary antibody against 3-amyloid, diluted 1:200, and incubated at 4 °C overnight. The
following day, the slides were washed twice in PBS for 5 min and a biotinylated secondary
antibody was added to the sections, followed by incubation in a humidified chamber at
room temperature for 30 min. The slides were then washed twice in PBS for 5 min and
streptavidin-HRP conjugates were added to the sections for 30 min in a humidified chamber
at room temperature, protected from light. The slides were then washed twice in PBS for
5 min and a freshly made diaminobenzidine solution was applied to the sections. The slides
were then washed twice in PBS for 5 min, counterstained with hematoxylin for 1-2 min,
washed in running tap water for more than 15 min and dehydrated through four changes
of alcohol (95%, 95%, 100%, and 100%) for 5 min each before being mounted. Microscopic
images were obtained using an Olympus BX4 microscope with Universal Grap 6.1 software
and quantified using Image] software. Cerebral amyloidosis was analyzed by measuring
the percentage area fraction of positively stained hippocampal and cortical (parietal and
occipital cortex) microscopic images.

2.7. Statistical Analysis

The data are presented as the mean + standard error of the mean unless other-
wise specified. A factorial analysis of variance (ANOVA) was conducted with the fac-
tor’s ‘treatment’, ‘genotype’, and the interaction between ‘treatment” and ‘genotype’. A
p-value of less than 0.05 was considered statistically significant. For the MWM probe trial,
statistics were calculated using a factorial ANOVA with the factors ‘Quadrant x treatment’,
‘Quadrant x genotype’, and the interaction between ‘Quadrant X treatment x genotype’, as
well as via Dirichlet distributions, as previously described [27]. The statistical analyses used
are indicated in the figure legends and were performed using GraphPad Prism software
(v. 8.0.0 for Windows, GraphPad Software, San Diego, CA, USA).

3. Results
3.1. L-NAME Treatment Does Not Affect Peripheral Blood Pressure

No effect of L-NAME treatment, genotype, and the combined effect of the L-NAME
treatment and genotype could be observed for systolic (Figure 1A), diastolic (Figure 1B)
and pulse pressure measurements (Figure 1C) in both hAPP23+/— and C56BL/6 mice.
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Figure 1. Peripheral blood pressure measurements. (A). Systolic blood pressure (SBP), (B). diastolic
blood pressure (DBP) and (C). pulse pressures (PP) of (non)treated hAPP23+/— mice (control:
n =9; treated: n = 6) and respective C57BL/6 littermates (control: n = 10; treated: n = 6). Factorial
ANOVA for the factor’s “Treatment’, ‘Genotype” and ‘“Treatment x Genotype’. Non-significant results
are indicated as 'ns’. Data are presented as mean + SEM.
3.2. L-NAME Treatment Affects Systolic Cardiac Function in hAPP23+/— and C57BL/6 Mice
Echocardiography revealed signs of hypertrophic cardiomyopathy in L-NAME treated
hAPP23+/— and C57BL/6 mice through a tendency toward increased left ventricular inner
diameters (LVID) and left ventricular posterior wall thicknesses (LVPW) and decreased
ejected left ventricular (LV) volumes (Table 1). In addition, trends toward increased left
ventricular EF and FS measurements were observed (Table 1). L-NAME treatment did
not affect diastolic heart function. However, L-NAME treated hAPP23+/— mice showed
increased isovolumetric retention time (IVRT) measurements compared to (un)treated
C57BL/6 animals (Table 1).
Table 1. Systolic and diastolic echocardiographic analysis. The p-value columns indicate the factorial
effect of ‘treatment’, ‘genotype’ and ‘treatment x genotype’ as calculated with a Factorial ANOVA
(*p<0.05,* p <0.01, **** p < 0.0001) with a Tukey post-hoc test for differences between control and
L-NAME groups per genotype. Non-significant results are indicated as ‘ns’. Data are presented as
mean + SEM. IVS,d = inner ventricular septum thickness during diastole, LVID,d = left ventricular
inner diameter during diastole, LVPW,d = left ventricular posterior wall thickness during diastole,
LV mass/BW = left ventricular mass corrected for body weight, EF = ejection fraction, FS = fractional
shortening, E/A = peak velocity blood flow in early diastole (E) to peak velocity flow in late diastole
(A), E/E’ = mitral peak velocity of early filling (E) to early diastolic mitral annular velocity (E’),
IVRT = isovolumetric retention time.
C57BL/6 hAPP23+/~
Control L-NAME Control L-NAME
(n =10) (n=6) n=9) (n=6) Ptreatment Pgenotype ptreatmentxgenotype
Heart weight (mg) 144 + 4 155 £ 7 154 £ 8 138 £ 4 ns ns *
Heart weight (%) 05+0.1 0.6 £0.1 05+0.1 0.5+0.1 ns ns ns
IVS,d (mm) 1.0+ 0.1 1.0£0.1 1.0+0.1 1.0£0.1 ns ns ns
LVID,d (mm) 34+01 3.0+£0.2 34+01 32+02 0.06 ns ns
LVPW,d (mm) 1.1+0.1 1.3 £0.1 09 +0.1 1.0£0.1 0.08 ** ns
LV mass (mg) 125+7 134 + 12 127 £7 122 + 11 ns ns ns
LV mass/BW (10~3) 44+03 49+04 45+02 47+04 ns ns ns
LV volume,d (p1L) 48 +4 37+4 49+4 43+5 0.06 ns ns
Stroke volume (puL) 39+3 31+4 36 +2 34+3 ns ns ns
EF (%) 75+t 4 86 £ 3 75+3 80+3 0.05 ns ns
FS (%) 45+ 4 54+4 43+ 2 48+3 0.06 ns ns
E/A (none) 1.6 £0.1 1.5+0.2 14+01 1.3+0.1 ns ns ns
E/E’ (none) 28+5 29 +7 28+ 3 24 +4 ns ns ns
IVRT (ms) 15+1 14+1 20+1 22+2 ns HAXX ns
Deceleration (ms) 19+2 16 +2 18+2 15+1 ns ns ns
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3.3. L-NAME Treatment Affects AS In Vivo and Ex Vivo in hAPP23+/— and C57BL/6 Mice

A significant effect of the L-NAME treatment was observed in the in vivo and ex
vivo AS assessments by means of significantly increased aPWV and Ep measurements in
both genotypes (Figure 2A,B). More specifically, aPWV measurements of L-NAME treated
animals were significantly increased within each genotypic group (Figure 2A), whereas
only a statistical treatment effect was observed for Ep measurements (Figure 2B).
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Figure 2. Assessment of in vivo and ex vivo AS. (A). In Vivo measurements of aPWV and (B). ex
vivo measurements of Ep over a pressure range of 80-120 mmHg for (non)treated hAPP23+/—
animals (control: n = 9; treated: n = 6) and C57BL/6 littermates (control: n = 10; treated: n = 6).
Factorial ANOVA for the factor’s “Treatment’, ‘Genotype” and “Treatment x Genotype’, *** p < 0.001,

p <0.0001, with a Tukey post-hoc test for differences between (un)treated measurements per

genotype, #i## p < 0.0001. Non-significant results are indicated as ‘ns’. Data are presented as
mean 3 SEM.

3.4. L-NAME Treatment Worsens Spatiotemporal Learning and Memory Equally in hAPP23+/—
and C57BL/6 Mice

A significant effect of the L-NAME treatment and the percentual presence of tested
animals in each MWM quadrant was noticeable for hAPP23+/— and C57BL/6 animals,
whereby L-NAME treated animals knew a more randomized presence in the MWM com-
pared to untreated controls (Figure 3A). This finding was also observed after Dirichlet
analysis of the MWM probe trial performances revealing a more randomized presence of
L-NAME treated hAPP23+/— and C57BL/6 animals (Figure 3B).

A B C57BL6 C57BL/6 hAPP23"" hAPP23*
Treatment: ** control L-NAME control L-NAME
60 Genotype: ns Poiicnet = 1.7€ = 09 (++) Powichier = 0.00031 (+++) Poiicniet = 5.38 = 09 (***) Poichies = 0.00049 (++*)
o Treatment x Genotype: ns == C57BLS6, control
B == C57BL/6, L-NAVE 1
=~
> 40- == hAPP23", control
g_ === hAPP23"", L-NAME
RS
Py R
£ 20+
= N
9 N
: Al
N
T T

0- R R 44% 31% 34% 35% 47% 27% 4% 37%
T T 179\A2 9% 19% A‘112% 17% AQg% 1% AQ11%
Target Adjacent Adjacent Opposite -
NE SE NwW Sw
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Figure 3. MWM probe trial results. (A). MWM probe trials of (un)treated hAPP23+/— ani-
mals (untreated: n = 9; treated: n = 6) and C57BL/6 littermates (untreated: n = 10; treated:
n = 6). Factorial ANOVA for the factor’s ‘Quadrant x treatment’, ‘Quadrant x genotype’,
‘Quadrant x treatment x genotype’, ** p < 0.01, *** p < 0.001. Non-significant results are indicated
as ns’. Data are presented as mean + SEM. (B). Statistical Dirichlet distributions of probe trial
performances per tested group. Dirichlet distributions were calculated as previously described [27].
Each column represents the probe trial performance of a single animal and each color represents a
different quadrant. Mean values for the fraction of time spent in each quadrant are represented by a
dotted line with respective error bars for SEM. Average percentages of time spent in each quadrant
are represented in pie charts beneath the calculated heatmap of each group.
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3.5. L-NAME Treatment Does Not Affect Cerebral Amyloid Load in hAPP23+/— Animals

Cerebral amyloidosis was assessed via histological analysis of the ventral cerebral
hippocampus and cortex of all animals. Overall, the L-NAME treatment did not result
in a significantly increased amyloid load in both the ventral hippocampus (Figure 4A)
and cortex of hAPP223+/— mice (Figure 4B). A decreased trend could be observed in the
ventral cerebral cortex for L-NAME treated hAPP223+/— mice compared to untreated
hAPP223+/— mice, which the authors attribute to the large distribution of data points.
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Figure 4. Histological assessment of cerebral amyloidosis in (A). the ventral hippocampus and (B).
ventral cerebral cortex of un-treated and L-NAME treated hAPP223+/ — (untreated: n = 6; treated:
n = 6) and C57BL/6 (untreated: n = 6; treated: n = 6) brains. Factorial ANOVA for the factor’s
‘Treatment’, ‘Genotype’, “Treatment x Genotype’, **** p < 0.001. Non-significant results are indicated
as ‘ns’. Data are presented as mean + SEM. Scale bars indicate 100 um.

4. Discussion

In the current study, the assessment of in vivo and ex vivo AS revealed a significant
increase in aPWV and Ep values in L-NAME-treated mice. These findings are consistent
with prior research in rodent models of NO dysfunction [28,29] and align with observations
in patients where treatment with an NOS messenger RNA activator led to improvements
in AS [30]. Additionally, we observed indications of hypertrophic cardiomyopathy in the
L-NAME-treated C57BL/6 and hAPP23+/— mice. Notably, L-NAME treated hAPP23+/—
mice exhibited a substantial increase in IVRT measurements when compared to (un)treated
C57BL/6 animals. These results underscore the crucial role of NOS activity in regulating
both AS and cardiac function.

The impact of L-NAME on hippocampal-dependent spatiotemporal learning and
memory was assessed using the MWM test in both C57BL/6 and hAPP23+/— mice. Our
findings revealed a significant decline in learning and memory performance in both groups



Int. |. Transl. Med. 2023, 3

523

after 16 weeks of L-NAME treatment, highlighting the pivotal role of nNOS in cardiovascu-
lar and neurological pathophysiology. This neurobehavioral effect was similarly observed
in hAPP23+/— mice. However, we did not detect a significant increase in amyloid load in
the brains of hAPP23+/ — mice following L-NAME treatment. It is important to note that
data variability was notable in both hippocampal and cortical tissue samples of hAPP23+/ —
mice, likely due to the relatively small sample size. We acknowledge this as a limitation
and stress the need for more comprehensive studies on cerebral amyloidosis resulting from
L-NAME treatment. Nevertheless, similar findings were obtained in a hybrid AD murine
model (APPSwDI/NOS2—/—), which displayed impaired spatial memory compared to
APPSwDI mice but had unaltered cerebral A levels. Additionally, APPSwDI/NOS2—/—
mice exhibited extensive tau pathology associated with regions of dense microvascular
amyloid deposition [31]. Other research has also demonstrated increased cerebrovascular
A in 18-month-old eNOS+/ — mice [14], impairment in neurovascular coupling mediated
by a reduction in nNOS activity in vivo [32], and promotion of tau phosphorylation in
neuronal tissue by loss of eNOS [17].

Under normal physiological conditions, nNOS facilitates the synthesis of neuronal NO
from L-arginine. It is important to note that not all neurons express nNOS. In vulnerable
brain regions associated with AD, such as the hippocampus and cortex, nNOS is primarily
found in specific subpopulations of y-aminobutyric acid (GABA)-releasing neurons [33,34].
In these neurons, nNOS plays a role in regulating local blood flow [35], seizures [36],
and epileptiform activities [37]. Under conditions of oxidative stress, where the levels of
its cofactor tetrahydrobiopterin are reduced, nNOS may produce additional superoxide
anions, which can lead to the formation of peroxynitrite [38]. AD-affected brains have
been reported to exhibit decreased levels of tetrahydrobiopterin [39], rendering them more
susceptible to nitro-oxidative stress. Furthermore, neurons expressing nNOS have been
observed to be highly vulnerable to Ap-induced neurodegeneration in various regions of
AD-affected brains [40]. These findings suggest a potential role for nNOS dysregulation
in the degeneration of GABAergic neurons in AD. Nevertheless, the precise molecular
mechanisms underlying this process remain unclear, and further research is essential to
elucidate the role and differences in nNOS activity in GABAergic neurons between healthy
and AD-affected brains.

It is important to acknowledge that L-NAME can penetrate the blood-brain barrier
through arginine transporters expressed at the blood-brain barrier [41]. With a 72% like-
lihood of crossing the blood-brain barrier [42], it is plausible that the cognitive decline
observed in this research following L-NAME treatment could be partially attributed to the
inhibition of nNOS in the brain, irrespective of its impact on AS. Given the relatively low
dose of L-NAME administered to the mice in this study [19,20] and its lower inhibitory
constant (Ki) value for nNOS compared to eNOS and iNOS [43,44], it is probable that
nNOS activity was indeed inhibited in the brain. However, we did not conduct an in-depth
analysis of NO levels or the transcriptional and translational NOS expression in the specific
brain regions studied. Therefore, we suggest conducting more comprehensive studies to
thoroughly assess NO levels, NOS expressions, and total antioxidant levels for a better
understanding of the subject.

5. Conclusions

In conclusion, our findings demonstrate that non-selective inhibition of NOS activity
with L-NAME induces arterial stiffness and a decrease in hippocampal-dependent spa-
tiotemporal learning and memory to the same extent in control and AD mice, highlighting
the importance of nNOS in cognitive aging independent of a genetic AD predisposition.
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