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A B S T R A C T

Nitric oxide (NO) produced by endothelial NO synthase (eNOS) is a key regulator of cerebral blood flow (CBF)
dynamics. Mice with eNOS deficiency (eNOS−/-) display age-related increases in amyloid beta in the brain and
memory deficits, implicating eNOS dysfunction in the neuropathogenesis and/or development of Alzheimer's
disease (AD). The present study systematically investigated behavioural, CBF and brain arginine metabolic
profile changes in male and female wildtype (WT) and eNOS−/- mice at 14 months of age. eNOS−/- mice dis-
played altered behaviour in the Y-maze and open field tests. A real-time microcirculation imager revealed a
significant sex difference in the basal CBF and significantly increased perfusion response to whisker stimulations
in the Barrel cortex in both male and female eNOS−/- mice relative to their sex-matched WT controls. The
treatment of 7-nitroindazole blocked the increased perfusion response to whisker stimulations in eNOS−/- mice.
Neurochemically, the most intriguing changes were markedly reduced glutamine levels in both male and female
eNOS−/- mice in the frontal cortex, hippocampus, parahippocampal region and cerebellum. These findings
demonstrate altered behavioural function, neurovascular coupling and brain arginine metabolism (glutamine in
particular) under the condition of eNOS deficiency, which further supports the role of eNOS dysfunction in the
AD neuropathogenesis.

1. Introduction

Alzheimer's disease (AD) is the most common cause of dementia in
the aged. It is characterised by the neuropathological hallmarks of se-
nile plaques (SPs) and neurofibrillary tangles (NFTs). The most com-
monly held view regarding the primary pathophysiological event in AD
centres on the amyloid cascade hypothesis [1], which states that AD
begins with the assembly and accumulation of amyloid beta (Aβ) de-
rived from the amyloid-β precursor protein (APP). Although the amy-
loid hypothesis has dominated the AD field for over 20 years, every
clinical trial for AD treatment targeting Aβ peptides and amyloids has
failed [2]. A critical question regarding its causality has therefore been
increasingly raised [3]. Recent evidence suggests that chronic cerebral
hypoperfusion due to cerebrovascular endothelial dysfunction during
advanced aging leads to an energy crisis that may trigger the neuro-
degenerative processes in AD [3–5]. In AD brains, there are reduced
resting cerebral blood flow (CBF), vascular anatomical defects and
impaired blood brain barrier function, which could contribute to the
accumulation and faulty clearance of Aβ [6].

There is a growing body of evidence implicating altered metabolism

of L-arginine in the pathogenesis of AD [4,7–11]. L-arginine is a semi-
essential amino acid with a number of bioactive metabolites (Fig. 1)
[12]. Nitric oxide (NO) is a gaseous signaling molecule produced by
nitric oxide synthase (NOS) [13]. It has been well documented that NO
derived from neuronal NOS (nNOS) plays an important role in neuro-
transmission, synaptic plasticity and learning and memory [14–16],
whereas endothelial NOS (eNOS)-derived NO is a major regulator of
CBF, hence a key player in the cerebrovascular dynamics [17]. Due to
its nature as a free radical, however, an excessive amount of NO, par-
ticularly that derived from inducible NOS (iNOS), is neurotoxic and
leads to neurodegeneration [7,18]. It has been shown that AD brains
have reduced eNOS expression in cerebral vessels and virtually no
eNOS expression in many small and medium-sized leptomeningeal,
cortical, and white matter vessels [19]. Moreover, SPs and NFTs are
associated with reduced capillary expression of eNOS [20,21]. Con-
trarily, Luth and colleagues found similar eNOS expression in en-
dothelial cells and astrocytes of normal and AD brains, but increased
immunoreactive intensity of eNOS-positive astrocytes that was asso-
ciated with SPs in the AD cases [22,23]. We have recently determined
AD- and age-related changes in eNOS protein expression in the
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hippocampus and superior frontal gyrus, and found a dramatic (∼95%)
reduction in the AD cases relative to their age-matched control cases
(mean age 80 years) and lesser (30–70%) reductions in the 80-year
control group when compared to the 60-year control group [7]. These
results demonstrate the presence of eNOS deficiency in AD and ad-
vanced aged brains, and suggest that such age-related eNOS deficiency
may be an early event contributing to later neurodegeneration [8].
Intriguingly, research shows that eNOS-derived NO can directly mod-
ulate the production of Aβ and protect against increases in Aβ [24,25].
Mice with eNOS deficiency (eNOS−/-) display behavioural changes and
memory deficits, altered neuronal p25 (an aberrant activator of the tau
kinase Cdk5), and increased levels of APP, β-site APP cleaving enzyme
1 (BACE1) and Aβ in the brain [26,27]. These findings suggest that loss
of eNOS-derived NO contributes to amyloidogenic processing of APP,
tau phosphorylation and cognitive decline.

The neurovascular unit is a tight network comprising of endothelial
cells, pericytes, smooth muscle cells, glia and neurons, and governs the
coupling of neuronal activity with changes in regional CBF (i.e., neu-
rovascular coupling) [28,29]. Altered neurovascular coupling is pro-
minent in AD, and could be due to decreased demand by the tissue or
inadequacy of the vasculature to provide adequate CBF to activated
areas [30]. Neurovascular coupling is closely linked to glutamatergic
neurotransmission triggered by synaptically released glutamate and
Ca2+ influx [31]. It is currently unclear which isoform of Ca2+-de-
pendent constitutive NOS plays the major role in the neurovascular
coupling response. While reports indicate the participation of nNOS in
transmitting the perfusion response to neuronal stimulus [32,33], eNOS
is involved in cerebral autoregulation that plays a defining role in
modulating vessel dilatation [34].

L-ornithine and agmatine are the metabolites of L-arginine by ar-
ginase and arginine decarboxylase (ADC), respectively (Fig. 1) [12].
They can be metabolized by ornithine decarboxylase (ODC) and ag-
matinase respectively to produce the polyamines putrescine,

spermidine and spermine (Fig. 1), which are essential for maintaining
normal cellular function [35]. L-ornithine can also be channelled to
produce glutamate, which is further metabolized by glutamine syn-
thetase (GS) or glutamic acid decarboxylase to generate glutamine or γ-
aminobutyric acid (GABA) respectively (Fig. 1) [12]. Agmatine is
considered as a putative neurotransmitter, participates in learning and
memory processes and plays a critical role in regulating the production
of NO and polyamines [36–40]. Earlier research has reported altered
arginase, ODC and GS expression and polyamine, glutamate and GABA
tissue concentrations in AD brains [41–45].

Currently AD has no cure and the amyloid cascade hypothesis has
been increasingly challenged [3]. There is therefore an urgent need to
explore other mechanisms that contribute to the disease development.
Chronic cerebral hypoperfusion (largely due to cerebrovascular eNOS
dysfunction) has been suggested to trigger the neurodegenerative pro-
cesses in AD, particularly for the>95% of sporadic late-onset cases
[3,4,46]. Given the evidence implicating altered L-arginine metabolism
in the neuropathogenesis of AD, the present study was designed to
systematically investigate how the brain arginine metabolic profile
changed in male and female eNOS deficient mice at 14 months of age.
Moreover, we also assessed the effects of eNOS deficiency on animals’
general behaviour, CBF and neurovascular coupling (by measuring the
blood perfusion response in the Barrel cortex to whisker stimulation
[33,47]).

2. Material and methods

2.1. Animals

Male and female eNOS−/- (Nos3tm1Unc/J; on the C57BL/6J back-
ground) mice were originally obtained from Jackson Laboratories
(https://www.jax.org/strain/002684) and crossed, resulting in homo-
zygous eNOS−/- mice. Male and female wildtype (WT; C57BL/6J) and
eNOS−/- mice at 14 months of age were group-housed
(13×15×38 cm3) based on sex and genotype, maintained on a 12-h
light/dark cycle (lights on at 8 a.m.) and provided ad libitum access to
food and water. Both male and female WT and eNOS−/- mice were used
in Experiment 1, whereas only males were used in Experiment 2. All
experimental procedures were carried out in accordance with the reg-
ulations of the University of Otago Committee on Ethics in the Care and
Use of Laboratory Animals and New Zealand legislation, and comply
with ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines. Every attempt was made to limit the numbers of animals
used and to minimise suffering.

2.2. Chemicals

7-nitroindazole (7-NI; Sigma Aldrich, New Zealand) was dissolved
in a solution of 40% dimethyl sulfoxide (DMSO) in water and ad-
ministered at a dose of 30mg/kg (0.02 ml/gm) [48,49]. Animals in the
vehicle group received only 40% DMSO solution (0.02 ml/gm). The
solutions were freshly prepared prior to use and administered in-
traperitoneally (i.p.).

2.3. Behavioural tests

In Experiment 1, male and female WT (n=21/sex) and eNOS−/-

(19 males and 14 females) mice were behaviourally tested in the Y-
maze and open field apparatus (Fig. 2A). Behavioural testing was car-
ried out in a windowless room with a video camera mounted on the
ceiling. The extramaze cues (the laboratory furniture, lights and several
prominent visual features on the walls, as well as the location of the
experimenter) were held constant throughout the entire experiment.

Y-maze was a Y-shaped opaque white maze with three open arms at
120° from each other (13×15×38 cm3), elevated approximately
60 cm from the floor. The positions of the arms were kept constant

Fig. 1. L-arginine metabolic pathways. L-arginine is metabolized by nitric oxide
synthase (NOS) to form L-citrulline and nitric oxide (NO), by arginase to pro-
duce L-ornithine and urea, and by arginine decarboxylase (ADC) to form ag-
matine. Ornithine decarboxylase (ODC) and agmatinase can metabolise L-or-
nithine and agmatine respectively to produce polyamines putrescine,
spermidine and spermine. L-ornithine can also be channeled to form glutamate,
glutamine and GABA. The urea cycle is comprised of carbamyl phosphate
synthetase-I (CPS-I), ornithine transcarbamylase (OTC), argininosuccinate
synthetase (ASS), argininosuccinate lyase (ASL) and arginase to dispose of toxic
ammonia (NH3) in the non-toxic form of urea (indicated by red arrows). In
normal adult brains, the urea cycle is incomplete (hence inactive) due to the
lack of OTC. Under physiological conditions, brain ammonia is metabolized to
glutamine by glutamine synthetase (GS). Abbreviations: eNOS, endothelial ni-
tric oxide synthase; GABA, γ-aminobutyric acid; iNOS, inducible NOS; nNOS,
neuronal NOS.
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between animals and groups during the test, with each arm being la-
belled either A, B or C. Each animal was placed at the centre of the
maze facing the same arm and allowed to explore the maze for 7min.
The order of the test was counterbalanced between the four genotype
and sex groups. Animals’ behaviour was recorded and analyzed offline
by a computerized tracking system (TopScan). The number and the
sequence of arm entries were recorded. An arm entry was scored when
all four paws were in an arm. Alternation behaviour was defined as
consecutive entries into all three arms (i.e., ABC, CAB, or BCA but not
BAB) [50,51]. The percentage of spontaneous alternation was measured
as an index of working memory by calculating the ratio of the actual
number of alternations to the possible number (defined as the total
number of arm entries minus two) multiplied by 100, i.e., % alterna-
tion= [(number of alternations)/(total number of arm entries -
2)]× 100 [52]. The total number of arm entries was measured as an
index of locomotor activity.

The open field was an experimental chamber made of opaque white
high density plastic, measuring 40× 40 cm2 with walls 20 cm high. The
box was set up next to the Y-maze and elevated approximately 60 cm
from the floor, and animals’ general behaviour was then assessed. Each
animal was placed into the chamber at the same position and allowed to
explore the apparatus freely for 5min. Again, the order of the test was
counterbalanced between the four genotype and sex groups. Animal
behaviour was recorded and analyzed offline using TopScan. The total
path length travelled, duration of rearings and % time spent in the outer
(10 cm from the wall) and inner (central 20 cm2) zones were analyzed

[38,53,54].

2.4. CBF and neurovascular coupling

In Experiment 1, following a 10 day washout period after beha-
vioural testing, baseline CBF and neurovascular coupling were mea-
sured in a subset of male and female WT and eNOS−/- mice (n=8–9/
genotype/sex) used for the behavioural testing (Fig. 2A). CBF was
measured using a real-time microcirculation imager (PeriCam PSI HR
system, Perimed, Sweden), which operates on the Laser Speckle Con-
trast Analysis Technology (LASCA) and measures blood perfusion in
arbitrary Perfusion Units (PU). Mice were anesthetized with isoflurane
(4% for initiation and 2% for maintenance) and positioned on a ste-
reotaxic apparatus where body temperature was maintained at 37 °C
using a heating pad. A mid-line incision was made to expose the skull
and the imager was positioned approximately 10 cm above the brain
surface. Baseline perfusion was recorded for 10min, followed by five
30-s bilateral whisker stimulations using electric toothbrushes with a
90-s inter-stimulation interval [55,56] and a further 10-min recording
after the final whisker stimulation (Fig. 2A).

In Experiment 2, the contributions of nNOS to basal CBF and neu-
rovascular coupling were investigated in a separate set of 14 months old
male WT (n=7/treatment group) and eNOS−/- (n= 6/treatment
group) mice. After the stable baseline perfusion was obtained, animals
were given either 7-NI (30mg/kg, i.p.) or vehicle (40% DMSO, i.p.)
followed by a further 30-min recording. Five 30-s bilateral whisker

Fig. 2. Experimental timelines. In Experiment 1 (A),
male and female wildtype (WT) and eNOS deficient
(eNOS−/-) mice were tested in the Y-maze and open
field, followed by the determinations of the cerebral
blood flow (CBF) and neurovascular coupling (NVC;
the CBF response to whiskers stimulations) and brain
tissue collection. Examples of western blots showing
the presence and absence of eNOS protein at 140 kDa
in male and female WT and eNOS−/- mice respec-
tively, with the corresponding β-actin bands. In
Experiment 2 (B), male WT and eNOS−/- mice were
treated with 7-nitroindazole (7-NI) and vehicle fol-
lowed by the determinations of the CBF and NVC and
brain tissue collection.

A. Hariharan, et al. Nitric Oxide 87 (2019) 60–72

62



stimulations were given 30min post-treatment, and the whisker sti-
mulation procedure was the same as described above. A further 10-min
recording was conducted after the final whisker stimulation (Fig. 2B).

In order to determine the neurovascular coupling response, the
Barrel cortex area in each hemisphere was selected as region of interest
for each recording on the Pimsoft software (Perimed, Sweded). Change
in perfusion response for each stimulation was calculated as a percen-
tage of baseline perfusion, and mean of all 5 stimulations was calcu-
lated.

2.5. Tissue collection and preparation

All animals in both experiments were euthanized with pentobarbital
(15mg/ml at a dose of 100mg/kg), and brains were rapidly removed
and left in cold saline (4 °C) for at least 45 s. The frontal cortex (FC),
whole hippocampus (HPC), parahippocampal region (PHR) and cere-
bellum (CE) were dissected freshly on ice from each hemisphere
[51,53,57–60]. The brain tissue samples harvested from one hemi-
sphere were weighed, homogenised in ice-cold 10% perchloric acid
(∼50mg wet weight per ml) and centrifuged at 10,000 g for 10min to
precipitate protein. The perchloric acid extracts (supernatants) were
then stored at −80 °C until the high performance liquid chromato-
graphic (HPLC) and liquid chromatography/mass spectrometric (LC/
MS) assays. The FC, HPC and CE samples from the other hemisphere
were snap-frozen and stored at −80 °C for the enzyme assay and wes-
tern blotting. In Experiment 1, the brain tissue samples from WT and
eNOS−/- mice with (n= 4/genotype/sex group) and without (n= 4/
genotype/sex group) CBF tests were used for the following neuro-
chemical assays in order to rule out any procedural effects (such as
surgery and isoflurane) on neurochemistry.

2.6. NOS assay

At the time of the protein assay, protease-inhibitory buffer (con-
taining 50mM Tris-HCL (pH 7.4), 10 μM phenylmethylsulfonyl
fluoride, 15 μM pepstatin A and 2 μM leupeptin) was added to each
brain tissue sample on ice. The samples were then homogenised and
centrifuged at 12,000 g for 10min at 4 °C. Protein concentration in the
supernatant was determined using the Bradford method [61]. Each
supernatant was then separated into three parts and used for total NOS
assay, iNOS assay and Western blot, respectively.

We employed a radioenzymatic assay technique to analyse NOS
activity by measuring the ability of tissue homogenates to convert [3H]
L-arginine to [3H] L-citrulline in the presence of co-factors as detailed in
our previous publications [8,51,53,57,58,60,62–67]. The contribution
of iNOS (calcium-independent) to total NOS activity was assessed in the
absence of calcium. All assays were performed in duplicate, and the
samples from the WT and eNOS−/- groups were counter-balanced. NOS
activities were expressed as pmol [3H] L-citrulline/30min/mg protein.

2.7. Western blot

The protein expression of nNOS, iNOS, eNOS and β-actin in each
sample was determined using western blots. The protein concentration
in all the samples was equalized to 1mg/ml. Brain tissue homogenates
were mixed with gel loading buffer (containing 50mM Tris–HCl, 10%
SDS, 10% glycerol, 10% 2-mercaptoethanol and 2mg/ml bromophenol
blue) in a ratio of 1:1 and then boiled for 5min. 10 μL of each sample
was loaded in each well on a Bis-Tris Criterion gel (Bio-Rad), and the
loading order was counter-balanced between the samples from the four
genotype/sex groups for each brain region. Pre-stained protein markers
(Bio-Rad) were always run on the same gel [8,58,62,68]. The proteins
were allowed to transfer overnight to nitrocellulose membrane (Bio-
Rad). The membranes were blocked by incubation in blocking buffer
(Bio-Rad) for 6 h, and then incubated with primary polyclonal rabbit
antibody raised against iNOS (1:1000, Santa Cruz Biotechnology, sc-

651) or monoclonal mouse antibodies raised against eNOS (1:1000, BD
Biosciences, 610297) or nNOS (1:5000, Santa Cruz Biotechnology, sc-
5302) or β-actin (1:200,000, Santa Cruz Biotechnology, sc-47778),
overnight at 4 °C. The membranes were then probed with IRDye®

680RD Goat anti-Mouse IgG antibody or IRDye® 800 CW Donkey anti-
Rabbit IgG antibody (1:10,000, LI-COR Biosciences) for 4 h. Detection
was performed using Odyssey® CLx Imager (LI-COR, Lincoln, Nebraska,
USA). Signals were quantified with Odyssey CLx Image Studio software
(LI-COR Biosciences) and normalized by the corresponding β-actin
loading controls [8,60,62].

2.8. Amino acid and polyamine analyses

The brain tissue concentrations of amino acids (L-arginine, L-ci-
trulline, L-ornithine, glutamate, glutamine and GABA) and the poly-
amines spermidine and spermine were quantified by HPLC, while ag-
matine and putrescine levels were measured by a highly sensitive LC/
MS/MS method [8,51,57,58,60,62,69]. High-purity external and in-
ternal standards were used (Sigma, Sydney, Australia). All other che-
micals were of analytical grade. The samples from both male and fe-
male WT and eNOS−/- mice were assayed at the same time in a
counterbalanced manner, and the experimenters were blind to the
grouping information. The assays were performed in duplicate. The
concentrations of L-arginine and its eight downstream metabolites in
the tissue were calculated with reference to the peak area of external
standards, and values were expressed as μg/g wet tissue
[8,51,57,58,60,62,69].

2.9. Statistical analysis

Data were analyzed using two-way analysis of variance (ANOVA)
followed by post-hoc tests. Statistical analysis was performed using
Graphpad Prism software, and the level of significance was set at
p≤ 0.05 for all comparisons [70].

3. Results

3.1. Animal genotype

In the present study, the genotype of animals was confirmed by the
presence of eNOS protein using western blot. Fig. 2A illustrates a re-
presentative immunoblot of eNOS at 140 kDa in WT, but not eNOS−/-

mice (Experiment 1).

3.2. Behavioural results

Fig. 3 presents the performance of male and female WT and
eNOS−/- mice in the Y-maze and open field tests. For the Y-maze, there
were significant effects of genotype (F(1,71)= 7.98, p= 0.006) and
sex (F(1,71)= 8.35, p=0.005), but not their interaction, in terms of
the total number of arm entries, with more entries in female WT mice
relative to female eNOS−/- mice and male WT mice (all p < 0.05;
Fig. 3A). When % spontaneous alternation was analyzed, there was a
significant effect of sex (F(1,71)= 4.49, p=0.038), but not genotype
or interaction, with an overall pattern of higher values in the males
relative to the females (Fig. 3B).

For the open field, when the path length travelled in the apparatus
was analyzed, there were significant effects of genotype (F
(1,71)= 4.48, P= 0.038) and sex (F(1,71)= 9.55, P=0.0029), but
not their interaction, with the longer path generated by the males and
WT mice relative to the females and eNOS−/- mice respectively
(Fig. 3C). For the duration of rearings, we found a highly significant
genotype effect (F(1,71)= 19.26, P < 0.0001), but not sex or inter-
action, with the shorter duration in male and female eNOS−/- mice
relative to their sex-matched WT controls (all p < 0.05, Fig. 3D). There
were no significant effects of genotype, sex and their interaction in %

A. Hariharan, et al. Nitric Oxide 87 (2019) 60–72

63



time spent in the outer or inner zone (data not shown), with all animals
spending about 70% of the total time in the outer zone.

3.3. CBF and neurovascular coupling

Experiment 1 determined the changes in basal CBF and perfusion
response to whisker stimulation (neurovascular coupling) in the Barrel
cortex of 14-month WT and eNOS−/- mice at both sexes. We found a
significant effect of sex (F(1,39)= 13.57, P=0.0007), but not geno-
type or interaction, in terms of the basal CBF measurement with the
higher value in the females (eNOS−/- mice in particular) relative to the
males (Fig. 4A). When the mean perfusion response over 5 whisker
stimuli against the baseline perfusion was calculated, there was a highly
significant effect of genotype (F(1,29)= 38.02, p < 0.0001), but not
sex or interaction, with the higher responses in eNOS−/- mice relative
to their sex-matched WT mice (Fig. 4B).

Experiment 2 investigated whether nNOS contributed to the main-
tenance of basal CBF and increased perfusion responses in the Barrel
cortex to bilateral whisker stimulations in eNOS−/- mice at 14 months
of age using a selective nNOS inhibitor 7-NI (30mg/kg, i.p.). Since
there was no sex-difference in neurovascular coupling (Experiment 1),
only male WT and eNOS−/- mice were used. Regarding the basal CBF,
there was a significant effect of treatment (F(1,30)= 5.32, p= 0.029),
but not genotype or interaction, with the lower values in 7-NI treated
mice relative to the vehicle treated mice regardless of genotype
(Fig. 4C). When the mean perfusion response in the Barrel cortex over 5
whisker stimuli against baseline perfusion was calculated in each gen-
otype and treatment group, again there was a treatment effect (F
(1,21)= 4.46, p= 0.047), but not genotype or interaction, with sig-
nificantly reduced response in the eNOS−/- 7-NI group relative to the
eNOS−/- vehicle group (Fig. 4D).

3.4. NOS activity and protein expression

Fig. 5A illustrates total NOS activities in the FC, HPC and CE of male
and female WT and eNOS−/- mice at 14 months of age (Experiment 1).
The radioenzymatic assay revealed no significant effects of genotype,
sex and their interaction in the FC and HPC. For CE, there was a sig-
nificant effect of sex (F(1,28)= 15.49, p=0.0005), but not genotype

and interaction, with lower NOS activity in the females relative to the
males regardless of genotype. iNOS activity was undetectable in all
three regions examined.

We further investigated how nNOS and iNOS protein expression
levels changed in the FC, HPC and CE under the condition of eNOS
deficiency using western blot. There were no significant effects of
genotype, sex and their interaction in terms of nNOS protein expression
in all three regions (Fig. 5B). iNOS protein was undetectable in all three
regions of male and female WT and eNOS−/- mice.

3.5. L-arginine and its downstream metabolites

The HPLC and LC/MS assays were employed to quantify the tissue
concentrations of L-arginine and its downstream metabolites in the FC,
HPC, PHR and CE of 14-month WT and eNOS−/- mice at both sexes
(Experiment 1). For L-arginine (Fig. 6A), while no significant effects of
genotype, sex and their interaction were found in the FC, there was a
significant effect of sex (HPC: F(1,28)= 14.11, p= 0.0008; PHR: F(1,
28)= 7.74, p= 0.0096; CE: F(1, 28)= 6.14, p=0.02), but not geno-
type or interaction, with the lower levels in the females relative to the
males regardless of genotype. For L-citrulline (Fig. 6B), we found no
significant effects of genotype, sex and their interaction in the FC and
CE. There was however a significant effect of sex (F(1,28)= 4.36,
P= 0.046), but not genotype or interaction, in the HPC with the higher
levels in male eNOS−/- mice relative to the females. Regarding the PHR,
there was a significant genotype and sex interaction (F(1,28)= 4.34,
P= 0.047), but not genotype or sex effect. For L-ornithine (Fig. 6C), in
the FC and PHR, we observed a significant effect of sex (FC: F
(1,28)= 18.01, p=0.0002; PHR: F(1,28)= 4.99, P= 0.034), but not
genotype or interaction, with the lower levels in the females regardless
of genotype. In the HPC and CE, there were significant effects of gen-
otype (HPC: F(1,28)= 5.59, p= 0.026; CE: F(1,28)= 4.95, p= 0.034)
and sex (HPC: F(1,28)= 25.41, p < 0.0001; CE: F(1,28)= 20.26,
p=0.0001), but not interaction, with the higher levels in male
eNOS−/- mice relative to male WT mice and the female eNOS−/- mice.
Regarding glutamine in all 4 regions (Fig. 6D), there was a significant
effect of genotype (FC: F(1,27)= 11.45, p=0.0022; HPC: F
(1,27)= 9.35, p= 0.005; PHR: F(1,27)= 10.04, p=0.0038; CE: F
(1,27)= 8.45, P= 0.0072), but not sex or interaction, with the lower

Fig. 3. Animals' performance in the Y-maze
and open field. Mean (± SEM) arm entries
(A) and % alternation (B) in Y-maze, and path
length (m) generated (C) and duration of
rearings (s; D) in the open field in male and
female WT (n=21/sex) and eNOS−/- (19
males and 14 females) mice. ∗ indicates a
significant difference between sex-matched
genotype groups at * p < 0.05 and
****p < 0.0001. # indicates a significant
difference between sexes within the same
genotype group at p < 0.05.
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Fig. 4. Mean (± SEM) baseline blood per-
fusion (A; expressed as arbitrary perfusion
units, PU) and change in perfusion in re-
sponse to whisker stimulations (B; ex-
pressed as % of baseline) in the Barrel
cortex of male and female WT and eNOS−/-

mice (n= 8/genotype/sex/group). Mean
(± SEM) baseline blood perfusion (C) and
perfusion responses to whisker stimulations
(D) in the Barrel cortex of male WT and
eNOS−/- mice under the condition of ve-
hicle or 7-nitroindazole (7-NI; 30 mg/kg)
treatment (n = 6–7/genotype/treatment
group). See text for details. * indicates a
significant genotype difference at
****p < 0.0001 (B) or a significant treat-
ment effect at * p < 0.05 (C and D). # in-
dicates a significant sex difference within
the same genotype group at ###p < 0.001
(A).

Fig. 5. Mean (± SEM) total NOS activity (A) and nNOS protein expression (B; with representative nNOS and β-actin blots) in the frontal cortex (FC), hippocampus
(HPC) and cerebellum (CE) of male and female WT and eNOS−/- mice (n=8/genotype/sex group).
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levels in eNOS−/- mice regardless of sex. For both glutamate and GABA,
there were no significant effects of genotype, sex and their interaction
in any regon examined (data not shown). For agmatine (Fig. 7A), we
found significant effects of genotype (F(1,27)= 6.73, p=0.015) and

sex (F(1,27)= 11.05, p=0.0026), but not interaction, in the PHR with
the higher levels in male eNOS−/- mice relative to male WT mice and
female eNOS−/- mice. There were no significant effects at all for the
other three regions. For putrescine (Fig. 7B), we observed a significant

Fig. 6. Mean (± SEM) L-arginine (A), L-citrulline (B), L-ornithine (C) and glutamine (D) levels in the frontal cortex (FC), hippocampus (HPC), parahippocampus
(PHR) and cerebellum (CE) of male and female WT and eNOS−/- mice (n = 8/genotype/sex group). * indicates significant difference between genotypes at *
p < 0.05 or **p < 0.01. # indicates a significant difference between sexes within the same genotype group at #p < 0.05, ##p < 0.01 or ###p < 0.001.
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effect of sex (F(1,28)= 6.20, p= 0.019), but not genotype or interac-
tion, in the PHR with a general trend of lower levels in the females
regardless of genotype, and a significant interaction (F(1,27)= 5.32,
p=0.029) in the CE. There were no significant effects at all in the FC

and HPC. For both spermidine (Fig. 7C) and spermine (Fig. 7D), there
were no significant effects of genotype, sex and their interaction in all
four regions examined.

Fig. 7. Mean (± SEM) agmatine (A), putrescine (B), spermidine (C) and spermine (D) levels in the frontal cortex (FC), hippocampus (HPC), parahippocampus (PHR)
and cerebellum (CE) of male and female WT and eNOS−/- mice (n = 8/genotype/sex group). * indicates significant difference between genotypes at p < 0.05. ##

indicates a significant difference between sexes within the same genotype group at p < 0.01.
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4. Discussion

The gaseous signaling molecule NO is a key mediator of cerebral
hemodynamics and contributes significantly to functional hyperemia
upon neuronal activation (neurovascular coupling). Altered L-arginine
metabolism with reduced eNOS expression has been documented in the
AD brain [8,11,20]. Furthermore, eNOS deficient mice show memory
deficits, altered APP processing and tau phosphorylation, and increased
amyloid beta in the brain [26,27,71], indicating a critical role of loss of
eNOS-derived NO in the pathogenesis of AD. The present study de-
monstrates altered brain arginine metabolism (glutamine in particular),
along with behavioural and neurovascular coupling changes, in both
male and female eNOS−/- mice at 14 months of age.

4.1. Behavioural impairments in eNOS−/- mice

Rodents naturally explore a less recently visited arm in the Y-maze,
and the total number of arm entries and spontaneous alternation reflect
animals' locomotor activity and spatial working memory respectively
[50]. The open field is a commonly used test to analyse rodents’ ex-
ploratory and locomotion behaviour based on their natural conflict
between exploration of and aversion against bright open areas in a
novel environment [72]. In the present study, both male and female
eNOS−/- mice made fewer arm entries in the Y maze and travelled
shorter distance in the open field apparatus relative to their sex-mat-
ched WT mice. These findings indicate reduced locomotion in eNOS−/-

mice at both sexes at 14 months of age, which is consistent with an
earlier study using 18–22 month eNOS−/- mice [73]. It has been shown
that NG-nitro-L-arginine methyl ester (L-NAME; a non-specific NOS in-
hibitor) resulted in reduced total path length travelled in a novel ac-
tivity cage in adult Wistar rats [74], supporting a role of NO in loco-
motion. While spontaneous alternation in the Y maze is a measure of
spatial working memory in rodents [75–77], the present study did not
find a significant genotype difference in this measurement. Time spent
in the centre and/or periphery of the open field apparatus is regarded as
an index of anxiety [72]. In the present study, all animals spent about
70% of the total time in the outer zone with no significant genotype
difference. It has been shown that exploratory activity represents the
ability of animals to integrate spatial features into representation of a
novel environment [78]. We found significantly reduced rearings in
eNOS−/- mice regardless of sex, which is akin to previous reports
[73,74].

It is of interest to note the significant effects of sex in the Y-maze and
open field tests. The females tended to make lower percentage of
spontaneous alternation and more arm entries in the Y maze and to
generate longer path length in the open field when compared to the
males. These findings are consistent with an earlier study showing in-
creased locomotor activity, but reduced spontaneous alternation, in the
open field and Y-maze tests, in female C57BL/6J mice relative to the
males [79]. A large body of evidence has suggested that female rodents
are more active than males, possibly due to the influence of sex hor-
mones [80,81].

4.2. Altered neurovascular coupling in eNOS−/- mice

Optimal cerebral blood supply (controlled by CBF) is essential for
proper brain function, and NO derived from eNOS plays a critical role in
maintaining normal CBF [82]. In Experiment 1, we determined the
changes in basal CBF and perfusion response to whisker stimulation
(neurovascular coupling) in the Barrel cortex of male and female WT
and eNOS−/- mice at 14 months of age. While there was no genotype
difference in basal CBF, a significant sex effect was observed with the
higher levels in the females relative to the males. Previous human
studies have reported higher levels of cerebral blood perfusion in fe-
males, which could be due to lower brain weight and higher metabolic
rate in women along with other factors, such as heart rate, pulse

pressure and hormonal control of CBF [83–85].
In the brain, neuronal activation triggers a local increase of CBF.

The integrity of this so-called neurovascular coupling is an essential
homeostatic mechanism to adequately adjust the regional CBF based on
local neuronal activity [31]. It has been shown that non-selective NOS
inhibitors, such as NG-nitro-L-arginine (L-NNA) or L-NAME, reduced
neurovascular coupling, suggesting the involvement of NO in mediating
the neurovascular coupling response [33,86–88]. Using a laser Doppler
probe positioned above the Barrel cortex, Toth et al. reported sig-
nificantly attenuated CBF change in response to whisker stimulation in
3-month eNOS−/- mice relative to their age-matched WT controls [89].
Surprisingly, the present study found a markedly increased CBF re-
sponse to whisker stimulations in eNOS−/- mice at 14 months of age
regardless of sex and our recent preliminary study observed the exact
same pattern in eNOS−/- mice at 4 months of age, which obviously
contradicts the earlier report. It should be noted that there are some
procedural differences between the two studies. In the study of Toth
et al., for example, animals were anesthetized with α-chloralose
(50mg/kg) plus urethane (750mg/kg) and the contralateral whiskers
were stimulated for 1min at 5 Hz from side to side, with changes in CBF
being assessed in three trials divided by 5–10min intervals [89]. In the
present study, however, animals were anesthetized with isoflurane (4%
for initiation and 2% for maintenance) and given five trials of robust
bilateral whisker stimulations (30 s/trial with 90-s inter-trial intervals)
using electric toothbrushes. Low et al. reported a substantial drop in
heart rate and blood pH with severe hypercapnia (elevated blood CO2)
in α-chloralose treated mice, but not in isoflurane-treated animals [90].
Isoflurane is a commonly used inhalational anesthetic for the rodent
brain imaging experiments [91,92], and can interfere with normal
physiology of subjects causing CBF increase [93,94]. Hence different
anesthetics and whisker stimulation protocols may contribute to the
discrepancy in neurovascular coupling response between the two stu-
dies. There is a growing evidence indicating altered neurovascular
coupling in ageing and AD [95,96]. While some studies reported atte-
nuated regional CBF during activation in patients and animal models of
AD [97–99], increased retinal arterial reaction to flickering light (an-
other way of measuring neurovascular coupling) was found in patients
with Alzheimer's dementia relative to healthy controls [100].

Experiment 2 was designed to investigate whether nNOS con-
tributed to the maintenance of basal CBF and increased perfusion re-
sponses to bilateral whisker stimulations under the condition of com-
plete eNOS deficiency using a selective nNOS inhibitor. 7-NI treatment
reduced the basal CBF levels (12–14% reduction) in 14 months old mice
regardless of genotype, which is consistent with earlier research
showing reduced blood flow in multiple brain regions in 7-NI treated
rats [101,102]. Moreover, 7-NI treatment significantly blocked the in-
creased CBF response to whisker stimulations in eNOS−/- mice, in-
dicating a role of nNOS in mediating such abnormal neurovascular
coupling response under the condition of eNOS deficiency. NO is
thought to be the link between neuronal and vascular communication,
and nNOS is the key isoform mediating the neurovascular coupling
response [32,103]. Whisker stimulation activates neurons in the Barrel
cortex and leads to glutamate release. Ca2+ influx through NMDA re-
ceptors influences nNOS activity, hence the biosynthesis of NO
[104,105]. As a gaseous retrograde messenger, nNOS-derived NO acts
pre-synaptically to regulate glutamate release [106], but also dilates the
vessel [107]. As described in a recent mathematical model on the
contribution of NO to neurovascular coupling [108], arteriolar radius is
an extremely important factor in the CBF response to stimulation, as it
directly influences blood perfusion. Meng at al reported nNOS-depen-
dent relaxation in pial arterioles of eNOS knockout mice, indicating the
possibility of increased nNOS activity as a compensatory mechanism
under the condition of eNOS deficiency [109]. The overall lack of
genotype differences in total NOS activities observed in the present
study suggests this may be the case (Fig. 5A). Alternatively, the lack of
eNOS protein could make the endothelium more sensitive to the surplus
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release of nNOS-derived NO induced by whisker stimulations, hence
causing sustained vasodilation. This may also explain why nNOS in-
hibition by 7-NI affected the perfusion response to whisker stimulations
in eNOS−/- mice more than WT mice.

It should be pointed out that the reduction in perfusion response to
whisker stimulations with 7-NI treatment was small (under 10%;
Experiment 2), which suggests that in addition to nNOS-derived NO
there must be other factors mediating neurovascular coupling response.
Neurovascular coupling is a complex and dynamic brain function. It has
been documented that a multitude of factors, such as local extracellular
pH, metabolic messengers like adenosine and lactate, cyclooxygenase-2
(COX-2) mediated release of prostaglandins and glutamatergic sig-
naling in astrocytes, are involved in this phenomenon [31]. An earlier
study reported increased COX-2 expression in eNOS−/- mice [110],
which may contribute to vasodilation in these mice. At present, it is
unclear how other factors are affected by eNOS deficiency, which re-
mains to be investigated in the future.

4.3. Altered brain arginine metabolism in eNOS−/− mice

The present study further investigated how the brain L-arginine
metabolic profile changed in 14-month male and female mice with
eNOS deficiency using the brain tissue samples from WT and eNOS−/-

mice with and without CBF tests (Experiment 1). For each neuro-
chemical variable, the mean was very close between animals with and
without CBF tests in a given group (data not shown), suggesting the lack
of procedural effects (such as isoflurane and surgery) on neurochem-
istry under the present experimental conditions.

We found no genotype difference in the total NOS activity in the FC,
HPC and CE regions, however a significant sex-difference in the CE with
a 37% reduction in the females. Since iNOS activity and protein ex-
pression in the brain were undetectable in both genotypes, we speculate
that nNOS may be responsible for the maintenance of NOS activity in
eNOS−/- mice. It is of interest to note that Hara et al. also reported a
lack of difference in NOS activity between WT and eNOS−/- mice [111],
indicating a compensatory mechanism to maintain the total NOS ac-
tivity in eNOS−/- mice. Son et al. compared the total NOS activity
changes in the hippocampus between eNOS−/-, nNOS−/- and doubly
mutant eNOS−/-/nNOS−/- mice [112]. In comparison with WT mice,
there were slightly increased NOS activity in eNOS−/- mice, but sig-
nificantly decreased NOS activities in nNOS−/- and eNOS−/-/nNOS−/-

mice. These findings suggest a major contribution of nNOS to the total
NOS activity in the hippocampus and a likely compensatory up-reg-
ulation of nNOS in eNOS−/- mice [112]. In the present study, however,
there were no genotype and sex differences in nNOS protein expression
in the FC, HPC and CE. It has been shown that the expression or
synthesis of NOS proteins can be regulated independently of their ac-
tivity and there is a post-transcriptional regulation of nNOS expression
[113,114].

We then quantified the levels of L-arginine and its downstream
metabolites in the FC, HPC, PHR and CE regions in 14 months old WT
and eNOS−/- mice at both sexes. While there were no significant gen-
otype differences in L-arginine and L-citrulline in all four regions ex-
amined, some sex differences were noted with females having lower
levels of L-arginine in these regions and reduced L-citrulline in the HPC
relative to the males. It has been documented that female eNOS−/- mice
display dysfunctional ovarian cyclicity and morphology and altered
steroidogenesis [115,116], indicating an important role of eNOS-de-
rived NO in female reproductive cycle. Regarding L-ornithine (the
product of arginase), we found a significant effect of sex in the FC and
PHR with the lower levels in the females regardless of genotype.
Moreover, there were significant effects of genotype and sex in the HPC
and CE, with higher levels of L-ornithine in male eNOS−/- mice relative
to male WT mice (perhaps due to the upregulation of arginase) and
lower levels in the females when compared to the males regardless of
genotype.

L-ornithine can be metabolized to glutamate and then to glutamine
or GABA. While there were no significant genotype and sex differences
in glutamate or GABA in all four brain regions examined, intriguingly
we observed a marked decrease in glutamine in eNOS−/- mice re-
gardless of sex or brain region. In the brain, phosphate-dependent
glutaminase (PAG) convers glutamine to glutamate and ammonia in
neurons. Glutamate is then taken up into astrocytes after being released
from the synaptic terminals and converted (along with ammonia) into
glutamine by GS, and glutamine is then transported to the neurons and
reused to generate glutamate [117]. This so-called glutamate-glutamine
cycle is an important constituent of the glutamatergic neurotransmis-
sion system and serves myriad functions such as regeneration of glu-
tamate in the neurons and removal of excess glutamate from synapse
preventing excitotoxicity and most importantly to detoxify ammonia
resulting from brain amino acid catabolism [118,119]. Currently, it is
unclear what (PAG or GS) contributes to reduced brain tissue content of
glutamine in eNOS−/- mice. There is evidence showing that excessive
amount of NO derived from nNOS can reduce GS activity [120,121] and
glutamine level changes can influence the generation of NO and L-ar-
ginine from L-citrulline in endothelial cells [122].

It is of interest to note that the glutamate-glutamine cycle is pro-
foundly impaired in the AD brain, for example with reduced GS ex-
pression and a negative correlation between GS and Aβ deposits [123].
Given its role in the detoxification of ammonia in the brain, GS dys-
function (hence reduced glutamine levels) may result in the accumu-
lation of ammonia, which is well documented in AD [124–126]. It
should be noted that L-ornithine can also be converted to L-citrulline by
ornithine transcarbamylase (OTC), and L-citrulline can be recycled to
produce L-arginine via argininosuccinate synthetase (ASS) and argini-
nosuccinate lyase (ASL) (Fig. 1) [12,127]. OTC, ASS, ASL and arginase,
along with carbamoyl phosphate synthetase-I (CPS-I), are the five en-
zymes of the urea cycle, which dispose of toxic ammonia in the non-
toxic and readily excretable form of urea (Fig. 1) [127]. There is evi-
dence suggesting the presence of the complete urea cycle in the AD
brain, which is likely a compensatory mechanism to remove excessive
ammonia [42,128]. Future research is required to understand the un-
derlying mechanisms and functional significance of the observed glu-
tamine reduction in eNOS−/- mice by focusing on the urea cycle.

Polyamines putrescine, spermidine and spermine can be formed by
ODC from L-ornithine and by agmatinase from agmatine (dec-
arboxylated arginine) [35]. In the present study, we found higher levels
of agmatine in male eNOS−/- mice relative to male WT mice and female
eNOS−/- mice, and a general trend of lower levels of putrescine in the
females relative to the males, in the PHR, with no genotype and sex
differences in spermidine and spermine in any region examined. Ag-
matine is a putative neurotransmitter, participates directly in learning
and memory processes, interacts with NMDA, imidazoline and α2-
adrenergic receptors, and regulates the production of NO and poly-
amines [129–131]. Therefore, altered agmatine levels with genotype
and sex may have important functional significance, which needs to be
addressed in future research.

In summary, the present study demonstrates the genotype- and/or
sex-related changes in behavioural function, basal CBF, neurovascular
coupling and brain L-arginine metabolism in mice with complete eNOS
deficiency at 14 months of age. A small, but significant, blockage of
increased CBF responses following whisker stimulations in eNOS−/-

mice by 7-NI treatment indicates the involvement of nNOS in mediating
the observed abnormal neurovascular coupling although other con-
tributing factors need to be explored in the future. Intriguingly,
eNOS−/- mice displayed a marked and global reduction in glutamine
regardless of sex. Interestingly, altered neurovascular coupling and re-
duced glutamine levels in the brain are present in eNOS−/- mice at 4
months of age (unpublished preliminary observations). It has been
shown that eNOS−/- mice display altered APP processing and increased
Aβ production in the brain with age [26]. There is no global reduction
of glutamine in the brain in APP/PS1 mice with chronic Aβ
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accumulation [60] or in rats following the intracerebroventricular in-
fusion of aggregated Aβ25–35 [63,132]. We therefore speculate that the
changes in neurovascular coupling and glutamine metabolism observed
in the present study are likely the consequences of loss of eNOS-derived
NO rather than age. Given the links of glutamine with the glutamatergic
neurotransmission and ammonia/urea cycle, more research is required
to understand the mechanisms and functional significance of these
changes. It is of interest to note that our preliminary work shows in-
creased urea levels in the cortex of eNOS−/- mice, which merits a future
research to systematically investigate how GS and the urea cycle en-
zymes change in eNOS deficient mice. Since loss of eNOS-derived NO
contributes to amyloidogenic processing of APP and cognitive decline
[26], eNOS dysfunction and the ensuing cerebrovascular and neuro-
vascular coupling dysfunction and altered neurochemistry may have a
significant implication in the neuropathogenesis and/or development of
AD.
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