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(2020) Nitrosative Stress in the Frontal

Cortex From Dogs With Canine

Cognitive Dysfunction.

Front. Vet. Sci. 7:573155.

doi: 10.3389/fvets.2020.573155

Nitrosative Stress in the Frontal
Cortex From Dogs With Canine
Cognitive Dysfunction

Sonja Prpar Mihevc 1*, Maja Zakošek Pipan 2, Malan Štrbenc 1, Boris Rogelj 3,4,5 and
Gregor Majdič 1
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Canine cognitive dysfunction (CCD) is an age-related disorder similar to human

Alzheimer’s disease (AD) that occurs in elderly dogs. Nitrosative stress has been

implicated as one of the causes leading to neurodegenerative diseases, particularly AD.

Its involvement in the development of CCD has not been studied so far. In the present

study, immunohistochemical staining detected all three isoforms of nitric oxide synthases

(nNOS, eNOS, and iNOS) and 3-nitrotyrosine (3-NT) in brains from CCD-affected dogs

and non-demented control dogs in all layers of the canine frontal cortex. In CCD-affected

and non-demented brains, nNOS was highly expressed in pyramidal-like neurons in

the upper cortical layers. nNOS has also been observed in astrocytes in the CCD

frontal cortex. The nNOS immunohistochemical staining was statistically significantly

elevated in dogs with CCD in comparison to non-demented dogs. Blood vessel wall cells

were positive for eNOS, which was also expressed in astrocytes and neurons. Intense

3-NT immunoreactivity was observed in the upper cortical layers, where amyloid-beta

deposits spread in the last stage of CCD. Brain cells in the same area were highly

immunoreactive for iNOS. This infers that neuroinflammation and nitrosative stress might

exacerbate the neurodegenerative process in CCD-affected brains, ultimately leading to

cognitive impairment.
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INTRODUCTION

Canine cognitive dysfunction (CCD) is a disease in many aspects similar to human Alzheimer’s
disease (AD) (1). CCD is common in aged dogs, and by 13 years of age, up to 60% of all
dogs develop this illness (2). Dogs show cognitive deficits such as disorientation, memory loss,
behavioral changes, and confusion (3). As in the pathophysiology of AD, the pathological hallmarks
leading to the CCD are multifaceted, including the deposition of toxic amyloid-beta (Aβ), brain
vascular damage, oxidative brain injury, mitochondrial dysfunction, excitotoxic neuronal damage,
neuroinflammation, and cell death (1). Interestingly, neurofibrillary tangles (NFTs), aggregates
of abnormally folded hyperphosphorylated protein TAU, which are almost always present in
AD and are used for its diagnosis, were rarely observed in dogs (4–8). Nitrosative stress has
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FIGURE 2 | nNOS expression in the canine frontal cortex. The frontal cortex of a 16-year-old Shih-Tzu with canine cognitive dysfunction is shown. Immunoreactivity of

nNOS was most prominent in the cytoplasm and the nuclei of cells in the upper cortical layers (A,B). Some neurons in deep cortical layers were highly positive for

nNOS, which was distributed in their somas and processes (A,C). In the deep cortical layers, the neuronal axons positive for nNOS were frequently observed (D).

nNOS was also detected in axons around blood vessels with similar immunoreactivity pattern as in the surrounding parenchyma (E). Hematoxylin-stained control

image (F). Scale bars are 50µm.

age-matched brain (Figures 6D–F). iNOS expression was
detected in astrocytes, neuronal processes, pyramidal neurons,
endothelial cells, and vascular smooth muscle cells (Figures 6,
7). Intense iNOS staining was noticed immediately below
the pial surface (Figures 6A,D) and was more abundant
in the upper cortical layers. This expression seemed to be
more prominent in CCD-affected brains (Figures 6A–C). iNOS
expression was detected in the cytoplasm, periplasm, and cell
nuclei (Figures 7A–C). iNOS-positive cells in the blood vessel
walls did not co-localize with Aβ deposits (Figures 7D–F).
Vascular smooth muscle cells expressed iNOS in CAA-affected
blood vessels (Figures 7G–I). Astrocytes with high expression
of iNOS were surrounding blood vessels (Figures 7J–L). Double
immunostaining revealed astrocytes that were positive for both
GFAP and iNOS (Figures 7M–O) and neurons immunopositive
for NEUN and iNOS (Figures 7P–R).

3-NT
3-NT immunoreactivity was present both in the gray and the
white matter of CCD (Figures 8A–C) and non-demented control
brains (Figures 8D–F). In the demented canine frontal cortex, 3-
NT immunostaining appeared more intense (Figures 8A–C) in
comparison to non-demented controls (Figures 8D–F). Besides
3-NT-positive cells, the whole brain parenchyma was diffusely
stained for 3-NT (Figure 8). Neurons in the upper cortical
layers showed high cytoplasmic 3-NT immunoreactivity in
the CCD brain (Figures 8A,B) and in some upper cortical

regions of the non-demented brain (Figure 8E). Around
some blood vessels, perivascular “collars” of 3-NT (intense
3-NT staining surrounding the vessel) were detected in
demented (Figure 8C) and non-demented brains (Figure 8F).
3-NT was detected in the cytoplasm and the nuclei of cells
surrounding Aβ deposits (Figures 9A–C). Plaque areas were
diffusely stained for 3-NT (Figure 9B). 3-NT was present
around and in the cells composing the CAA-affected blood
vessels (Figures 9D–I), particularly in the endothelial cells
facing the blood vessel lumen and astrocytes surrounding the
blood vessel walls (Figures 9D–I). Parenchymal GFAP-positive
astrocytes also contained 3-NT (Figures 9G–I,J–L), as well as
neurons that were positive for NEUN (Figures 9M–O) and
NFH (Figures 9P–R).

Quantification of Immunohistochemical
Staining
The immunoreactivity of the NOS isoforms and the 3-
NT in frontal cortices was quantified. The optical density
(OD) measurements revealed a slightly elevated, although not
statistically signifcant, average OD for eNOS, nNOS, and 3-NT
in the frontal cortex from demented compared to non-demented
dogs (Figure 10). The average OD for iNOS was almost equal for
both groups. In the case of nNOS, the difference was statistically
significant (p < 0.0001) (Figure 10). The average OD was higher
for iNOS and 3-NT compared to OD for nNOS and eNOS.
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FIGURE 3 | nNOS immunofluorescence in the canine frontal cortex. The frontal cortex of a 16-year-old dachshund with canine cognitive dysfunction is shown. nNOS

cytoplasmic staining was detected in neuronal somas and processes around Aβ plaques (A–C). Neurons labeled by TUBB3 (D) and NEUN (G) were immunoreactive

for nNOS in the superficial cortical layers (D–F) and deep cortical layers (G–I). Some astrocytes, marked by GFAP (J), were immunopositive for nNOS (K,L). The third

column shows merged images of the first two images of each line. Nuclei were counterstained with DAPI. Scale bars are 10µm in (A–C), 20µm in (D–F), and 5µm in

all other images.
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FIGURE 4 | eNOS expression in the canine frontal cortex. The frontal cortex of a 16-year-old Shih-Tzu with canine cognitive dysfunction is shown. eNOS-expressing

cells were detected in all cortical layers (A). eNOS was noticed in the cytoplasm and nuclei of cells in superficial (B) and deep (C) cortical layers. Blood vessels were

positive for eNOS in all cortical layers. Image showing the blood vessel in the deep cortical layer (D). eNOS was also detected in the axons in the white matter [arrows

pointing to individual eNOS-positive axons, (E)]. Scale bars are 50µm.

DISCUSSION

Aging causes major alterations of all components of the
neurovascular unit and compromises brain blood supply. It is
also associated with a loss of antioxidative capacity and NO-
dependent peroxynitrite formation, which nitrates the tyrosine
residues on proteins, forming 3-nitrotyrosine. Some human
studies suggest the neurotoxic role of NO and report elevations
in the NOS isoforms expression during AD progression (21, 27),
whereas others describe reductions in NOS expression with aging
(18, 28).

Aged dogs naturally develop a broad spectrum of
neuropathology and neurobiological changes that parallel
observations in aging humans (1). In the current study, we
investigated immunoreactivity of the three NOS isoforms
(nNOS, eNOS, and iNOS) and 3-NT in brains of dogs with CCD
and non-demented aged controls, along with the expression of
pathological Aβ. There are almost no data on the expression
of the three NOS isoforms and the presence of 3-NT in the
canine brain. One study explored the expression of iNOS
in dogs infected with canine distemper virus, with iNOS
immunopositive staining observed in astrocytes in the cerebellar
white matter (29).

We detected the nNOS, eNOS, and iNOS in the cytoplasm
and plasmalemma and in the cells’ nuclei in the canine

frontal cortices. nNOS was expressed in all cortical layers,
but most prominently in the somas and process of neurons
with pyramidal-like morphology in the upper cortical layers.
Previously, nNOS was found aberrantly expressed in pyramidal-
like cortical neurons in human AD brains (30). We also observed
strongly immunoreactive large multipolar-like neurons, which
were present in upper and deep cortical layers. Such neurons
expressing nNOS were also previously observed in human AD-
affected brains (17). In the frontal cortex from dogs with CCD,
nNOS-positive neurons were often located in the vicinity of Aβ

plaques. In AD transgenic mice, the Aβ plaques were closely
associated with dystrophic nNOS-positive neurons, while nNOS-
expressing neurons located more distal to plaques appeared
to be unaffected (31). The expression of nNOS was suggested
to be a response to plaque-mediated damage to neurons (31).
Thus, Aβ mediated induction of nNOS might have a role in the
pathogenesis of CCD, as we also noticed statistically significantly
elevated expression of nNOS in dogs with CCD in comparison
to non-demented aged dogs. Moreover, cytoplasmic astrocytic
nNOS expression was also observed in CCD-affected brains.
Similarly to our finding, nNOS immunoreactivity in astrocytes
was previously reported in human patients with AD (32).

Upregulation and/or de novo expression of the nNOS
commonly occurs in diverse neurodegenerative diseases,
including AD (33). The recruitment of NO might have a
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FIGURE 5 | eNOS immunofluorescence in the canine frontal cortex. The frontal cortex of a 16-year-old dachshund with canine cognitive dysfunction is shown. eNOS

immunoreactive cells were detected in and around Aβ plaques (A–C). Neurons positive for NEUN (D,F) harbored eNOS in their nuclei and cytoplasm (E,F).

eNOS-positive cells in blood vessel walls (H,I) were noticed in some vessels surrounded by Aβ deposits (G,I). The vascular smooth muscle cells, immunoreactive for

SMA (smooth muscle actin) (J,L), expressed eNOS (K,L). eNOS was highly expressed in astrocytes (N,O), marked by GFAP (M,O). Images (C,F,I,L,O), are merged

images of two preceding images in the same line. Nuclei were counterstained with DAPI. Scale bars are 10µm in (A–F) and (M–O) and 5µm in all other images.
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FIGURE 6 | iNOS expression in the canine frontal cortex. The frontal cortices of a 16-year-old dachshund with cognitive dysfunction CCD (A–C) and a 14-year-old

mixed breed non-demented dog (D–F) are shown. iNOS immunoreactivity was present in all cortical layers. Cytoplasmic and nuclear iNOS staining was prominent in

the cells in the upper cortical layers of the CCD frontal cortex (A–C). Also, in the aged non-demented dog, the iNOS reactivity was present, although it seemed more

uniform throughout the cortical layers (D). In upper cortical layers of the non-demented dog, some neuronal somas displayed intense iNOS staining, whereas others

were faintly stained (E,F). Scale bars are 50µm.

FIGURE 7 | iNOS immunofluorescence in the canine frontal cortex. The frontal cortex of a 16-year-old dachshund with canine cognitive dysfunction is shown. iNOS

highly immunoreactive cells were detected in and around Aβ plaques (A–C). Some cerebral amyloid angiopathy (CAA) affected blood vessel (D,F) showed iNOS

staining in the vessel walls (E,F). Vascular iNOS-expressing cells (H,I) were smooth muscle actin (SMA) positive (G,I). iNOS (K,L,N,O) was highly expressed in

GFAP-positive astrocytes (J,L,M,O), which were densely clustered around blood vessel walls (J–L). iNOS was also detected in neuronal cytoplasm [iNOS - neuronal

marker (Q,R), NEUN (P,R)]. Images (C F,I,L,O,Q), are merged images of two preceding images in the same line. Nuclei were counterstained with DAPI. Scale bars are

2µm in (D–F), 5µm in (G–I), and 10µm in all other images.

compensatory role to boost synaptic transmission and plasticity
during the early stages of AD when a moderate loss of neurons
and consequently of brain function is present (34). However,

nNOS-mediated nitrosative stress was also connected to early
cognitive/motor deficits due to synaptic loss and negatively
regulated neurogenesis (35, 36).
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FIGURE 8 | 3-NT expression in the canine frontal cortex. The frontal cortices of a 16-year-old dachshund with cognitive dysfunction CCD (A–C) and a 13-year-old

non-demented German shepherd (D–F) are shown. 3-NT immunoreactivity was detected in all cortical layers. In the CCD-affected brain, intensive 3-NT neuronal

staining was present (B). Some areas around blood vessels were strongly 3-NT immunopositive, forming perivascular “collars” in demented (C) and non-demented

brains (F). Also, in the aged non-demented frontal cortex, 3-NT was present in the cellular nuclei and cytoplasm (E,F). Scale bars are 50µm.

FIGURE 9 | 3-NT immunofluorescence in the canine frontal cortex. The frontal cortex of a 16-year-old dachshund with canine cognitive dysfunction is shown. 3-NT

highly immunoreactive cells were detected in and around Aβ plaques (A–C), and parenchymal 3-NT staining was observed (B,C). Cerebral amyloid angiopathy

(CAA)-affected blood vessel (D,F) showed 3-NT staining (E,F,H,I). 3-NT was highly expressed in GFAP-positive astrocytes (G–I,J–L), clustered around blood vessel

walls (G–I). 3-NT was detected in neuronal cytoplasm and nuclei (N,O) [NEUN marks neurons (M,O)] and neuronal process (Q,R) [NFH marks neurons (P,R)]. Images

(C F,I,L,O,R), are merged images of two preceding images in the same line. Nuclei were counterstained with DAPI. Scale bars are 5µm in (D–F) and (J–L), 20µm in

(P–R), and 10µm in (A–C,G–I,M–O).

Although the precise role of nNOS upregulation in
neurodegenerative diseases is still under debate, several studies
have reported an upregulation of nNOS in various parts of the

brain, including hippocampal pyramidal neurons in AD (30, 32).
Consistent with this, another study showed that the proteome
of hippocampal neurons has an up-regulated expression of
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FIGURE 10 | Quantification of immunohistochemical staining of NOS isoforms and 3-NT. The mean optical density (OD) was measured on randomly captured images

of the frontal cortex of dogs with CCD (CCD; n = 5) and non-demented aged control dogs (OC; n = 4). Average OD measurements and standard deviations are shown

for nNOS, eNOS, iNOS, and 3-NT. For the individual frontal cortex, 10–20 images were quantified. The results are statistically significant for nNOS (****p < 0.0001).

the adaptor protein essential for the proper function of nNOS
(37). In the present study, the nNOS levels, deduced from
OD measurements of immunohistochemically stained frontal
cortex sections, were also elevated in the brains from dogs with
clinical signs of CCD. This suggests a possible involvement of
increased nNOS expression in CCD’s pathogenesis, although
further studies with more dogs will be needed to confirm this
finding conclusively. We further looked at the distribution of
nNOS-positive nerve fibers around blood vessels, which did
not appear any different to the staining pattern of the fibers
further away from the vessels. However, at a closer look, there
might have been some immunoreactivity in the blood vessel
wall. In-depth studies are needed to corroborate this assumption.
Nevertheless, detection of nNOS immunoreactive fibers in
the walls of canine arteries previously provided evidence that
blood vessels are innervated by nitrergic nerves (38), and these
perivascular nerves containing NOS are crucial in eliciting the
neurally induced, NO-mediated arterial relaxation (39). There
is scarce information on how age affects NO release and the
vascular tone, and if nNOS and eNOS contribute to it, since all
neurovascular unit components, i.e., endothelial and smooth
muscle cells, as well as perivascular neurons are altered by aging.

Cytotoxic effects of NO in patients with AD are only observed
once NO is converted to peroxynitrite (40). The presence of
peroxynitrite-mediated damage in the AD brain is common and
is caused by increased protein nitration inside the neurons (41).
In our study, immunoreactivity for 3-NT in CCD-affected brains
was intense, with 3-NT detected in neurons, astrocytes, and
blood vessels. 3-NT was also detected extracellularly throughout
the brain parenchyma, including the areas of Aβ plaques. The

consequences of Aβ nitration are an enhanced tendency to
aggregate and seed (22). The nitrated Aβ also damaged synaptic
function and memory in APP/PS1 mice (22).

Furthermore, some Aβ aggregates were also shown to
induce NO formation (42). The neurons in the upper cortical
layers of the canine frontal cortex displayed intense 3-NT
immunoreactivity, with the 3-NT present in their somas
and process. Similarly, 3-NT was detected in senile plaques,
pyramidal neurons, astrocytes, and blood vessels in the human
AD brain (19). There was also “collar”-like staining present
around several blood vessels in all cortical layers in CCD and
non-demented aged brains, possibly inferring to disruption of
the blood–brain barrier. 3-NT was also present in the brains
from non-demented aged dogs, although qualitative observations
did suggest a higher presence of 3-NT in some areas in brains
from dogs with CCD. However, when quantified by measuring
the optical density of the staining, there was no statistically
significant difference between CCD and control dogs. This does
not exclude the possibility of regional differences in the presence
of 3-NT. However, we choose view fields randomly for optical
density measurement, which could mask the small regional
difference in the 3-NT immunodetection.

The distribution of Aβ within the frontal cortex followed
a specific age-related pattern that was previously described (6,
7, 43). In concurrence with findings by Schmidt et al. (6),
the CCD-affected dogs exhibited diffuse plaques in deep and
dense core plaques in superficial cortical layers. In contrast,
most of the non-demented aged dogs appeared to possess both
types of plaques in a narrower area in deep cortical layers. The
smaller compact dense Aβ deposits were the predominant type
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in the CCD frontal cortex. This distribution pattern of canine
plaques resembled those seen in humans (44, 45). The close-
up images of the dense Aβ plaques also indicated the presence
of a core. Their composition would need to be studied with
advancedmethods, like in the AD (46). The intraneuronal Aβwas
noticed in CCD and non-demented aged brains. These neurons
burdened with increasing levels of soluble and oligomeric Aβ,
which are known to be the most toxic amyloid species within
the brain, were recently proposed to produce cytokines inflicting
inflammation in the AD pathogenesis (47). Vessel-associated Aβ

deposits characteristic of CAA were observed in the parenchyma
and leptomeninges of the frontal cortices of CCD and non-
demented aged dogs. This is in order with a previous study that
found amyloid accumulation in the cerebral blood vessels’ walls
predominantly in the canine frontal cortex (48).

In CCD-affected brains, Aβ deposits were present around
blood vessel walls at the basement membranes directly above
endothelial cells. Some cortical and leptomeningeal blood vessels
surrounded by Aβ were also immunopositive for 3-NT, iNOS,
and eNOS. In the present study, eNOS was expressed in the blood
vessels’ endothelial cells and in neurons and astrocytes. Although
we expected eNOS to be expressed only in the endothelial cells,
a similar expression pattern was described before in human AD
brains (49, 50), suggesting that eNOS expression is not limited
to endothelial cells in diseased brains. In primary neurons,
eNOS was localized in dendritic spines (51). In CCD and
non-demented aged brains, eNOS immunoreactive cells were
detected around Aβ plaques; some of these were neurons that
expressed eNOS in their cytoplasm and nuclei. Astrocytes and
vascular smooth muscle cells were also immunopositive for
eNOS. We did not observe any significant differences between
the mean OD for eNOS measured for the CCD and non-
demented group. However, decreased eNOS is a common feature
of aging and cerebrovascular disease. It has been suggested that
in AD patients, eNOS deficiency could result in hypoperfusion
(52). Consequently, the blood flow to the brain is reduced
dramatically, and the clearance of Aβ protein could be negatively
affected. One study in mice has associated chronic loss of
endothelial NO as an important contributor to both Aβ-related
pathology and cognitive decline (53). In CAA, eNOS deficiency
first leads to increased cerebrovascular concentration of Aβ along
with compensatory mechanisms to protect the vasculature (54).
NO, produced by eNOS, is an important vasodilator (16), and
this role has also been demonstrated in canine cerebral arteries
ex vivo (55).

It is unclear whether high levels of NO, generated during
inflammation, are due to eNOS or iNOS activity, but are usually
attributed to the iNOS (9). NO, produced at high levels, acts as
a pro-inflammatory molecule causing nitrosative and oxidative
stress, whereas, under physiological conditions, low levels of NO
have homeostatic properties (10). We observed intense iNOS
staining in the upper cortical layers of the frontal cortex, mostly
in neurons and astrocytes. Double immunofluorescence staining
showed that cells surrounding Aβ deposits were intensely iNOS
positive, but so were the astrocytes surrounding the blood vessels,
the blood vessel wall cells, and the intraparenchymal neurons
and astrocytes. Interestingly, the superficial cortical layers are the

areas where the Aβ plaques spread to during the last stage of the
disease. Thus, the cytoplasmic and nuclear iNOS-expressing cells
surrounding Aβ deposits might be part of a pro-inflammatory
response to Aβ. In AD, it was suggested that elevated levels
of iNOS are responsible for promoting neurodegeneration by
inducing oxidative and nitrosative damage (56). During Aβ-
elicited inflammatory and immune responses, iNOS expression
is increased in microglia and astrocytes (15, 17, 20, 57).

Although based on the visual observations of
immunohistochemically stained sections of the frontal cortex,
there seemed to be differences in the expression/presence of
the three NOS isoforms and 3-NT, the quantifications did
not confirm these except for nNOS. A clear limitation of
the present study is the low number of cases. Furthermore,
the quantification of the immunohistochemistry with DAB
chromogen is not the optimal method, since the time of the
exposure to the chromogen itself influences the intensity of the
staining reaction. Although we tried to meticulously time the
exposure of the tissue sections to the chromogen, just a few
seconds might have made a difference in the intensity of the
signal along with the regional differences in the expression due to
different cellular compositions and hence immunogenicity. More
sensitive methods, like proteomic analysis, might shed light on
the involvement of nitrosative stress in CCD’s pathogenesis in
the future. Based on the similarity of the expression pattern of
the three NOS isoforms and the nitrosative stress marker 3-NT
between AD and CCD-affected brains, nitrosative stress might
also play a role in CCD.

Nevertheless, this study provides the first investigation of the
immunolabeling patterns of nNOS, eNOS, iNOS, and 3-NT in
CCD-affected and non-demented canine brains, suggesting that
nitrosative stress and inflammation might have a role in the
pathogenesis of CCD.Whether the nitrosative, oxidative changes
and neuroinflammation are causing CCD or are just age-related
conditions that might exacerbate the Alzheimer’s-like pathology
in CCD is still uncertain. However, dogs suffering from CCD
represent a spontaneous animal model of dementia, which more
faithfully recapitulates the complexities of sporadic human AD
than transgenic rodent models. Therefore, modulators of NO
signaling, for instance, nitric oxide synthase inhibitors, could be
tested for managing the CCD, and such an experiment could
pave the way to develop valuable treatments for dogs and humans
with dementia.
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1. Prpar Mihevc S, Majdič G. Canine cognitive dysfunction and Alzheimer’s
disease - two facets of the same disease? Front Neurosci. (2019)
13:604. doi: 10.3389/fnins.2019.00604

2. Fast R, Schütt T, Toft N, Møller A, Berendt M. An observational
study with long-term follow-up of canine cognitive dysfunction: clinical
characteristics, survival, and risk factors. J Vet Intern Med. (2013) 27:822–
9. doi: 10.1111/jvim.12109

3. Bain MJ, Hart BL, Cliff KD, Ruehl WW. Predicting behavioral changes
associated with age-related cognitive impairment in dogs. J AmVetMed Assoc.
(2001) 218:1792–5. doi: 10.2460/javma.2001.218.1792

4. Papaioannou N, Tooten PC, van Ederen AM, Bohl JR, Rofina J, Tsangaris
T, et al. Immunohistochemical investigation of the brain of aged dogs.
I. Detection of neurofibrillary tangles and of 4-hydroxynonenal protein,
an oxidative damage product, in senile plaques. Amyloid. (2001) 8:11–
21. doi: 10.3109/13506120108993810

5. Pugliese M, Mascort J, Mahy N, Ferrer I. Diffuse beta-amyloid
plaques and hyperphosphorylated tau are unrelated processes
in aged dogs with behavioral deficits. Acta Neuropathol. (2006)
112:175–83. doi: 10.1007/s00401-006-0087-3

6. Schmidt F, Boltze J, Jäger C, Hofmann S, Willems N, Seeger J,
et al. Detection and quantification of β-Amyloid, Pyroglutamyl
Aβ, and Tau in aged canines. J Neuropathol Exp Neurol. (2015)
74:912–23. doi: 10.1097/NEN.0000000000000230

7. Smolek T, Madari A, Farbakova J, Kandrac O, Jadhav S, Cente M, et al.
Tau hyperphosphorylation in synaptosomes and neuroinflammation are
associated with canine cognitive impairment. J Comp Neurol. (2016) 524:874–
95. doi: 10.1002/cne.23877

8. Yu CH, Song GS, Yhee JY, Kim JH, Im KS, Nho WG, et al. Histopathological
and immunohistochemical comparison of the brain of human patients with
Alzheimer’s disease and the brain of aged dogs with cognitive dysfunction. J
Comp Pathol. (2011) 145:45–58. doi: 10.1016/j.jcpa.2010.11.004

9. Asiimwe N, Yeo SG, Kim M-S, Jung J, Jeong NY. Nitric oxide: exploring
the contextual link with Alzheimer’s disease. Oxid Med Cell Longev. (2016)
2016:7205747. doi: 10.1155/2016/7205747

10. Balez R, Ooi L. Getting to NO Alzheimer’s disease: neuroprotection versus
neurotoxicity mediated by nitric oxide. Oxid Med Cell Longev. (2016)
2016:3806157. doi: 10.1155/2016/3806157

11. Panthi S, Manandhar S, Gautam K. Hydrogen sulfide, nitric oxide,
and neurodegenerative disorders. Transl Neurodegener. (2018)
7:3. doi: 10.1186/s40035-018-0108-x

12. Virarkar M, Alappat L, Bradford PG, Awad AB. L-arginine and nitric oxide in
CNS function and neurodegenerative diseases. Crit Rev Food Sci Nutr. (2013)
53:1157–67. doi: 10.1080/10408398.2011.573885

13. Alderton WK, Cooper CE, Knowles RG. Nitric oxide synthases:
structure, function and inhibition. Biochem J. (2001) 357:593–
615. doi: 10.1042/bj3570593

14. Kleinert H, Pautz A, Linker K, Schwarz PM. Regulation of the expression
of inducible nitric oxide synthase. Eur J Pharmacol. (2004) 500:255–
66. doi: 10.1016/j.ejphar.2004.07.030

15. Nathan C, Calingasan N, Nezezon J, Ding A, Lucia MS, La Perle K,
et al. Protection from Alzheimer’s-like disease in the mouse by genetic
ablation of inducible nitric oxide synthase. J Exp Med. (2005) 202:1163–
9. doi: 10.1084/jem.20051529

16. Förstermann U, Sessa WC. Nitric oxide synthases: regulation and function.
Eur Heart J. (2012) 33:829–37. doi: 10.1093/eurheartj/ehr304

17. Fernández-Vizarra P, Fernández AP, Castro-Blanco S, Encinas JM, Serrano
J, Bentura ML, et al. Expression of nitric oxide system in clinically
evaluated cases of Alzheimer’s disease. Neurobiol Dis. (2004) 15:287–
305. doi: 10.1016/j.nbd.2003.10.010

18. Jeynes B, Provias J. Significant negative correlations between capillary
expressed eNOS and Alzheimer lesion burden. Neurosci Lett. (2009) 463:244–
8. doi: 10.1016/j.neulet.2009.07.091

19. Lüth H-J, Münch G, Arendt T. Aberrant expression of NOS isoforms in
Alzheimer’s disease is structurally related to nitrotyrosine formation. Brain
Res. (2002) 953:135–43. doi: 10.1016/S0006-8993(02)03280-8

20. Santos RM, Lourenço CF, Ledo A, Barbosa RM, Laranjinha
J. Nitric oxide inactivation mechanisms in the brain: role in
bioenergetics and neurodegeneration. Int J Cell Biol. (2012)
2012:391914. doi: 10.1155/2012/391914

21. Wallace MN, Geddes JG, Farquhar DA, Masson MR. Nitric oxide synthase
in reactive astrocytes adjacent to beta-amyloid plaques. Exp Neurol. (1997)
144:266–72. doi: 10.1006/exnr.1996.6373

22. Kummer MP, Hermes M, Delekarte A, Hammerschmidt T, Kumar
S, Terwel D, et al. Nitration of tyrosine 10 critically enhances
amyloid β aggregation and plaque formation. Neuron. (2011)
71:833–44. doi: 10.1016/j.neuron.2011.07.001

23. Montagne A, Barnes SR, Sweeney MD, Halliday MR, Sagare AP, Zhao Z, et al.
Blood-brain barrier breakdown in the aging human hippocampus. Neuron.
(2015) 85:296–302. doi: 10.1016/j.neuron.2014.12.032

24. Madari A, Farbakova J, Katina S, Smolek T, Novak P, Weissova T,
et al. Assessment of severity and progression of canine cognitive
dysfunction syndrome using the CAnine DEmentia Scale (CADES).
Appl Anim Behav Sci. (2015) 171:138–45. doi: 10.1016/j.applanim.2015.
08.034

25. Ruifrok AC, Johnston DA. Quantification of histochemical staining by color
deconvolution. Anal Quant Cytol Histol. (2001) 23:291–9.

26. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods. (2012) 9:671–5. doi: 10.1038/nmeth.2089

Frontiers in Veterinary Science | www.frontiersin.org 13 November 2020 | Volume 7 | Article 573155

https://doi.org/10.3389/fnins.2019.00604
https://doi.org/10.1111/jvim.12109
https://doi.org/10.2460/javma.2001.218.1792
https://doi.org/10.3109/13506120108993810
https://doi.org/10.1007/s00401-006-0087-3
https://doi.org/10.1097/NEN.0000000000000230
https://doi.org/10.1002/cne.23877
https://doi.org/10.1016/j.jcpa.2010.11.004
https://doi.org/10.1155/2016/7205747
https://doi.org/10.1155/2016/3806157
https://doi.org/10.1186/s40035-018-0108-x
https://doi.org/10.1080/10408398.2011.573885
https://doi.org/10.1042/bj3570593
https://doi.org/10.1016/j.ejphar.2004.07.030
https://doi.org/10.1084/jem.20051529
https://doi.org/10.1093/eurheartj/ehr304
https://doi.org/10.1016/j.nbd.2003.10.010
https://doi.org/10.1016/j.neulet.2009.07.091
https://doi.org/10.1016/S0006-8993(02)03280-8
https://doi.org/10.1155/2012/391914
https://doi.org/10.1006/exnr.1996.6373
https://doi.org/10.1016/j.neuron.2011.07.001
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1016/j.applanim.2015.08.034
https://doi.org/10.1038/nmeth.2089
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Prpar Mihevc et al. Nitrosative Stress in Canine Brains

27. Dildar K, Sinem F, Gökhan E, Orhan Y, Filiz M. Serum nitrosative stress levels
are increased in Alzheimer disease but not in vascular dementia. Alzheimer
Dis Assoc Disord. (2010) 24:194–7. doi: 10.1097/WAD.0b013e3181c53d0d

28. Norris PJ, Faull RL, Emson PC. Neuronal nitric oxide synthase (nNOS)mRNA
expression and NADPH-diaphorase staining in the frontal cortex, visual
cortex and hippocampus of control and Alzheimer’s disease brains. Brain Res
Mol Brain Res. (1996) 41:36–49. doi: 10.1016/0169-328X(96)00064-2

29. Yarim M, Karayigit MÖ, Gacar A, Kabak YB, Gülbahar MY, Güvenç T, et al.
Inducible nitric oxide synthase expression in cerebellum of dogs naturally
infected with canine distemper virus. Ankara Üniversitesi Veteriner Fakültesi
Dergisi. (2015) 62:189–96. doi: 10.1501/Vetfak_0000002679

30. Lüth HJ, Holzer M, Gertz HJ, Arendt T. Aberrant expression
of nNOS in pyramidal neurons in Alzheimer’s disease is highly
co-localized with p21ras and p16INK4a. Brain Res. (2000)
852:45–55. doi: 10.1016/S0006-8993(99)02178-2

31. Hartlage-Rübsamen M, Apelt J, Schliebs R. Fibrillary beta-amyloid deposits
are closely associated with atrophic nitric oxide synthase (NOS)-expressing
neurons but do not upregulate the inducible NOS in transgenic Tg2576
mouse brain with Alzheimer pathology. Neurosci Lett. (2001) 302:73–
6. doi: 10.1016/S0304-3940(01)01652-4

32. Simic G, Lucassen PJ, Krsnik Z, Kruslin B, Kostovic I, Winblad B. nNOS
expression in reactive astrocytes correlates with increased cell death related
DNA damage in the hippocampus and entorhinal cortex in Alzheimer’s
disease. Exp Neurol. (2000) 165:12–6. doi: 10.1006/exnr.2000.7448

33. Montero F, Sunico CR, Liu B, Paton JFR, Kasparov S, Moreno-
López B. Transgenic neuronal nitric oxide synthase expression
induces axotomy-like changes in adult motoneurons. J Physiol. (2010)
588:3425–43. doi: 10.1113/jphysiol.2010.195396

34. Chakroborty S, Kim J, Schneider C, West AR, Stutzmann GE. Nitric
oxide signaling is recruited as a compensatory mechanism for sustaining
synaptic plasticity in Alzheimer’s disease mice. J Neurosci. (2015) 35:6893–
902. doi: 10.1523/JNEUROSCI.4002-14.2015

35. Luo CX, Zhu DY. Research progress on neurobiology of neuronal nitric oxide
synthase. Neurosci Bull. (2011) 27:23–35. doi: 10.1007/s12264-011-1038-0

36. Moreno-López B, Sunico CR, González-Forero D. NO orchestrates the loss
of synaptic boutons from adult “sick” motoneurons: modeling a molecular
mechanism.Mol Neurobiol. (2011) 43:41–66. doi: 10.1007/s12035-010-8159-8

37. Hashimoto M, Bogdanovic N, Nakagawa H, Volkmann I, Aoki M,Winblad B,
et al. Analysis of microdissected neurons by 18O mass spectrometry reveals
altered protein expression in Alzheimer’s disease. J Cell Mol Med. (2012)
16:1686–700. doi: 10.1111/j.1582-4934.2011.01441.x

38. Yoshida K, Okamura T, Kimura H, Bredt DS, Snyder SH, Toda N. Nitric oxide
synthase-immunoreactive nerve fibers in dog cerebral and peripheral arteries.
Brain Res. (1993) 629:67–72. doi: 10.1016/0006-8993(93)90482-3

39. Okamura T, Ayajiki K, Fujioka H, Shinozaki K, Toda N. Neurogenic cerebral
vasodilation mediated by nitric oxide. Jpn J Pharmacol. (2002) 88:32–
8. doi: 10.1254/jjp.88.32

40. Malinski T. Nitric oxide and nitroxidative stress in Alzheimer’s disease. J
Alzheimers Dis. (2007) 11:207–18. doi: 10.3233/JAD-2007-11208

41. Smith MA, Richey Harris PL, Sayre LM, Beckman JS, Perry G. Widespread
peroxynitrite-mediated damage in Alzheimer’s disease. J Neurosci. (1997)
17:2653–7. doi: 10.1523/JNEUROSCI.17-08-02653.1997

42. Du X, Wang L, Wang Y, Andreasen M, Zhan D, Feng Y, et al. Aβ1-
16 can aggregate and induce the production of reactive oxygen species,
nitric oxide, and inflammatory cytokines. J Alzheimers Dis. (2011) 27:401–
13. doi: 10.3233/JAD-2011-110476

43. Satou T, Cummings BJ, Head E, Nielson KA, Hahn FF, Milgram NW, et al.
The progression of beta-amyloid deposition in the frontal cortex of the aged
canine. Brain Res. (1997) 774:35–43. doi: 10.1016/S0006-8993(97)81684-8

44. Head E. Brain aging in dogs: parallels with human brain aging and Alzheimer’s
disease. Vet Ther. (2001) 2:247–60.

45. Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathol. (1991) 82:239–59. doi: 10.1007/BF00308809

46. Querol-Vilaseca M, Colom-Cadena M, Pegueroles J, Nuñez-Llaves R,
Luque-Cabecerans J, Muñoz-Llahuna L, et al. Nanoscale structure
of amyloid-β plaques in Alzheimer’s disease. Sci Rep. (2019)
9:5181. doi: 10.1038/s41598-019-41443-3

47. Welikovitch LA, Carmo SD, Maglóczky Z, Malcolm JC, Loke J, Klein WL,
et al. Early intraneuronal amyloid triggers neuron-derived inflammatory
signaling in APP transgenic rats and human brain. PNAS. (2020) 117:6844–
54. doi: 10.1073/pnas.1914593117
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