
Academic Editors: Ilaria D’Aquino,

Davide De Biase and Lorenzo Riccio

Received: 6 February 2026

Revised: 16 March 2026

Accepted: 17 March 2026

Published: 21 March 2026

Copyright: © 2026 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.

Review

Canine Cognitive Dysfunction and Alzheimer’s Disease:
Pathophysiological Relationships and the Impact of Glymphatic
System Impairment on Neurodegeneration
Maurizio Dondi , Ezio Bianchi * , Paolo Borghetti , Rosanna Di Lecce, Giacomo Gnudi , Chiara Guarnieri ,
Valentina Buffagni, Francesca Ravanetti * , Roberta Saleri * and Attilio Corradi

Department of Veterinary Science, University of Parma, 43126 Parma, Italy; maurizio.dondi@unipr.it (M.D.);
paolo.borghetti@unipr.it (P.B.); rosanna.dilecce@unipr.it (R.D.L.); giacomo.gnudi@unipr.it (G.G.);
chiara.guarnieri1@unipr.it (C.G.); valentina.buffagni@unipr.it (V.B.); attilio.corradi@unipr.it (A.C.)
* Correspondence: ezio.bianchi@unipr.it (E.B.); francesca.ravanetti@unipr.it (F.R.); roberta.saleri@unipr.it (R.S.)

Simple Summary

Canine cognitive dysfunction (CCD) is a common age-related neurodegenerative disorder
in dogs and shares several pathological and clinical characteristics with human Alzheimer’s
disease (AD). In both species, β-amyloid (Aβ) accumulates in the brain parenchyma and
along cerebral blood vessel walls, where it is associated with synaptic loss, oxidative stress,
mitochondrial dysfunction, and persistent neuroinflammatory processes, leading to a pro-
gressive decline in cognitive function. Growing evidence suggests that impairment of
the glymphatic system is a key pathogenic mechanism in both CCD and AD. This glia-
dependent perivascular network is involved in the clearance of Aβ and other metabolic
by-products from the brain, and its function is reduced by aging, vascular disease, and
astrocytic alterations, including changes in aquaporin-4 distribution. Reduced glymphatic
and periarterial drainage promotes the retention and aggregation of Aβ and tau proteins.
Compared with AD, tau pathology in CCD is typically less pronounced, supporting the
interpretation of CCD as an Aβ-predominant condition and a partial pathological counter-
part of Alzheimer’s disease. Clinically, CCD manifests as a spectrum of behavioral changes,
including disorientation, altered social interactions, sleep–wake cycle disturbances, a loss of
housetraining, changes in activity patterns, and increased anxiety, commonly summarized
by the DISHAA acronym.

Abstract

Canine cognitive dysfunction (CCD) is a common age-related neurodegenerative disorder
in dogs that shares several pathological and clinical features with human Alzheimer’s dis-
ease (AD). In both species, β-amyloid (Aβ) accumulates within the brain parenchyma and
cerebral vessel walls and is associated with synaptic loss, oxidative stress, mitochondrial
dysfunction, and chronic neuroinflammation, ultimately leading to progressive cognitive
decline. Increasing evidence indicates that impairment of brain clearance mechanisms,
particularly the glymphatic system, represents a central pathogenic mechanism in both
CCD and AD. The glymphatic system is a glia-dependent perivascular network involved in
the clearance of Aβ and other metabolic waste products from the brain. Its function declines
with aging, vascular disease, and astrocytic alterations, including changes in aquaporin-4
distribution. Reduced glymphatic and periarterial drainage promotes the retention and
aggregation of Aβ and tau proteins. Compared with AD, tau pathology in CCD is generally
less extensive, supporting the interpretation of CCD as an Aβ-predominant condition
and a partial pathological analog of Alzheimer’s disease. Clinically, CCD is characterized
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by a constellation of behavioral changes including, disorientation, altered social interac-
tions, sleep–wake cycle disturbances, a loss of housetraining, changes in activity levels,
and increased anxiety, commonly summarized by the DISHAA acronym. Overall, CCD
represents a valuable spontaneous large-animal model for investigating neurodegenera-
tive mechanisms and clearance-related therapeutic targets relevant to both veterinary and
human medicine.

Keywords: canine cognitive dysfunction (CCD); Alzheimer’s disease (AD); neuroclinical
signs (DISHAA); glymphatic system; β-amyloid; osmolytes; tau pathology; neurodegeneration;
magnetic resonance imaging (MRI); translational model

1. Introduction
Canine cognitive dysfunction is an age-related neurodegenerative syndrome increas-

ingly recognized in companion dogs as lifespans lengthen. Affected animals develop
progressive deficits in learning, memory, spatial orientation, social interaction, sleep–wake
regulation, elimination behavior, and emotional control, which are commonly summa-
rized by the DISHAA framework: disorientation, altered social interactions, sleep–wake
disturbances, house-soiling, altered activity, and anxiety [1–3].

These clinical features closely resemble those observed in human Alzheimer’s disease,
raising the question of whether canine cognitive dysfunction and AD should be considered
distinct entities or, rather, species-specific manifestations of a shared pathogenic contin-
uum [4]. Over the past three decades, neuropathological and molecular investigations
have identified substantial convergences between CCD and AD. Both disorders are char-
acterized by cortical and hippocampal atrophy, synaptic and neuronal loss, deposition
of β-amyloid (Aβ) within the brain parenchyma and cerebral vessel walls in the form of
cerebral amyloid angiopathy (CAA), increased oxidative stress, and persistent neuroin-
flammatory responses [2,5–9]. In aged dogs, Aβ plaques—predominantly enriched in
Aβ42—accumulate spontaneously in the prefrontal and association cortices as well as in
the hippocampus, and plaque burden correlates with the severity of cognitive impairment,
closely mirroring observations in humans [5,10,11]. Tau pathology is generally less promi-
nent in CCD and rarely progresses to the extensive neurofibrillary tangle (NFT) burden or
stereotyped Braak-stage distribution typical of AD; nevertheless, tau abnormalities have
been detected in a subset of CCD cases and appear to be mechanistically linked to Aβ

deposition and associated neuroinflammatory and vascular alterations [12–14].
More recently, dysfunction of brain clearance mechanisms—particularly the glym-

phatic pathway and intramural periarterial drainage—has emerged as a central contributor
to protein accumulation and neurodegeneration. The glymphatic system is a brain-wide,
glia-dependent perivascular network that couples cerebrospinal fluid flow to interstitial
fluid transport through astrocytic endfeet enriched in aquaporin-4 (AQP4), thereby facili-
tating the removal of metabolic waste products, including Aβ and tau [15,16]. Age-related
vascular stiffening, CAA, astrocytic gliosis, and mislocalization of AQP4 disrupt these clear-
ance pathways, reducing solute elimination and favoring the retention and aggregation of
pathogenic proteins [17–19]. Anatomical, magnetic resonance imaging, and immunohisto-
chemical studies indicate that dogs share the principal structural components of glymphatic
and perivascular clearance systems with humans, including Virchow–Robin spaces, polar-
ized perivascular AQP4 expression, osmolyte regulation, and basement membrane-based
drainage routes [6].
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Dogs therefore occupy a distinctive translational position between rodent models and
humans. They are large-brained, long-lived, share the human domestic environment, and
develop spontaneous age-related cognitive decline under natural conditions. Neuroimag-
ing studies in CCD have demonstrated cortical and hippocampal atrophy, ventricular
enlargement, reduced interthalamic adhesion thickness, white matter hyperintensities, and
cerebral microhemorrhages, features that closely parallel established imaging biomarkers
of AD [20–24]. At the ultrastructural level, transmission electron microscopy in both species
reveals comparable amyloid fibrils, synaptic degeneration, mitochondrial abnormalities,
and age-related myelin and axonal pathology [6,25–27].

Despite these similarities, important interspecies differences must be acknowledged,
most notably the predominance of combined Aβ–tau proteinopathy in AD compared with
a largely Aβ-centric pathology with relatively limited tau involvement in CCD, as well
as distinct genetic architectures, such as the established roles of APOE ε4 and PSEN1/2
mutations in humans versus the absence of clearly defined major genetic risk loci in CCD
to date [4,13,28–30]. Accordingly, this review aims to (1) describe the anatomy and ul-
trastructural organization of glymphatic and perivascular clearance systems in dogs and
humans; (2) summarize amyloid- and tau-related pathobiology, including relevant genetic
and molecular factors, in CCD and AD; (3) compare the neuropathological, neuroimag-
ing, and behavioral profiles of the two conditions; and (4) highlight the value of CCD
as a spontaneous large-animal model for investigating glymphatic dysfunction, mixed
proteinopathy–vascular mechanisms, and potential disease-modifying interventions rele-
vant to human Alzheimer’s disease.

2. Anatomy of Glymphatic System
The glymphatic system is a brain-wide perivascular network that mediates cere-

brospinal and interstitial fluid transport and facilitates metabolic waste clearance. Struc-
turally, it is inseparable from the neurovascular unit, relying on the intimate anatomical
coupling of vessels, perivascular spaces, and astrocytic glial cells. It has been described as a
“glia-dependent lymphatic system,”, hence the term “glymphatic”, which is derived from
the fusion of “glia” and “lymphatic” [12]. Although most mechanistic data derive from
rodent and human studies, an increasing number of anatomical, imaging, and neuropatho-
logical investigations indicate that dogs possess a comparable glymphatic organization,
supporting their use as a relevant large-animal translational model.

2.1. Cerebrospinal Fluid and Periarterial Central Nervous System

In anatomic detail, the glymphatic system originates at the interface between cere-
brospinal fluid (CSF) in the subarachnoid space and the walls of cerebral arteries. Large pial
arteries on the brain surface are surrounded by a sleeve-like fluid compartment, tradition-
ally termed the Virchow–Robin space. As these arteries penetrate the cortical surface and
enter the parenchyma, they remain surrounded by a perivascular space that is delimited
externally by glial (astrocytic) structures and internally by the arterial wall [13,14].

The wall of a penetrating artery is supported by associated basement membranes.
Surrounding this vascular wall is a fluid-filled compartment that can receive CSF from
the subarachnoid space. The outer boundary of this compartment is formed by astrocytic
endfeet and a basal lamina that forms the outermost boundary of the central nervous
system (CNS), the glia limitans. This structural arrangement creates a periarterial space
in direct continuity with subarachnoid CSF and establishes a low-resistance pathway by
which CSF can move into the brain parenchyma [12–14] (Figure 1).
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Figure 1. A schematic illustration of the glymphatic system. Cerebrospinal fluid (CSF) flows from
the periarterial space through the interstitial compartment and drains into the perivenous space.
Transport is mediated by AQP4 channels expressed on astrocytic endfeet surrounding the vasculature.

Convective movement of cerebrospinal fluid along periarterial spaces is thought to
be primarily driven by arterial pulsatility, with additional contributions from vasomotion
and, to a lesser extent, respiratory and cardiac cycles [14]. In vivo two-photon imaging and
particle tracking studies have demonstrated that arterial wall motion represents a major
mechanical force underlying CSF transport within these compartments. Perturbations of
vascular dynamics, such as those occurring in hypertension, markedly attenuate periarterial
flow, underscoring the dependence of glymphatic inflow on intact arterial function [15].
From an anatomical standpoint, the periarterial compartment constitutes the principal
“inflow limb” of a directional brain clearance circuit, whereby CSF enters the parenchyma
along arterial pathways, disperses through the interstitial space, and is subsequently cleared
along perivenous routes.

This arterial-to-venous polarity is a defining structural feature of the glymphatic pathway.
In dogs, Virchow–Robin (perivascular) spaces have been documented both histolog-

ically and by MRI, tracking penetrating arteries from the cortical surface into deep gray
and white matter in a distribution closely resembling that described in humans [16]. On
high-field MRI, these spaces appear as linear or ovoid T2-hyperintense foci aligned with
the course of small penetrating vessels, particularly in the basal ganglia, thalamus and sub-
cortical white matter. The number and caliber of these structures increase with advancing
age and in association with presumed small-vessel disease or leukoaraiosis-like changes
detected on MRI, supporting the interpretation that they represent dilated perivascular
sleeves rather than lacunar infarcts. Although classical intravital two-photon tracer experi-
ments, widely used in rodent models, have not yet been extensively performed in dogs,
a growing body of experimental and clinical intrathecal contrast-enhanced MRI studies
provides indirect functional evidence for periarterial glymphatic inflow in this species.
Following intrathecal administration of gadolinium-based contrast agents or other tracers
in research beagles and clinical canine patients, serial MRI typically demonstrates early
enhancement of the basal cisterns and perivascular tracks surrounding major cerebral arter-
ies, followed by delayed parenchymal and perivenous signal enhancement. This temporal
pattern is consistent with CSF entry into periarterial sleeves, subsequent exchange with
interstitial fluid, and drainage along perivascular pathways [17]. Taken together with the
well-defined morphology of Virchow–Robin spaces in the canine brain, these findings sup-
port the presence of a functional periarterial compartment in dogs that likely contributes to
glymphatic inflow in a manner analogous to that described in experimental rodent models.
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2.2. Astrocytes, AQP4 Polarization, and the Perivascular Glial Sheath

Blood vessels provide the conduits, whereas astrocytes supply the critical perivascular
lining that renders these conduits functionally glymphatic. Virtually all cerebral blood
vessels are surrounded by astrocytic endfeet, which together form an almost continuous
glial envelope known as the glial limitans [6].

A hallmark of this sheath is the high expression and polarization of aquaporin-4
(AQP4) water channels at the astrocytic endfeet facing the vessel wall [6] (Figure 1).

This polarization is not simply a biochemical feature but represents a critical deter-
minant of glymphatic function. Aquaporin-4 (AQP4) enables rapid, bidirectional water
exchange between the perivascular space and the interstitial compartment. A hallmark
of the perivascular glial sheath is the polarized expression of AQP4 at astrocytic endfeet
facing the vessel wall [6]. This polarization is considered a key structural determinant of
efficient CSF–ISF exchange and glymphatic transport. From a structural perspective, the
astrocytic perivascular sheath, together with its AQP4-enriched membranes, establishes a
low-resistance interface between perivascular CSF and the brain interstitium [18,19]. Rather
than relying exclusively on passive diffusion through the extracellular space, the glym-
phatic system leverages this highly water-permeable glial boundary to support convective,
or “bulk,” fluid flow through the parenchyma [12–14]. The combined architecture of the
perivascular basement membrane, astrocytic basal lamina, and overlapping astrocytic end-
feet creates a specialized microenvironment in which variations in vascular tone, osmotic
gradients, and extracellular solute composition can dynamically regulate both the direction
and magnitude of fluid movement [20].

This astrocyte–vascular unit is also dynamic. In cerebral edema, trauma, and a range
of neuropathologies, astrocytes undergo swelling, AQP4 expression and polarization are
altered, and the vascular basal lamina may be disrupted [20]. These changes remodel the
geometry and effective permeability of perivascular spaces, providing a mechanistic basis
for the high vulnerability of glymphatic transport to both vascular and glial pathology [21].

Immunohistochemical studies in the canine brain show prominent AQP4 expression
on astrocytic endfeet around blood vessels, ventricular ependyma, and the glia limitans,
mirroring the distribution reported in humans and rodents [22].

In naturally occurring canine conditions such as meningoencephalitis, epilepsy, and
brain tumors, perivascular AQP4 is upregulated or redistributed, and astrocytes become
hypertrophic, indicating that the same astrocyte–vascular unit is engaged in fluid regula-
tion [22].

In aged dogs with cognitive dysfunction and amyloid angiopathy [5,6,11], features of
astrocytic gliosis and altered perivascular AQP4 expression were recognized [22].

2.3. Parenchymal Interstitial Pathways: From Periarterial Spaces to Perivenous Routes

Once CSF traverses the astrocytic perivascular boundary, it mixes with interstitial fluid
within the brain extracellular space (ECS). Anatomically, the ECS consists of narrow chan-
nels and clefts between neurons, glial cells, and microvessels, and occupies approximately
15–20% of the nervous tissue volume in the healthy adult brain. Its geometric properties,
particularly tortuosity (the degree to which diffusion pathways deviate from a straight line)
and volume fraction, critically influence the dispersion of solutes and fluid within the brain
parenchyma [12].

Tracer studies suggest net solute movement from periarterial inflow zones through
the parenchyma toward perivenous efflux routes [13,14,23]. However, the relative con-
tributions of bulk flow versus dispersion within the extracellular space remain debated.
Anatomical arrangement—such as cellular packing density, myelinated fiber tracts, and
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regional variation in vascular density—strongly influences the spatial distribution and
kinetics of solute movement [12,15].

2.4. Ultrastructural Anatomy of Glymphatic System

Transmission electron microscopy (TEM) defines the glymphatic system as an ultra-
structural continuum comprising the nanoscale interstitial space, composite vascular base-
ment membranes at capillary and arterial levels, smooth muscle cell basement membranes
forming intramural drainage pathways, and the astrocytic glia limitans with polarized
AQP4 expression (Figure 1). Together, these elements form a structurally integrated path-
way that regulates fluid exchange, solute clearance, and metabolic homeostasis in the brain.
At the capillary and arteriolar levels, the perivascular space is represented ultrastructurally
by vascular basement membranes formed through the fusion of endothelial and astro-
cytic basal laminae of the glia limitans, creating a continuous nanoscale pathway that is
contiguous with the interstitial extracellular space [24].

TEM studies demonstrate direct continuity between the narrow (≈40–60 nm), tortuous
interstitial spaces and capillary basement membranes, supporting diffusion-dominant
solute transport within the parenchyma and size-restricted access to intramural perivascular
drainage pathways [25]. At the capillary level, the vascular wall is composed of a non-
fenestrated endothelial cell layer joined by tight junctions, an underlying endothelial
basement membrane, embedded pericytes, and an abluminal astrocytic sheath forming the
glia limitans.

TEM reveals that the capillary basement membrane is a composite structure arising
from the fusion of endothelial and astrocytic basal laminae, typically organized into a
trilaminar architecture composed of two laminae rarae flanking a central lamina densa [25].
This basement membrane lies in direct focal continuity with the surrounding interstitial
space, allowing small solutes to pass from the parenchyma into intramural perivascular
drainage pathways while excluding larger particulate material, as demonstrated by size-
restricted tracer and nanoparticle experiments.

As vessels transition from capillaries to arterioles and arteries, ultrastructural organi-
zation becomes increasingly complex. The tunica media of arterioles and arteries contains
concentric layers of smooth muscle cells, each ensheathed by its own basement membrane.
TEM studies show that intramural perivascular drainage of interstitial fluid and solutes
occurs specifically within these smooth muscle cell basement membranes, which together
form a longitudinal, three-dimensional network within the arterial wall that channels
solutes out of the brain toward leptomeningeal and cervical lymphatic pathways [25].

At the level of penetrating cortical arteries, cerebrospinal fluid enters the brain along
the pial–glial basement membrane, a specialized basal lamina shared between the pia
mater and the astrocytic glia limitans. Electron microscopy demonstrates that this pial–
glial basement membrane lies external to the smooth muscle layers and forms a narrow,
continuous sheet without a true Virchow–Robin “space” in the classical sense [25]. TEM-
based tracer studies further show that particles introduced into the CSF rapidly accumulate
within this pial–glial basement membrane but do not penetrate directly into the interstitial
space unless transferred across the astrocytic endfoot layer. Astrocytic endfeet constitute
a critical ultrastructural interface in the glymphatic system. These specialized astrocytic
processes envelop 60–98% of the cerebrovascular surface and collectively form the glia
limitans. TEM reveals that adjacent endfeet are separated by narrow inter-endfoot clefts
and that their perivascular membranes display a high density of aquaporin-4 (AQP4)
water channels, reflecting pronounced molecular polarization [24]. This polarized AQP4
distribution is thought to support rapid, bidirectional water exchange between perivascular
compartments and the interstitium, while maintaining size selectivity for solute movement.
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Ultrastructural alterations of astrocytic endfeet—including mitochondrial swelling,
disruption of cristae architecture, accumulation of autophagic vacuoles, and loss of nor-
mal endfoot organization—have been documented in human conditions associated with
impaired glymphatic clearance, such as idiopathic normal pressure hydrocephalus, and
correlates with reduced perivascular AQP4 expression [26].

Additional ultrastructural support for the existence of glymphatic transport pathways
derives from electron microscopic studies localizing exogenous substances within the
brain. Multimodal transmission electron microscopy and spectroscopic analyses have
demonstrated the presence of insoluble gadolinium deposits within capillary and arteriolar
basement membranes, the perivascular (Virchow–Robin) compartment, and the interstitial
space. These deposits are frequently associated with folds of the basal lamina and astrocytic
elements, while notably remaining absent from the endothelial cytoplasm, a distribution
pattern consistent with solute transport along basement membrane-defined pathways
rather than transendothelial passage [27].

3. Cerebrospinal Fluid, the Glymphatic System and the Aging Dog
Aging is a complex, multifactorial process that can be defined as a progressive bi-

ological decline that leads to a gradual reduction in the maintenance of the organism’s
homeostasis. In dogs, given the wide variability of breeds and sizes, a senior dog is defined
as one in the last third of its expected lifespan [28].

In dogs, twelve hallmarks have been proposed by researchers to highlight the main
and significant changes related to aging [29,30]. In 2024, Guelfi et al. [31] proposed an
additional indicator, hydration level, which directly impacts water balance, with effects pri-
marily on the muscles, cardiovascular system, and the nervous system. In the latter, water
plays an important role not only in the integrity of cell membranes and as a mediator for
electrical signal transmission in neurons, but also as a major and fundamental component
of cerebrospinal fluid. Cerebrospinal fluid (CSF) is a colorless fluid composed primarily of
water (99%), with low concentrations of proteins, ions, neurotransmitters, and glucose [32].

Several hypotheses have been proposed to explain the mechanisms underlying the
physiology of the cerebrospinal fluid, regarding its production and dynamics. The classical
theory, known as the “Weed–Dandy–Cushing hypothesis” and defined over 100 years ago,
identifies the choroid plexus as the main sites of CSF production (approximately 80%) and
secretion and as the main regulator of flow. The choroid plexus consists of a vascularized
stromal core containing fenestrated capillaries, covered by a single layer of specialized
secretory epithelial cells. Because the endothelial cells of these capillaries lack tight junc-
tions, they are highly permeable, allowing fluid and solutes to move from the bloodstream
into the stromal compartment along hydrostatic and osmotic gradients. For this reason,
the choroid plexus is one of the few regions of the central nervous system that lacks a
functional blood–brain barrier [32]. In contrast, the epithelial cells are interconnected by
tight junctions, forming a selective barrier that tightly regulates the passage of substances
from the stroma into the ventricular system and thereby controls cerebrospinal fluid com-
position. This arrangement allows blood-derived substances to access the epithelial layer,
where their transfer into the ventricular system is selectively regulated. The classical model
of cerebrospinal fluid (CSF) physiology is centered on the choroid plexus and is based
on three principal assumptions: (1) active CSF formation and secretion by the choroid
plexus epithelium; (2) passive absorption of CSF at distal sites; and (3) a predominantly
unidirectional flow from the ventricular system to the subarachnoid space. According to
this theory, CSF production by the choroid plexus generates the pressure gradient that
drives fluid movement from the ventricles toward the subarachnoid compartment.
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According to this model, cerebrospinal fluid production is primarily driven by transcel-
lular sodium (Na+) transport mediated by the Na+/K+-ATPase on the luminal membrane
of choroid plexus epithelial cells. Sodium transport is accompanied by chloride (Cl−) and
bicarbonate (HCO3

−) fluxes, establishing osmotic gradients that facilitate the movement of
water into the ventricular system. Aquaporin-1 mediates water channel transfer from the
blood to the CSF [33]. By maintaining low intracellular Na+ concentrations, the Na+/K+-
ATPase generates the electrochemical gradient that drives Na+ entry across the basolateral
membrane, likely mediated by the Na+-dependent HCO3

− cotransporter NCBE and/or
the Na+/H+ exchanger NHE1.

The importance of Na+ transport is further supported by the genetic deletion of Na+

transporters, which markedly reduce CSF production and ventricular size [34].
HCO3

− and Cl− transport also play a significant role in CSF formation. It is proposed
that intracellular accumulation of HCO3

− promotes its efflux via HCO3
− channels and

the HCO3
−/Cl− exchanger AE2, leading to intracellular Cl− accumulation and generation

of a gradient that drives Cl− secretion through apical Cl− channels and transporters (i.e.,
NKCC1). The coordinated movement of Na+, Cl−, and HCO3

− from blood to ventricles
establishes the osmotic gradient required for water transport [32].

Water movement across the choroid plexus epithelium occurs mainly through the
highly permeable water channel AQP1, predominantly expressed in the apical membrane.
Although its exclusivity as a water pathway is debated, AQP1 is critical for CSF production,
as its deletion significantly reduces CSF secretion and epithelial water permeability [35].
Overall, the integrated transport of ions and water results in the formation of CSF, which
contains low levels of protein and K+, higher concentrations of Na+, Cl−, and Mg2+, and
approximately 99% water compared with plasma.

However, due to the discrepancies between classical theory and experimental evidence,
Bulat, Orešković, and Klarica have proposed a new model of CSF hydrodynamics [36,37].
In this model, CSF is formed through fluid filtration across capillary walls, with CSF and
interstitial fluid volumes regulated by hydrostatic and osmotic forces driven by protein
and ion gradients. Water is filtered from high-pressure capillaries into interstitial fluid and
CSF, while relatively impermeable electrolytes create osmotic counterpressure. As blood
reaches low-pressure capillaries and venules, water is reabsorbed, resulting in a continuous
exchange between CSF and interstitial fluid (ISF).

The discovery of the glymphatic system fully supported the hypothesis by Bulat,
Klarica and Oreskovic [36]. In 2012, Iliff et al. provided experimental evidence supporting
directional periarterial inflow and perivenous efflux, consistent with the anatomical frame-
work described above [13]. The glymphatic system is an active, energy-dependent process
driven by several mechanisms: continuous CSF production, respiration, and especially
arterial pulsatility. The physiological regulation of the glymphatic system is complex and
depends on multiple factors. Experimental studies have shown that arterial pulsatility is
a key element: reducing the pulsation of cerebral arteries impairs the influx of CSF into
the brain, whereas increasing pulsatility enhances glymphatic flow. Arterial pulsations
promote the entry of CSF into perivascular spaces and facilitate exchange between CSF and
interstitial fluid, explaining why glymphatic flow occurs primarily along arteries rather
than veins [14]. Respiration and low-frequency vasomotor oscillations also contribute to
cerebral fluid dynamics [38].

The state of arousal strongly influences the glymphatic activity. During sleep, CSF
flow and the clearance of interstitial solutes, including β-amyloid, are increased. This
effect is linked to reduced noradrenergic tone and expansion of the extracellular space,
which facilitates fluid exchange [39]. In humans, body position during sleep also plays a
role: the lateral position promotes more efficient clearance compared with supine or prone
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positions, highlighting the influence of postural and gravitational factors [40]. Functionally,
the glymphatic system supports clearance of metabolic waste (including Aβ and tau) and
contributes to nutrient and solute distribution within the brain [13,14].

In addition, the glymphatic system is crucial for nutrient distribution, including
glucose delivery, for drug transport, and for intercellular communication.

As mentioned above, AD is characterized by the accumulation of amyloid-β (Aβ)
and hyperphosphorylated tau, processes increasingly linked to impaired brain clearance
mechanisms rather than overproduction alone [41]. In addition to promoting the clearance
of substances to be eliminated, the glymphatic system also allows for the influx of glucose
and other nutrients to neurons and astrocytes, as well as the transport of cholesterol
and lipids.

Glymphatic flow also contributes to paracrine signaling and mechano-transduction
by influencing astrocytic calcium activity and mechanically activating specific receptors,
underscoring its integrated role in brain physiology.

Because patients with Alzheimer’s disease are believed to exhibit impaired cere-
brospinal fluid dynamics, one pathogenic hypothesis proposes that reduced glymphatic
function—and consequently diminished clearance capacity—contributes to the aggregation
and accumulation of AD-related proteins [42–44]. The development of this model, which
greatly expands knowledge, has unified previous physiological hypotheses on this fluid
exchange and has also allowed for further exploration of its molecular aspects with the
characterization of the role of aquaporin-4 (AQP4) at the cell level, astrocytes, and their
structural and functional role in this system. Despite the promising progress achieved in
this model, further and more detailed translational studies are required to elucidate how
these alterations contribute to the pathogenesis of AD in humans [45]. Studies on preclinical
models demonstrate a role of the glymphatic system in the clearance of β-amyloid (Aβ)
and tau, thereby supporting the hypothesis that structural and/or functional dysfunction
of this system contributes to the pathogenesis of AD [46]. However, human studies have
not yet fully elucidated the role of glymphatic dysfunction in the development of AD and
other neurodegenerative diseases [47]. Similarly, although no specific research has focused
on the role of the glymphatic system in the pathogenesis of canine cognitive dysfunction
(CCD), this may represent a new and interesting field for future research (Figure 2).

 

Figure 2. A schematic representation of the proposed role of canine cognitive dysfunction as spon-
taneous translational model for investigating Alzheimer’s disease pathogenesis and glymphatic
system involvement.
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The role of the glymphatic system in canine cognitive dysfunction and its pathogenesis
has not yet been investigated. However, like humans, dogs show neuropathological alter-
ations associated with amyloid-β pathology, and the deposition of amyloid-β is progressive
and characterized by four maturation stages, suggesting a gradual development of amyloid
pathology similar to early phases of human AD [4–6,10]. Because these changes occur
naturally and dogs develop age-related cognitive decline, the canine model provides a
useful platform for studying early pathogenic events and for supporting the translation of
research findings to human neurodegenerative diseases.

3.1. Aquaporin-4 Channels

The existence of a structured, convective transport system rather than simple dif-
fusion has been demonstrated by in vivo imaging studies in mice. In brief, CSF enters
the brain from the subarachnoid space driven primarily by arterial pulsatility, with addi-
tional contributions from respiration and pressure gradients. The fluid then penetrates the
parenchyma through aquaporin-4 water channels, which are highly enriched in astrocytic
endfeet, facilitating exchange between cerebrospinal and interstitial compartments.

This influx generates a convective ISF flow toward perivenous spaces, from which fluid
and solutes are ultimately drained into the cervical lymphatic system [13,19]. Experimental
studies in mice lacking the AQP4 gene, the α-syntrophin gene (Snta1), or subjected to
pharmacological inhibition of AQP4 function have demonstrated the critical role of this
channel and its perivascular astrocytic localization in glymphatic transport. Under these
conditions, glymphatic function is markedly impaired, resulting in reduced CSF influx
and diminished clearance of brain solutes [13,15,48]. Although AQP4 is a water-selective
channel, the precise mechanisms by which it directly or indirectly facilitates solute clearance
remain incompletely understood.

It is known that aquaporin-4 is the principal water channel in the central nervous sys-
tem and is predominantly expressed in astrocytic processes, particularly in the perivascular
endfoot membranes lining the cerebral vasculature [18,45,49]. AQP4 tetramers assem-
ble into higher-order supramolecular structures known as orthogonal arrays of particles
(OAPs) [50]. Two major isoforms of AQP4 are expressed, M1 and M23 [51]. The shorter
M23 isoform forms the core of OAPs through N-terminal intermolecular interactions, while
the longer M1 isoform is typically distributed at the periphery of these arrays. OAPs are
highly enriched in perivascular astrocytic endfeet due to interactions with the dystrophin-
associated protein complex (DAPC) [52]. Specifically, AQP4 binds to α-syntrophin, which
links the channel to dystrophin and, via α-dystroglycan, to extracellular matrix proteins
such as laminin and agrin within the perivascular glial basement membrane.

This highly organized molecular architecture gives rise to a dense concentration
of aquaporin-4 channels at the interface between perivascular and interstitial compart-
ments [53] (Figures 1 and 2). The polarized localization of AQP4 minimizes the resistance
to CSF–ISF exchange and thereby facilitates efficient fluid transport. According to this
interpretation, AQP4 knockout mice show a marked reduction in CSF influx following
the administration of fluorescent tracers into the cisterna magna when compared with
wild-type controls.

Notably, while periarterial tracer entry remains largely intact, movement of tracers
from periarterial spaces into the surrounding parenchyma is markedly impaired, suggest-
ing that AQP4 specifically facilitates fluid transfer between perivascular spaces and the
interstitial compartment [54]. A large body of evidence further supports the central role of
astrocytic AQP4 in glymphatic transport [55].

Astrocytic endfeet cover more than 60% of the cerebral capillary surface. AQP4
regulates convective fluid movement along perivascular pathways continuous with the
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Virchow–Robin spaces [56]. Meta-analyses of AQP4 knockout mouse models consistently
demonstrate reduced ISF and CSF tracer flux, confirming the importance of AQP4 in CNS
fluid homeostasis. In addition to its perivascular localization, AQP4 is also expressed
in ventricular ependymal cells, further contributing to global regulation of brain water
balance [57]. The M23 isoform appears to play a dominant role in glymphatic function and
astrocytic process motility.

Alterations in aquaporin-4 expression, isoform composition, or perivascular polariza-
tion have been implicated across a broad spectrum of neurological and neuropathological
conditions, including neurodegenerative disorders, traumatic brain injury, cerebrovascular
disease, and malignancies of the central nervous system.

Proper perivascular localization of AQP4 depends on the integrity of the dystrophin-
associated complex, which stabilizes the neurovascular unit. Changes in DAPC gene
expression have been associated with cognitive decline in dementia, and experimental
disruption of DAPC components leads to mislocalization of AQP4 and impaired glym-
phatic function.

Moreover, AQP4 localization is dynamically regulated through calmodulin-dependent
signaling pathways. Calcium influx via TRPV4 channels and downstream protein kinase
signaling controls the trafficking of AQP4 from intracellular vesicles to the astrocytic plasma
membrane [58].

Environmental and physiological stimuli, such as hypoxia and hypothermia, can
enhance AQP4 surface expression [59], whereas pharmacological inhibition of calmodulin
signaling has been shown to reduce cerebral edema and improve functional recovery in
experimental injury models [60,61].

Glymphatic activity is also strongly influenced by circadian rhythms, with fluid trans-
port markedly enhanced during sleep and under anesthesia. These rhythmic fluctuations
correlate with sleep-dependent trafficking and expression of AQP4, and experimental
disruption of circadian clock genes leads to the dysregulation of AQP4 localization and
interstitial fluid flow.

Alvarez et al. [22] were the first to characterize the presence and distribution of AQP4
in the healthy canine brain, demonstrating a pattern closely comparable to that described
in humans. AQP4 was widely expressed in astrocytic membranes, with prominent local-
ization at perivascular endfeet along the blood–brain barrier. Age-related alterations in
AQP4 distribution were observed in both gray and white matter. Moreover, dogs with
idiopathic communicating hydrocephalus exhibited increased AQP4 concentrations in the
cerebrospinal fluid, consistent with reports of AQP4 upregulation in pathological conditions
associated with brain fluid overload, including internal hydrocephalus [62].

3.2. Role of Osmolytes in Alzheimer’s Disease and Canine Cognitive Dysfunction

Osmolytes are low-molecular-weight organic molecules that preserve cellular integrity
by regulating water balance and cell volume in response to osmotic stress. So-called
compatible osmolytes allow cells to adapt to changes in extracellular osmolarity without
disrupting protein structure or cellular function. Major organic osmolytes include poly-
ols (such as sorbitol and myo-inositol), amino acids and derivatives (taurine, glutamate,
glycine), and methylamines (betaine and glycerophosphocholine) [63]. These molecules act
as osmoprotectants and chemical chaperones, stabilizing protein conformation, preventing
aggregation, and promoting refolding under denaturing or stress conditions [64–66]. In
the brain, osmolytes play a crucial role in maintaining protein stability, ionic balance, and
cellular homeostasis. They are particularly important for protecting neural cells against
volume changes induced by hypo- or hyperosmotic conditions.
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Efficient osmoregulation is essential for preventing cellular swelling or shrinkage and
for preserving normal neuronal and glial function. Astrocytes play a central role in this
process due to their high expression of the water channel AQP4, which facilitates trans-
membrane water movement and helps maintain the ionic and osmotic balance required for
effective neuronal signaling [20,67]. Osmotic challenges that induce astrocytic swelling ac-
tivate volume-regulated anion channels (VRACs), thereby promoting the efflux of chloride
ions and organic osmolytes as part of the regulatory volume decrease (RVD) response.

The resulting osmotic gradients drive water efflux through AQP4, facilitating restora-
tion of cell volume. Conversely, under hyperosmotic conditions, osmolyte uptake prevents
excessive cellular dehydration. These tightly regulated osmolyte fluxes are essential for
maintaining astrocyte morphology, cytoskeletal integrity, and perivascular endfoot struc-
ture [68–70].

Importantly, alterations in astrocyte morphology or cell volume can influence AQP4
localization, polarization and functional efficiency, further modulating glymphatic flow
(Figure 2) [71].

Astrocytic swelling or impaired volume regulation can have significant consequences
for brain fluid dynamics. Swollen astrocytic endfeet may narrow perivascular spaces,
increasing resistance to cerebrospinal fluid (CSF)–interstitial fluid (ISF) exchange and ulti-
mately reducing glymphatic clearance. Consequently, efficient osmoregulation is essential
to protect cells from damage caused by swelling or shrinkage, to maintain cellular home-
ostasis and protein stability, and to enable both neurons and glial cells to adapt to osmotic
stress. Furthermore, these mechanisms contribute to the regulation of fluid balance and
ionic fluxes.

While AQP4 polarization, arterial pulsatility, and sleep are well-established regulators
of glymphatic flow, the contribution of osmotic homeostasis and organic osmolytes remains
comparatively underexplored [39,72].

Organic osmolytes are present in high concentrations in brain cytosol: polyols, such as
myo-inositol or sorbitol, amino acids such as taurine, glutamate, aspartate, or glycine and
methylamines, such as betaine or glycerophosphorylcholine. These compatible osmolytes
regulate cellular water balance and are therefore thought to influence glymphatic fluid
dynamics by modulating transmembrane water fluxes [73–76]. Astrocytes facilitate the
exchange between cerebrospinal fluid (CSF) and interstitial fluid (ISF).

The primary function of aquaporins (AQPs) as water channels underlies their role in
cellular volume regulation, which notably involves the translocation of osmolytes across
the cell membrane [54,77] (Figure 3).

Osmolyte fluxes enable the re-establishment of osmotic balance following anisosmotic
stress; however, in pathological conditions, dysregulated osmolyte movement may itself
contribute to brain cell swelling or shrinkage. During acute hypo-osmotic stress, after a
rapid ion mobilization, organic osmolytes, glutamate, glutamine, betaine, creatine, and
particularly taurine and myo-inositol, are released from brain cells, contributing to long-
term cellular adaptation. This process accounts for an average reduction of approximately
50% in brain organic osmolyte content [78,79]. This loss is protective, limiting excessive
water accumulation in the brain. Conversely, impaired osmolyte efflux leads to increased
brain water content and is associated with severe neurological damage and increased
mortality [80].

Accordingly, cell swelling elicits an adaptive response characterized by the activation
of osmolyte fluxes driven by increased water permeability. Because water movement
follows water potential, which is determined by osmotic gradients, aquaporin (AQP)
activity and osmolyte transporters exert reciprocal influences [81].
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Figure 3. Organic osmolytes (i.e., betaine, taurine, and myo-inositol) are highly concentrated in astro-
cyte cytosol, where they regulate cellular osmotic balance and water exchange. Through aquaporin-4
(AQP4) water channels, astrocytes facilitate fluid movement between cerebrospinal fluid (CSF) and
interstitial fluid (ISF), influencing glymphatic flow. Osmolyte influx and efflux help restore cell
volume after osmotic stress, while their release under hypo-osmotic conditions limits excessive
brain swelling.

These observations suggest that compatible osmolyte influx and efflux through as-
trocytic transporters may influence glymphatic efficiency by regulating astrocytic volume,
perivascular space geometry, and water flux through AQP4.

Given that glymphatic clearance relies on unobstructed fluid movement through
perivascular pathways, osmolytes such as betaine, taurine, and myo-inositol are thought
to modulate glymphatic function and waste clearance, including amyloid-β and other
metabolites, through their effects on cell volume, astrocytic endfoot integrity and stability,
and osmotic gradients. Consequently, dysregulation of osmolytes may contribute to a
glymphatic impairment in neurodegenerative diseases, particularly Alzheimer’s Disease.
Moreover, chronic metabolic and inflammatory stress in AD may alter astrocyte volume
regulation and potentially compress extracellular and perivascular spaces and impair clear-
ance mechanisms. Although direct experimental studies linking osmolyte transporters to
amyloid-β or tau clearance are still limited, osmolyte imbalance is increasingly recognized
as a contributing factor to glymphatic insufficiency in AD. Ongoing research in AD on this
topic may provide new insights into the pathogenesis and potential therapeutic strategies
for cognitive dysfunction in dogs. Therefore, we discuss the functions of selected osmolytes
and their transporters in the brain and explore their potential roles in the pathogenetic
mechanisms of neurodegenerative disorders such as AD and CCD (Table 1).

3.2.1. Betaine

In mammals, betaine (trimethylglycine) is distributed across multiple tissues, with
the highest concentrations found in the kidney—particularly in the inner medulla, where
it counteracts osmotic stress—and in the liver, where it plays a key role in methyl group
metabolism.

Beyond its function as a methyl donor in the conversion of homocysteine to methionine,
betaine is a major organic osmolyte that protects cells against osmotic stress. In addition,
it stabilizes protein structure and prevents protein denaturation by acting as a chemical
chaperone.

Betaine typically exerts an osmoprotective role in the kidney but is also present in the
brain and in other tissues, including the eye, skin, endothelium, and cartilage, where acti-
vation of its transporter BGT-1 in response to osmotic stress has been described [63,82–86].

Betaine transport activity mediated by BGT-1 was first identified in Madin–Darby
canine kidney (MDCK) cells [87].
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Subsequent identification of a close homology between its nucleotide sequence and
those of brain transporters for γ-aminobutyric acid (GABA) and norepinephrine led to its
designation as betaine/GABA transporter 1 (BGT-1; SLC6A12) [88,89].

BGT-1 was later identified in the mouse [90] and human brain [91], as well as in the
human liver [92] and kidney [93].

BGT-1 is generally considered the primary transporter responsible for betaine up-
take in the brain; however, its precise localization within specific brain regions remains
controversial, and the involvement of additional transporters has been suggested [94].

Nevertheless, several studies have demonstrated the expression of BGT-1 in both
astrocytes and neurons, supporting a neuroprotective role for betaine in the central nervous
system [95–97].

Betaine-mediated neuroprotection refers to a set of strategies and mechanisms that
protect neuronal elements from damage associated with neurodegenerative disorders, such
as Alzheimer’s disease: it acts as an osmoprotectant, a methyl donor regulating metabolism,
and an antioxidant and anti-inflammatory agent.

Betaine regulates the GABAergic system by acting as a substrate for GABA transporters
and by suppressing GABA transaminase activity, thereby supporting elevated brain GABA
levels. These mechanisms suggest that the potentially beneficial effects of betaine in
Alzheimer’s disease may be mediated, at least in part, through modulation of the GABA
system [98,99].

An in vitro study on the conformational stability of amyloid-β demonstrated that be-
taine is able to preserve the peptide in its soluble form and counteract amyloid aggregation,
suggesting a potential role in limiting amyloidogenic processes [100].

Betaine has also been shown to promote anti-inflammatory microglial phenotypes
and inhibit pro-inflammatory signaling pathways in vitro, which may contribute to its
protective effects in inflammatory brain conditions [101,102].

As mentioned in pathogenesis, both in AD and CCD, chronically activated M1 mi-
croglia and astrocytes upregulate pro-inflammatory cytokines, chemokines, and reactive
oxygen and nitrogen species production, promoting further neurodegeneration. In LPS-
activated microglial cells, betaine treatment is able to inhibit the TLR4/NF-κB pathways
significantly reducing the production of pro-inflammatory cytokines and increasing the
release of anti-inflammatory cytokines, demonstrating its ability to regulate the polarization
of the microglial phenotype [103,104].

Betaine may suppress the NLRP3 inflammasome and related proteins with inhibition
of pro-inflammatory cytokine levels [105].

In the central nervous system, betaine has been proposed to play a key role in prevent-
ing astrocyte swelling. Knight et al. [97] demonstrated that hippocampal slices are capable
of accumulating betaine and that its presence modulates the levels of other osmolytes under
hyperosmotic conditions, supporting a protective, volume-stabilizing role for this molecule.
Acting as a biocompatible osmolyte, betaine may contribute to preserving the structural
stability of the terminal processes (endfeet) of AQP4-expressing astrocytes. Consistent
with these findings, betaine accumulation has been shown to influence the intracellular
concentrations of other major osmolytes, including taurine, creatine, and myo-inositol,
particularly during hyperosmotic stress. Together, these observations suggest that betaine
does not act in isolation but instead contributes to the coordinated regulation of the cellular
osmolyte network in response to osmotic stress in neural tissue [97].

In this context, betaine could also influence water homeostasis and glymphatic func-
tion, which are essential for the exchange between cerebrospinal fluid and the interstitial
compartment, as well as for the clearance of metabolic waste products. Recent experimen-
tal work in rat models of post-traumatic syringomyelia showed that astrocytes take up
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betaine via BGT-1 under hypertonic conditions, and that this uptake is directly linked to
the regulation of cell volume. Importantly, pharmacological inhibition of BGT-1 diminishes
this protective effect, supporting a direct involvement of BGT-1-mediated betaine transport
in astrocyte osmoregulation [106].

Considering the emerging evidence supporting its neuroprotective and antioxidant
roles, there remains a clear need to expand detailed molecular and cellular knowledge
of betaine and the BGT-1 transporter in order to substantiate their potential therapeutic
use [107].

The role of betaine as an organic osmolyte in response to osmotic stress, and as
a methyl donor within one-carbon metabolism, where it remethylates homocysteine to
methionine via betaine-homocysteine methyltransferase (BHMT), is biologically relevant
across species, including companion animals such as dogs [108].

Unfortunately, there are few direct studies on the effects of betaine in the canine
brain. Moreover, CNS distribution and transport mechanisms, such as the betaine–GABA
transporter BGT-1, are poorly characterized in dog brain tissue compared with other tissues.
Other reports have examined the role of betaine in canine nutrition in terms of systemic
metabolism, including its detoxification function, influence on lipid metabolism, and effects
on the canine metabolome and immune response [109,110].

While direct research on betaine’s effects on canine brain function remains very lim-
ited, a well-established theoretical framework from comparative mammalian physiology
suggests that methyl donors such as betaine can support brain health. Most evidence is
derived from studies of systemic metabolism or extrapolated from rodent and other mam-
malian models, indicating its putative role as an osmolyte contributing to cellular resilience
under metabolic stress, as well as an antioxidant and detoxifying agent [101,111–114].

Betaine is commonly included in commercial dog foods as a methyl donor and os-
molyte, potentially supporting metabolic health and nutrient utilization. Although no
formal dietary requirement for betaine has been established in dogs, balanced levels
of methyl donors, including choline and betaine, are considered beneficial for overall
metabolic function and may also support neurodevelopmental processes [115].

3.2.2. Taurine

Taurine is a sulfur-containing amino acid synthesized endogenously from cysteine and
widely distributed across various tissues in the body. It exerts significant cytoprotective
effects, largely attributed to its antioxidative and anti-inflammatory properties.

Similarly to humans, taurine is generally considered conditionally essential in dogs
because it can be synthesized from sulfur-containing amino acids such as methionine and
cysteine; however, dietary intake and metabolic factors can influence systemic taurine
levels. In companion animals, including dogs and cats, taurine deficiency has been as-
sociated with serious health issues, notably primary taurine-deficiency-related dilated
cardiomyopathy [116–118].

Taurine is particularly abundant in the central nervous system where it is present in
various brain regions such as the cortex, cerebellum, and hippocampus. In these regions,
taurine contributes to multiple aspects of brain function, supporting neuronal homeostasis,
neurotransmission, and cytoprotection [119,120].

Taurine is especially important during brain development, where it plays a crucial
role by supporting the proliferation and survival of neural progenitor cells and acting as a
trophic factor for their differentiation and maturation [121–123].

Taurine’s protective effects have been reported in a wide range of pathological condi-
tions involving the cardiovascular, respiratory, muscular, and endocrine systems [124–127].
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In the central nervous system, taurine, owing to its intrinsic neuroprotective properties,
represents a promising therapeutic strategy for the management of neurodegenerative
disorders, including Alzheimer’s disease.

Taurine supplementation may offer protective effects against multiple biochemical
alterations associated with Alzheimer’s disease pathophysiology [128].

Numerous studies have highlighted the role of taurine in the central nervous sys-
tem, demonstrating neuroprotective, antioxidant, and cytoprotective effects in animal
models of Alzheimer’s disease, in which taurine supplementation improves cognitive
function [105,129–131].

Indeed, since it is able to neutralize free radicals, taurine protects cells during oxidative
stress or from the induction of apoptosis during exposure to toxic agents [132–135].

Furthermore, taurine contributes to neuronal homeostasis and neuroprotection by
regulating osmotic balance, exerting antioxidant and membrane-stabilizing effects, and
by providing protection against neurotoxic agents [136–139]. Some studies highlight how
the neuroprotective and antiapoptotic effect may be mediated by the PI3K–Akt path-
way [140,141].

Taurine supplementation has also been suggested to mitigate neuroinflammation.
Taurine modulates microglial activation and pro-inflammatory signaling and enhances
expression of microglial receptors associated with improved clearance of pathological
proteins [101,142–145].

Neuroprotective and osmotic effects of taurine are mediated via taurine transporters
(TauT/SLC6A6) and a sodium- and chloride-dependent membrane protein [146,147].

Taurine can also transport β-alanine and GABA and is highly expressed in placenta
and skeletal muscle and moderately expressed the heart, brain, lung, kidney, and pancreas;
notably the retina and leukocytes have high taurine demands [148].

Taurine is particularly enriched in astrocytes, the primary site of taurine synthesis and
metabolism, where it is rapidly released or accumulated in response to osmotic challenges,
thereby contributing to the maintenance of intracellular osmotic balance and cell volume.
Importantly, direct astrocyte–neuron crosstalk has been demonstrated to regulate taurine
availability and to fine-tune its neuroprotective actions [149,150].

Vitvitsky et al. [151] demonstrated the presence of an intact taurine synthesis pathway
both in neurons and astrocytes and that both cells in vitro respond to hypertonic conditions
with an increase in taurine synthesis.

Consistently, under hypo-osmotic stress, taurine is released through volume-regulated
anion channels, facilitating regulatory volume decrease, whereas under hyperosmotic
conditions its uptake contributes to the prevention of cellular dehydration. Neural/stem
progenitors (NCPs) undergo important changes in cell volume during proliferation and
growth; NCPs show the ability to respond to hypotonicity by increasing taurine efflux
similarly to other neural cells [152].

Taurine contributes to the regulation of neuronal water content during ion fluxes
associated with membrane depolarization and synaptic transmission [153]. As a neuro-
osmolyte [154], it also plays a key role in maintaining astrocytic volume and homeostasis
by stabilizing astrocyte volume, supporting the structural integrity of astrocytic endfeet,
and preserving the proper localization of AQP4 under osmotic stress [150,155]. By pre-
venting astrocyte swelling, taurine may help maintain the patency of the perivascular
space and thereby facilitate efficient glymphatic clearance of waste products from the brain
parenchyma, including amyloid-β and other metabolites. In AD, where astrocytes are ex-
posed to chronic metabolic and inflammatory stress, insufficient taurine-mediated volume
regulation may contribute to extracellular space compression and impaired glymphatic
clearance. Alteration of taurine homeostasis has been associated with cerebral edema, is-
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chemia, and neurodegenerative conditions, highlighting its relevance to brain homeostasis
and neuroprotection [81].

Furthermore, taurine plays an important role in modulating glutamate and GABA
neurotransmission and prevents excitotoxicity in vitro primarily through modulation of
intracellular calcium homeostasis. Taurine supplementation prevents age-dependent de-
clines in cognitive functions [128,139]. In conclusion, several in vitro, preclinical, and
in vivo studies have highlighted the neuroprotective effects of taurine in the brain, which
are mediated through multiple mechanisms, including (i) the maintenance of cellular en-
ergy homeostasis; (ii) the modulation of intracellular calcium signaling, osmoregulation,
and cell volume regulation; (iii) protection against glutamate-induced excitotoxicity; and
(iv) antioxidant effects. While most studies on brain aging have been conducted in rodents,
the neuroprotective properties of taurine, such as the reduction in oxidative stress and
support of cell survival and osmoregulation, may also be relevant in dogs in the context of
age-related cognitive decline. Although direct studies in dogs remain limited, evidence
from comparative nutrition research suggests that taurine and other amino acid metabolites
play important roles in brain development, cognitive function, and behavioral regulation.
Diets in dogs that are adequate in functional amino acids, including taurine, may support
structural and neurotransmitter integrity of the CNS, potentially influencing cognitive
health and mood; however, specific canine data remain limited and require further investi-
gation [156,157]. Further research should clarify whether supplementation benefits dogs
beyond standard nutritional adequacy, especially in aging or disease models.

3.2.3. Myo-Inositol

Myo-inositol (MI) is a cyclic polyalcohol (cyclitols) and a key precursor for phos-
phatidylinositol signaling molecules: inositol phosphates (IPs), phosphatidylinositols (PIs
or PtdIns), and their phosphorylated derivatives (phosphatidylinositol phosphates, PIPs).
Myo-inositol (MI) in mammals, including dogs, can be synthesized endogenously from
glucose-6-phosphate [158].

Myo-inositol is a compound present in almost all tissues, including the kidney, liver,
brain, lungs, heart, and skeletal muscle. In these tissues, it acts mainly as a compatible
organic osmolyte especially in the medulla of the kidney, but also it participates in general
cellular functions. Studies in both humans and dogs have confirmed that the mechanism
of myo-inositol accumulation and regulation is conserved across species, demonstrating
its crucial role as an osmolyte in various tissues. Furthermore, myo-inositol (MI) is a key
regulator of cellular signaling and participates in numerous processes, including membrane
biogenesis, structure and function, osmoregulation, ion channel modulation, mRNA export,
stress responses, cytoskeletal dynamics, apoptosis, and metabolic homeostasis, including
glucose and cholesterol metabolism [159].

MI uptake into cells is mediated by two main types of transporters, sodium-coupled
(SMIT1/SMIT2) and proton-coupled (HMIT1), with the highest expression observed in the
brain [160–162].

While direct canine-specific neuroscience research on myo-inositol is limited, studies
in other mammals provide insights into its likely mechanisms of action in the brain:

1. Osmoregulation in the brain: MI acts as a compatible osmolyte in neural tissue, aiding
neurons and astrocytes in adapting to osmotic stress and contributing to the regulation
of cell volume [81].

2. Signal transduction, neurotransmission, and neurobehavioral effects: inositol deriva-
tives participate in pathways that modulate serotonin, dopamine, noradrenaline, and
acetylcholine neurotransmission, processes central to mood regulation, cognition, and
stress responses [163].
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3. Neuronal connectivity and synaptic maturation: in non-canine models, including
mice, rats, and human neurons, MI has been shown to promote synaptic connectivity
by enhancing excitatory synapse density and postsynaptic structure, suggesting a role
in synaptic development and neuronal network formation [164].

Furthermore, several reports indicate that inositol plays important roles during phe-
notypic transitions and developmental phases, influencing fetal development, neural
differentiation and function, reproductive function, and osteogenesis.

Dysregulation of inositol metabolism has been implicated in several chronic conditions.
Accordingly, inositol has been investigated as a therapeutic adjunct in a range of disorders,
including gynecological diseases, respiratory distress syndrome, Alzheimer’s disease,
metabolic syndrome, and certain cancers [165].

Myo-inositol is highly concentrated in the brain, particularly in astrocytes. Within the
central nervous system, MI serves as a substrate for PI3K (phosphoinositide 3-kinase)–Akt
and PLC (phospholipase C) signaling pathways, which are critical for the regulation of
neuronal survival, calcium homeostasis, synaptic plasticity, and astrocyte–neuron commu-
nication. Alterations of these pathways have been implicated in Alzheimer’s disease and
other neurodegenerative disorders [166–168].

Moreover, MI is a key cerebral osmolyte involved in the regulation of cell volume
and an astrocyte-enriched metabolite, with its elevated levels reflecting increased astrocyte
density and activation [169].

Indeed, MI occupies a unique position in AD research. Elevated myo-inositol levels
in the brains of patients with Alzheimer’s disease compared with cognitively healthy
controls have been consistently observed in proton magnetic resonance spectroscopy
studies, supporting its role as an early metabolic marker of AD pathology [170,171].

Higher MI levels are also seen in adults with Down’s syndrome and it has been
shown that these patients are at high risk of developing AD [172]. High MI levels are also
detected in presymptomatic patients and those with mild cognitive impairment (MCI),
which indicates the possibility of using MI as a marker of the early stages of AD and mild
cognitive impairment [169].

In 4- to 8-year-old dogs with varying cerebrospinal fluid Aβ concentrations, metabolo-
mic analyses revealed increased myo-inositol levels, alongside other metabolic alterations
in CSF [173].

Furthermore, increased levels of myo-inositol (MI) appear to be associated with a
compromised antioxidant response in the pathogenesis of Alzheimer’s disease. It has been
reported that MI inhibits catalase activity, thereby disrupting the balance between oxidant
and antioxidant systems and exacerbating oxidative stress [174].

In patients with Alzheimer’s disease, alterations in inositol metabolism at multiple
levels contribute to the disruption of neuronal Ca2+ homeostasis. Because calcium regu-
lates essential processes ranging from cell growth to apoptosis, its dysregulation can lead
to profound cellular dysfunction, ultimately resulting in cell death and contributing to
neurodegeneration [175].

Conversely, other studies have reported beneficial effects of MI, suggesting a potential
neuroprotective role. Both scyllo-inositol and myo-inositol have been shown to inhibit
Aβ production and reduce amyloid plaque burden in the brains of transgenic mouse
models of Alzheimer’s disease [176]. In contrast, in vitro studies examining the folding
and aggregation propensity of tau protein have indicated that myo-inositol may promote
tau aggregation [177].

In the human brain, myo-inositol is the main contributor to volume control in hypona-
tremia [178]. Increased myo-inositol levels may initially reflect an adaptive osmotic re-
sponse; however, their persistent elevation could be associated with alterations in astrocytic
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volume regulation, including hypertrophy and changes in astrocytic endfoot morphology.
These alterations may coincide with modifications in aquaporin-4 localization and function
and may be observed in the context of reduced glymphatic system efficiency.

From this perspective, dysregulation of myo-inositol may represent a potential
biomarker and may be linked to glymphatic dysfunction in Alzheimer’s disease.

Taken together, available evidence suggests a dual, adaptive versus maladaptive, role
of myo-inositol in Alzheimer’s disease. Under normal conditions, MI could support neu-
ronal function and resilience by enabling astrocytes to maintain homeostasis. In preclinical
AD, elevated MI might reflect early astrocyte activation around Aβ deposits potentially
representing a compensatory glial response prior to overt neuronal loss or cognitive decline.

In contrast, in established AD pathology, myo-inositol serves as a marker of chronic
gliosis and neuroinflammation, possibly reflecting a loss of astrocytic functions, and oxida-
tive imbalance. At this stage, MI may no longer exert protective effects, instead representing
a signature of glial dysfunction.

Although direct neurobiological studies of myo-inositol in dogs are limited, research
in other mammals supports its involvement in neural connectivity and glial function. In
dogs, MI has been detected in both brain tissue and cerebrospinal fluid and is primarily
synthesized within the brain, with minimal uptake from plasma, indicating tight local
regulation of cerebral inositol pools [158].

As previously mentioned, a study on metabolomic profiling has identified increased
myo-inositol in brain tissue associated with elevated cerebrospinal amyloid β (Aβ) concen-
trations in dogs, even before amyloid deposition occurs, suggesting that MI changes may
reflect early metabolic stress and glial activation [173].

Moreover, the neuroprotective effects of myo-inositol are likely important for canine
brain function, potentially supporting cognition, mood regulation, and stress resilience
through modulation of neurotransmitter pathways, particularly serotonergic signaling.
Aging dogs often exhibit alterations in neurotransmission and synaptic integrity; therefore,
MI supplementation may enhance neuronal signaling and membrane dynamics, thereby
contributing to the maintenance of cognitive function.

Despite a few studies investigating the effects of diet on aging and cognitive dysfunc-
tion in dogs [179–182], formal studies demonstrating the cognitive benefits of myo-inositol
supplementation in dogs are still lacking.

Collectively, betaine, taurine, and myo-inositol may represent key components of
the cerebral osmoregulatory system, with functions extending beyond cellular volume
regulation; in addition to their specific metabolic roles, they show neuroprotective effects
in several preclinical models of Alzheimer’s disease (AD), supporting their ability to stabi-
lize protein conformation, limit amyloid-β aggregation, modulate tau-related pathways,
attenuate oxidative stress, regulate intracellular calcium homeostasis, and influence mi-
croglial and astrocytic inflammatory responses, while also indirectly sustaining glymphatic
clearance mechanisms—central to AD pathophysiology—by preserving astrocytic volume
regulation and aquaporin-4-dependent water fluxes.

Although mechanistic and preclinical AD studies support osmolyte-mediated effects
on protein aggregation, neuroinflammation, and astrocyte-dependent clearance pathways,
direct investigations in dogs—particularly in CCD—remain scarce. Given the conserved
nature of osmolyte transport systems and astrocyte physiology across mammals, controlled
canine studies integrating diet, imaging, and biomarker endpoints are needed to determine
whether osmolyte-based strategies can support brain resilience during aging and cognitive
decline. While alterations in metabolites such as myo-inositol have been detected in
aged dogs with amyloid-related changes [173], and taurine and betaine are acknowledged
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as metabolically relevant in canine physiology [115–118], controlled studies specifically
addressing their role in canine brain aging are still lacking.

The convergence of data from rodent models and human studies strongly supports
the biological plausibility that osmolyte-mediated mechanisms may also operate in the
canine brain. Considering the conserved nature of osmolyte transport systems and astrocyte
physiology across mammalian species, it is reasonable to hypothesize that similar protective
pathways could be harnessed in dogs.

Therefore, a critical appraisal of preclinical data derived from AD models may sup-
port the emerging hypothesis that these compounds may contribute to neuroprotection,
enhanced cellular resilience, and modulation of behavioral responses in dogs.

Taken together, these considerations indicate that betaine, taurine, and myo-inositol
warrant evaluation within canine nutritional strategies designed to support optimal central
nervous system (CNS) health, especially during aging or in pathological conditions such
as CCD.

Therefore, advances in mammalian research may provide a valuable framework for
expanding investigations in dogs, particularly in the context of canine cognitive dysfunc-
tion. Expanding research in this direction may not only advance therapeutic approaches
for CCD but also strengthen the translational bridge between veterinary and human neu-
rodegenerative medicine, supporting the development of mechanism-based nutritional
interventions aimed at promoting brain resilience during aging.

Table 1. Roles of major organic osmolytes in brain: taurine, betaine, and myo-inositol.

Osmolyte Main Cellular
Localization

Primary
Transporters

Osmoregulation
Function

Additional
Neurobiological Roles Alterations in Brain Pathology Key References

Taurine Astrocytes >
neurons TauT (SLC6A6)

Major neuro-osmolyte
regulating intracellular

osmotic balance;
mediates regulatory

volume decrease under
hypo-osmotic stress and

prevents cellular
dehydration under

hyperosmotic conditions;
stabilizes astrocytic

volume and perivascular
space integrity and may

support of
glymphatic clearance

Neuromodulation
(modulate GABAergic

signaling);
Ca2+ homeostasis,

membrane stabilization,
antioxidant and

cytoprotective effects;
trophic factor during
brain development;
anti-inflammatory

modulation of
microglial activation;

Altered taurine homeostasis is
associated with cerebral edema,

ischemia, and
neurodegeneration; increased
vulnerability to excitotoxicity
insufficient taurine-mediated

volume regulation may
contribute to impaired

glymphatic clearance in AD;
canine data are limited but

suggest relevance for
age-related cognitive decline

[81,105,128,129,
135,136,156,

183]

Betaine

Astrocytes and
neurons
(region-

dependent)

BGT-1/GAT2
(SLC6A12)

Compatible organic
osmolyte involved in cell

volume regulation,
particularly under

hyperosmotic stress;
prevents astrocyte

swelling and supports
perivascular

space integrity

Methyl donor for
remethylation of

homocysteine; chemical
chaperone for protein

conformation;
modulation of oxidative
stress, neuroprotection,
regulation of microglial
polarization; potential
support of astrocytic
endfeet integrity and
AQP4-related water
homeostasis and of
glymphatic function

modulation of
GABAergic

neurotransmission

Evidence suggests
neuroprotective effects in AD

models, including inhibition of
amyloid-β aggregation,

suppression of inflammasome
signaling, promotion of

anti-inflammatory microglial
phenotypes, and modulation of

GABA metabolism;
reduced transport or

dysregulation may impair
glymphatic clearance and
exacerbate neuronal stress;
data in dogs are scarce, but

metabolomic and comparative
physiology studies support a

putative protective role in
cognitive dysfunction

[63,82,84,87,95,
97–100,107]

Myo-inositol Predominantly
astrocytes

SMIT1
(SLC5A3);

SMIT2
(SLC5A11)

HMIT1
(SLC2A13)

Slow but sustained
osmoadaptation;

accumulation during
chronic osmotic stress

Precursor of
phosphoinositides,

intracellular signaling,
synaptic connectivity,

neurotransmission,
and osmoregulation A
of astrocyte markers in

neuroimaging

Elevated levels in Alzheimer’s
disease reflect gliosis and
osmotic stress, afailure to

resolve inflammation, a loss of
normal astrocytic support

functions, and imbalance of the
oxidant/antioxidant system.

Altered MI functions may
influence

glymphatic dysfunction

[81,156,159,167,
168]
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4. Pathogenesis
A central question in comparative neuropathology is whether canine cognitive dys-

function and human Alzheimer’s disease represent distinct entities or points along a
shared continuum of age-related neurodegeneration [184]. Increasing histopathological
and molecular evidence supports the continuum model: both conditions feature progres-
sive amyloid deposition and tau pathology, with diffuse and neuritic Aβ plaques and
hyperphosphorylated, misfolded tau emerging in analogous cortical and hippocampal
networks, albeit with species-specific differences in lesion burden, distribution, and clinical
expression [4–6,185,186].

4.1. Genetics

In humans, most AD cases are sporadic late-onset Alzheimer’s disease (LOAD) with
multifactorial and largely unknown etiology [187]. A minority of cases represent early-
onset familial AD, which is driven by highly penetrant mutations in genes directly involved
in Aβ production, most notably APP and the presenilins PSEN1 and PSEN2 [187,188]. For
LOAD, the APOE ε4 allele is the major genetic risk factor, with additional contributions
from variants in TREM2 and multiple loci identified by genome-wide association studies
(e.g., CLU, CR1, PICALM, BIN1, ABCA7, CD33, SORL1), although the mechanistic links
between many of these loci and AD pathogenesis remain incompletely defined [189,190].
APOE4 is of particular interest because it is unique to humans and may have arisen from
an ancestral primate APOE form in a way that facilitated susceptibility to AD [191–193].

By contrast, no specific mutations or risk loci have been robustly linked to CCD or
canine CAA, and potential genetic predispositions remain largely undefined [4]. DNA
sequence variants in numerous genes have been associated with a range of progressive
neurodegenerative and neurodegenerative-like diseases in dogs, including degenerative
myelopathy, neuronal ceroid lipofuscinoses, leukodystrophies, and lysosomal storage
disorders—such as GM1 and GM2 gangliosidoses and mucopolysaccharidoses [194–203];
variants in some of these genes are also associated with progressive cognitive decline,
although the underlying mechanisms likely differ from those involved in CCD.

4.2. Amyloid Deposition and Amyloidogenic Processing

Both CCD and AD are characterized by aberrant processing of amyloid precursor
protein (APP) along the amyloidogenic pathway, resulting in accumulation of β-amyloid
(Aβ) peptides. Under non-pathological conditions, APP is preferentially cleaved by α-
secretase within the Aβ domain, thereby precluding Aβ formation. In aging brains, a shift
toward β-secretase (BACE1) and γ-secretase cleavage generates Aβ1–40 and Aβ1–42, with
Aβ1–42 being more aggregation-prone and neurotoxic [204].

Longer Aβ species, such as Aβ42, exhibit a greater propensity to aggregate into fib-
rils and plaques compared with Aβ40, and the plasma Aβ42/Aβ40 ratio has therefore
emerged as an important biomarker of early Alzheimer-related brain changes and disease
progression. In dogs, both diffuse and compact Aβ plaques are found predominantly in the
prefrontal cortex, hippocampus, and association cortices—regions that closely correspond
to those affected in human AD [5]. The regional distribution of plaques in CCD correlates
with impairments in spatial learning and executive function, paralleling patterns observed
in humans [205,206]. Increasing evidence indicates that soluble oligomeric Aβ species,
rather than fibrillar plaques alone, are the principal mediators of synaptic toxicity. These
oligomers interfere with synaptic plasticity, disrupt long-term potentiation (LTP), alter
NMDA receptor signaling, and perturb intracellular calcium homeostasis [207,208]. Consis-
tent with this view, increased levels of soluble Aβ have been detected in aged canine brains,
supporting the presence of a similar oligomer-driven pathogenic mechanism in CCD [5,209].
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Across both species, overall plaque burden tends to correlate with disease stage, whereas
soluble Aβ levels, synaptic loss, and impaired clearance mechanisms—including reduced
glymphatic flow—show a closer association with the severity of cognitive decline [208,210].

4.3. APOE4, Alzheimer’s Disease, and Canine Cognitive Dysfunction: Molecular Parallels and
Translational Implications

The apolipoprotein E (APOE) gene encodes a lipid transport protein critical for synap-
tic repair, cholesterol homeostasis, and neuronal resilience. In humans, the APOE ε4 allele
(APOE-4) is the most important common genetic risk factor for late-onset AD: heterozy-
gosity increases disease risk and lowers age at onset, whereas ε4 homozygosity further
amplifies both risk and severity [211–213]. Mechanistically, the APOE ε4 allele is asso-
ciated with enhanced amyloid-β aggregation and impaired clearance, exacerbation of
tau pathology, disruption of lipid metabolism and synaptic homeostasis, and heightened
neuroinflammatory responses, collectively driving progressive synaptic loss and neurode-
generation in Alzheimer’s disease [213–215]. In humans, carriers of the APOE ε4 allele
frequently show accelerated rates of hippocampal atrophy and ventricular enlargement
compared with non-carriers, even at preclinical or prodromal stages of the disease, thereby
linking this genetic risk factor to a measurable neuroimaging phenotype [216,217].

All canine breeds examined shared an identical APOE amino acid sequence spanning
residues 96–265, with arginine at positions 112 and 158, consistent with an isoform analo-
gous to human APOE4 [218]. Phylogenetic analysis of APOE amino acid sequences revealed
two clearly separated lineages, comprising distinct canine and human clusters [218].

Current data on dogs do not support the presence of a defined ε2/ε3/ε4 APOE
polymorphism structure, and a direct canine orthologue of the human APOE4 risk allele
has not yet been clearly established [4].

Nevertheless, APOE is expressed in the canine brain, and biological pathways central
to APOE ε4-mediated risk in human Alzheimer’s disease—such as lipid metabolism,
amyloid-β handling, neuroinflammatory responses, and synaptic integrity—also appear
to play a critical role in the pathophysiology of CCD [5,8,219]. Accordingly, comparative
and longitudinal studies of cognitively aging dogs are increasingly being used to elucidate
how APOE-related mechanisms, together with other genetic and environmental factors,
influence susceptibility to neurodegeneration. These investigations aim not only to improve
the clinical management of CCD but also to inform preventive and therapeutic strategies
relevant to human Alzheimer’s disease [185,219,220].

Molecular and phylogenetic data suggest that canine APOE4-like isoforms may confer
an increased risk for neurological disorders and provide foundational genetic information
to support future disease risk assessment and diagnostic approaches in dogs [218].

4.4. Presenilin

Presenilins (PSEN1, PSEN2) are highly conserved transmembrane proteins that con-
stitute the catalytic core of the γ-secretase complex, mediating regulated intramembrane
proteolysis of type I membrane proteins such as APP and Notch [221]. γ-secretase cleavage
of APP generates Aβ peptides and AICD, while Notch processing releases NICD, a tran-
scriptional regulator essential for cell fate decisions and neurogenesis; genetic studies show
that presenilins are indispensable for Notch signaling and embryonic development [209].
Beyond their role in γ-secretase activity, presenilins also regulate key neuronal processes,
including synaptic plasticity, endoplasmic reticulum Ca2+ homeostasis, and autophagy–
lysosomal function [184]. Loss of presenilin function in neurons leads to impairments in
long-term potentiation (LTP), memory deficits, and age-dependent neurodegeneration,
underscoring their broader contribution to neuronal maintenance and resilience [222,223].
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In humans, autosomal-dominant familial Alzheimer’s disease is strongly linked to
mutations in PSEN1 and PSEN2 that reduce γ-secretase processivity, thereby increasing the
relative production of longer, more aggregation-prone amyloid-β species such as Aβ42 and
Aβ43, which promote plaque formation [224].

Clinically, these mutations are associated with an early disease onset and a particularly
heavy cortical amyloid burden [225].

Canine PSEN1/PSEN2 are highly homologous to the human orthologs, and aged dogs
naturally accumulate Aβ—particularly Aβ42—in cortical regions via analogous APP–γ-
secretase processing, with plaque distribution and morphology closely paralleling human
AD [5]. The extent of cortical Aβ deposition in dogs correlates with impairments in learning
and memory [226].

Although presenilin gene mutations have not yet been systematically defined in
canine cognitive dysfunction [185,206], the conservation of presenilin-dependent APP
processing and amyloid pathology between dogs and humans supports aged dogs as
a translational model of spontaneously occurring, amyloid-associated cognitive decline.
Dogs exhibit β-amyloid (especially Aβ42) deposition and plaque formation via APP–γ-
secretase pathways analogous to those in human AD [5,11], and the cortical Aβ burden
correlates with impairments in learning and memory [5,226]. These neuropathological
and cognitive parallels indicate that aged dogs recapitulate key aspects of human AD
pathophysiology, despite the current lack of a clearly defined presenilin mutation-driven
form of disease in this species [185,206].

4.5. Tau Biology and Isoforms

Tau is a microtubule-associated protein predominantly expressed in neurons, where it
stabilizes microtubules and supports axonal transport [227,228]. It is generated from the
MAPT gene through alternative mRNA splicing, producing isoforms that differ in both their
N-terminal “projection” domain and C-terminal microtubule-binding repeats [229,230].
The N-terminal and C-terminal domains are linked by a proline-rich central region, giving
tau a natively unfolded, highly soluble conformation under physiological conditions [231].

Tau–microtubule interactions are dynamically regulated through phosphorylation
at multiple serine and threonine residues. At the N-terminus, alternative inclusion or
exclusion of exons 2 and 3 generates tau isoforms containing zero, one, or two inserts
(0N, 1N, or 2N), whereas at the C-terminus, splicing of exon 10 determines the presence
of either four-repeat (4R) or three-repeat (3R) tau isoforms [232–234]. In the adult human
brain, alternative splicing of the MAPT gene gives rise to six major tau isoforms—0N3R,
1N3R, 2N3R, 0N4R, 1N4R, and 2N4R—ranging from 352 to 441 amino acids in length. The
relative abundance of 3R versus 4R tau is a critical determinant of tau fibril structure and,
consequently, of disease phenotype [235].

In humans, specific combinations of tau isoforms and post-translational modifica-
tions give rise to distinct tau fibril “folds” that define a spectrum of primary tauopathies.
Cryo-electron microscopy and biochemical analyses have identified at least eight canonical
tau-misfolding diseases, including Alzheimer’s disease, primary age-related tauopathy
(PART), chronic traumatic encephalopathy (CTE), Pick’s disease (PiD), corticobasal degen-
eration (CBD), argyrophilic grain disease (AGD), progressive supranuclear palsy (PSP),
and globular glial tauopathy (GGT).

These entities differ in their predominant tau isoforms (mixed 3R + 4R in AD,
PART, CTE; predominantly 3R in PiD; predominantly 4R in PSP, CBD, AGD, GGT), post-
translational modification patterns, and disease-specific fibril conformations [235].
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4.5.1. Tau Isoforms in Pathology

Tau pathology in CCD remains less well characterized than in human tauopathies.
Isoform-specific profiling of canine tau (3R vs. 4R balance and N-terminal insert usage) in
CCD brains is limited, and no cryo-EM structures of canine tau filaments have yet been
reported. Consequently, it is not known whether CCD harbors a single AD-like tau fibril
fold or a spectrum of distinct folds analogous to the multiple structurally defined human
tauopathies [235], as summarized in Table 2.

Table 2. Human and Canine Tau Isoforms.

Item/Disease Exon 10 (R2) Status Tau Repeat Type
in Fibrils Main Isoforms/Pool

Predominant
Isoform

Composition
Notes/Key References

Structural rule Exon 10 excluded 3R 0N3R, 1N3R, 2N3R —
Exon 10− → loss of R2
→ 3-repeat tau (3R)

[229,235]

Structural rule Exon 10 included 4R 0N4R, 1N4R, 2N4R —
Exon 10+ → inclusion
of R2 → 4-repeat tau

(4R) [229,235]

Adult human
brain tau

Both exon 10−
and exon 10+ 3R + 4R Six major isoforms

(352–441 aa)
Mixed 3R
+ 4R pool

MAPT alternative
splicing generates

0N/1N/2N × 3R/4R
[229].

Alzheimer’s disease
(AD)

Mixed exon
10−/exon 10+ 3R + 4R Mixed 3R and 4R

isoforms in filaments Mixed 3R + 4R Classic mixed 3R/4R
tauopathy [235].

Primary age-related
tauopathy (PART)

Mixed exon
10−/exon 10+ 3R + 4R Mixed 3R and 4R Mixed 3R + 4R

AD-like but with more
restricted distribution

[235].
Chronic traumatic

encephalopathy
(CTE)

Mixed exon
10−/exon 10+ 3R + 4R Mixed 3R and 4R Mixed 3R + 4R

Trauma-associated
mixed 3R/4R

fold [235].

Pick’s disease (PiD) Mainly exon 10− Predominantly 3R 3R-only filaments 3R
Prototypical
3R-dominant

tauopathy [235].
Corticobasal

degeneration (CBD) Mainly exon 10+ Predominantly 4R 4R-only filaments 4R Prototypical 4R
tauopathy [235].

Argyrophilic grain
disease (AGD) Mainly exon 10+ Predominantly 4R 4R-only filaments 4R 4R-dominant

tauopathy [235].
Progressive

supranuclear palsy
(PSP)

Mainly exon 10+ Predominantly 4R 4R-only filaments 4R
4R tauopathy with

characteristic PSP fold
[235].

Globular glial
tauopathy (GGT) Mainly exon 10+ Predominantly 4R 4R-only filaments 4R 4R-dominant glial

tauopathy [235]

Canine cognitive
dysfunction (CCD)

Not structurally
resolved (AD-like)

Likely mixed 3R +
4R pool ***

Canine tau
orthologues of

3R/4R isoforms

AD-like, presumed
3R + 4R

Hyperphosphorylated/
aggregated tau with
AD-like pathology;

3R/4R fibril
composition not yet

defined [185,236]

Legend: Human: six canonical brain isoforms—0N3R, 1N3R, 2N3R; 0N4R, 1N4R, 2N4R (352–441 aa); Canine:
CCD shows AD-like tau pathology; *** the exact 3R/4R fibril composition and high-resolution filament structure
have not yet been determined by cryo-EM.

Available evidence indicates that aged dogs with CCD develop Alzheimer-like neu-
ropathological changes, including cortical and hippocampal accumulation of hyperphos-
phorylated tau and, in some cases, tau aggregates, frequently in association with β-amyloid
plaques [185,226,237]. In contrast, the widespread formation of classical neurofibrillary tan-
gles (NFTs) that typifies advanced human Alzheimer’s disease is uncommon in dogs [14].
The prevailing interpretation is that, although tau lesions in CCD are less extensive, their
coexistence with Aβ pathology and cognitive impairment supports the view that CCD
lies within the same mechanistic spectrum as AD, with interspecies differences likely re-
flecting variations in lifespan, brain organization, and tau isoform expression [185,220].
Petersen et al. (2026) [238] employed a plasma p-tau217 assay to predict the future onset
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of Alzheimer’s disease in cognitively unimpaired individuals. Their predictive model
estimates the age at which an individual first develops biological markers of Alzheimer’s
pathology and forecasts the subsequent emergence of clinical symptoms, with a mean
prediction error of approximately three to four years. Samelson et al. (2026) [239], through
genome-wide screening of human stem cell-derived neurons, identified key regulators of
toxic tau accumulation, implicating the CRL5–SOCS4 complex in tau homeostasis. This
complex appears to facilitate tau protein clearance and may be associated with resilience in
patients with Alzheimer’s disease. The proposed mechanism suggests that mitochondrial
dysfunction initiates tau fragmentation into pathogenic species that contribute to disease
progression. These findings highlight a critical pathway in tau aggregation and identify a
promising target for therapeutic intervention.

4.5.2. Tau Misfolding, Aggregation, and Thermodynamic Perspective
Hyperphosphorylation and Post-Translational Modification

Hyperphosphorylation of tau is a key early event in its pathological transformation.
In AD and CCD-like conditions, tau becomes abnormally hyperphosphorylated at multiple
serine/threonine residues (e.g., Ser202/Thr205, Ser396/404), primarily through kinases
such as GSK-3β, CDK5, and MAPKs, which are upregulated by chronic metabolic stress,
inflammation, and Aβ exposure [240,241]. This reduces tau’s affinity for microtubules,
causing detachment, mislocalization from axons to somatodendritic compartments, and
expansion of the cytosolic, aggregation-prone tau pool [231,240,242].

Additional post-translational modifications—including truncation, acetylation, ubiq-
uitination, and glycation—further destabilize tau’s native conformation, promote β-sheet
formation, and expose aggregation-prone hexapeptide motifs (e.g., PHF6* [VQIINK] and
PHF6 [VQIVYK]), enabling tau monomers to assemble into soluble oligomers and ul-
timately into paired helical filaments (PHFs) and straight filaments. Biophysical and
structural studies show that the PHF6 hexapeptide (VQIVYK) forms exceptionally stable
steric-zipper β-sheet fibrils and is a dominant driver of tau aggregation, whereas PHF6*
(VQIINK), although aggregation-prone, appears less capable of forming such stable fibrillar
cores [243,244].

The accumulation of these filaments as NFTs, neuropil threads, and dystrophic neurites
is a hallmark of AD and related tauopathies [231,245,246].

Thermodynamic Hypothesis of Tau Aggregation

Tau folding and misfolding in humans and dogs can be interpreted within the thermo-
dynamic hypothesis of protein aggregation, which posits that many proteins are expressed
near their supersaturation limits, such that native conformations are only metastable rela-
tive to more stable amyloid states [247–249]. In human tauopathies such as AD, PSP, and
CBD, cryo-EM has revealed β-sheet-rich tau fibril folds that correspond to low-free-energy
states increasingly populated as aging, mutations, and post-translational modifications
erode proteostasis and destabilize soluble tau [235,245,250].

Aged dogs with CCD develop Alzheimer-like cortical and hippocampal lesions with
hyperphosphorylated and aggregated tau, indicating that canine tau can likewise cross
the free-energy barrier toward aggregation-prone conformations when supersaturation
overwhelms neuronal quality control systems [185]. Although canine tau fibrils have
not yet been structurally subclassified as in human tauopathies, the shared features of
age-dependent tau accumulation, amyloid co-pathology, and a proteome “living on the
edge of solubility” support common thermodynamic principles of tau misfolding across
species [249,250].
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Prion-like Propagation of Tau in AD and CCD

A growing body of evidence supports a prion-like mechanism of tau spread in AD and
CCD-related tauopathies. Misfolded tau assemblies can be released from affected neurons
via exocytosis, ectosomes, exosomes, or passive leakage and are subsequently taken up
by neighboring cells through endocytosis, macropinocytosis, or receptor-mediated mecha-
nisms [251]. Once internalized, these seeds induce templated misfolding of endogenous
soluble tau, amplifying pathology across anatomically connected networks [251,252].

This propagative behavior mirrors the stereotyped progression of tau pathology de-
scribed by Braak staging, in which early involvement of transentorhinal and hippocampal
regions is followed by spreading into association cortices and, ultimately, primary sensory–
motor areas [246]. In the setting of chronic vascular insufficiency, blood–brain barrier (BBB)
disruption and low-grade neuroinflammation may further facilitate the extracellular persis-
tence and interstitial transport of tau seeds, thereby enhancing their regional dissemination.
Each step is summarized in Table 3.

Table 3. Steps of Prion-Like Propagation of Tau in Alzheimer’s Disease and Canine Cognitive
Dysfunction.

Step Element Key Details References

1 Initial tau misfolding Soluble tau → misfolded/aggregated tau assemblies;
early sites: transentorhinal cortex, hippocampus [246]

2 Release of misfolded tau
from affected neurons

Active release: exocytosis, ectosomes (microvesicles),
exosomes; passive release: leakage from
degenerating neurons

[251]

3 Extracellular tau seeds in
brain interstitium

Misfolded tau persists in extracellular space; in chronic
vascular insufficiency, BBB compromise, low-grade
neuroinflammation → enhanced extracellular
persistence and interstitial transport

[251,253,254]

4 Uptake of tau seeds by
neighboring cells

Mechanisms: endocytosis, macropinocytosis,
receptor-mediated uptake [251]

5 Intracellular seeding and
templated misfolding

Internalized seeds induce misfolding of endogenous
soluble tau; amplification of misfolded/aggregated tau
within neuron

[251,252]

6 Spread along anatomically
connected networks

Seed-containing neurons release new tau assemblies;
spread via synaptic and network connections; mirrors
Braak staging: transentorhinal/hippocampal regions →
association cortices → primary sensory–motor areas

[246]

7 Regional tau pathology
and clinical progression

Progressive accumulation of tau pathology in
connected regions; neurodegeneration and cognitive
decline; in chronic vascular insufficiency: vascular, BBB,
and neuroinflammatory factors further
facilitate propagation

[246,253–255]

4.5.3. Interplay Between Tau Pathology, Parenchymal Amyloid Plaques, and Cerebral
Amyloid Angiopathy

In AD, tau pathology coexists and interacts closely with Aβ amyloid pathology. Aβ is
generated from APP by sequential β- and γ-secretase cleavage, producing Aβ40 and Aβ42
peptides that misfold and aggregate into oligomers and fibrils, ultimately forming neuritic
plaques in the brain parenchyma [204]. Genetic, experimental, and biomarker data support
a model in which Aβ aggregation is an upstream event that accelerates or amplifies tau
pathology, rather than tau misfolding occurring in isolation [256,257].

Aβ oligomers and plaques promote tau hyperphosphorylation and mislocalization
by activating kinases such as GSK-3β, CDK5, and MAPKs, and inhibiting phosphatases
such as PP2A [241]. Aβ also induces synaptic dysfunction, intracellular Ca2+ dysregulation,
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oxidative stress, and microglia- and astrocyte-mediated inflammation, further favoring tau
misfolding and aggregation [242,257]. In transgenic mouse models, expression of human
APP/Aβ enhances tau pathology and neurodegeneration, whereas tau reduction mitigates
Aβ-induced toxicity, indicating that tau is a key downstream effector of Aβ [258].

Neuritic plaques are typically composed of a dense amyloid-β (Aβ) core surrounded
by dystrophic neurites enriched in hyperphosphorylated and aggregated tau, underscoring
a focal convergence of amyloid and tau pathology within affected brain regions [259].
Positron emission tomography (PET) studies in humans indicate that cortical Aβ deposition
generally precedes the widespread accumulation of tau within the neocortex; however,
once tau pathology extends beyond mesial temporal structures, its burden shows a stronger
association than Aβ with regional brain atrophy and cognitive decline [256,260].

Thus, across AD and CCD-like dementias, Aβ acts predominantly as an initiator
and amplifier of tau misfolding, whereas misfolded tau is a principal effector of synaptic
dysfunction and neuronal loss.

4.6. Cerebral Amyloid Angiopathy (CAA)

Aβ deposition, predominantly Aβ40, in leptomeningeal and cortical vessel walls
is frequent in AD and is also observed in aged dogs with CCD [5,261]. CAA arises
from impaired perivascular and glymphatic clearance of Aβ along intramural periarterial
drainage pathways, processes that decline with age, vascular disease, and structural vessel
changes [13,262]. Vascular Aβ deposition leads to vessel wall thickening, smooth-muscle
cell loss, microaneurysm formation, and increased susceptibility to microbleeds and lobar
intracerebral hemorrhage [261]. These vascular alterations lead to chronic cerebral hypop-
erfusion, focal ischemic injury, and disruption of the blood–brain barrier, thereby creating
an environment characterized by oxidative stress and sustained inflammatory activation
that can indirectly promote tau hyperphosphorylation and aggregation within the sur-
rounding brain parenchyma [241,263,264]. Neuropathological studies further indicate that
severe cerebral amyloid angiopathy (CAA), particularly capillary CAA (type 1), frequently
co-occurs with substantial cortical tau pathology in Alzheimer’s disease and mixed de-
mentias [265]. In hereditary forms of CAA, such as those associated with Dutch-type APP
mutations, pronounced vascular Aβ deposition is accompanied by cortical tau lesions and
progressive cognitive decline, even in the presence of relatively modest parenchymal plaque
burden. These observations suggest that vascular amyloidosis alone is sufficient to establish
a tau-permissive environment that contributes to neurodegenerative progression [263,266].

Impaired perivascular and glymphatic clearance in CAA likely hinders removal of
extracellular tau species, including oligomers and seeds, from the interstitial fluid [13,258].
This compromised clearance may extend the half-life of pathogenic tau conformers and
facilitate their spread along dysfunctional perivascular routes in both CCD and human
vascular-degenerative dementias.

Collectively, tau misfolding and aggregation in AD, CCD, and related disorders occur
within a broader landscape of proteopathic and vascular pathology. Aβ aggregation in
the brain parenchyma forms neuritic plaques that colocalize with tau-positive dystrophic
neurites, while vascular Aβ deposition in CAA perturbs neurovascular coupling, BBB
integrity, and clearance pathways, all of which intensify tau pathology [259,261,262]. For
CCD and human AD spectrum dementias, this integrated view implies that effective
therapies will likely need to target both misfolded tau and Aβ and to restore vascular
health and clearance mechanisms—by reducing tau phosphorylation and aggregation,
lowering Aβ production or aggregation, and enhancing glymphatic/perivascular clearance
and neurovascular unit stability.
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4.7. Neuronal and Synaptic Loss

Neuronal and synaptic degeneration represents the structural basis of cognitive decline
in both conditions. In Alzheimer’s disease, the pronounced loss of pyramidal neurons in
the hippocampal CA1 region, subiculum, and association cortices is well documented [267],
and reductions in synaptic density—rather than amyloid plaque burden—constitute the
strongest histopathological correlate of dementia severity [210,268]. Aged dogs with CCD
display comparable patterns of neurodegeneration, including neuronal loss and synaptic
alterations, particularly within the frontal cortex and hippocampus, supporting a shared
substrate for cognitive impairment across species [205].

4.8. Neurotransmitter System Dysfunction

The cholinergic hypothesis of AD posits that degeneration of basal forebrain choliner-
gic neurons and consequent cortical cholinergic deficiency contribute critically to attentional
and mnemonic deficits [269,270]. Post-mortem studies confirm decreased choline acetyl-
transferase (ChAT) activity and reduced acetylcholine (ACh) release in the AD cortex [271].

Comparable cholinergic dysfunction has been described in CCD. Aged dogs show
reduced ChAT activity and degeneration of cholinergic neurons in the basal forebrain and
hippocampus [272], which clinically manifests as impaired learning, disorientation, and
altered sleep–wake cycles [206]. Additionally, alterations in dopaminergic and noradrener-
gic systems have been reported in both diseases, potentially contributing to affective and
motivational disturbances [272,273].

4.9. Mitochondrial Dysfunction and Oxidative Stress

Mitochondrial dysfunction and oxidative stress are well-established hallmarks of
Alzheimer’s disease pathology [274,275]. Both amyloid-β and tau disrupt mitochondrial
dynamics, impair respiratory chain efficiency, increase the generation of reactive oxygen
species (ROS), and compromise intracellular calcium buffering. The resulting oxidative
damage to lipids, proteins, and nucleic acids further undermines synaptic integrity and
neuronal viability, thereby contributing to progressive neurodegeneration [276,277].

In aged canine brains, elevated markers of oxidative injury—such as protein carbonyls,
4-hydroxynonenal (4-HNE), and 8-hydroxy-2′-deoxyguanosine (8-OHdG)—closely mirror
those reported in human Alzheimer’s disease [8]. Importantly, dietary supplementation
with antioxidants in aged dogs has been shown to improve specific cognitive functions
and reduce oxidative biomarkers, reinforcing the pathogenic role of oxidative stress in
CCD [157,179]. These interventional findings in dogs provide experimental support for
mechanisms that, in humans, are largely inferred from observational studies.

4.10. Neuroinflammation and Glial Activation

Microglial and astrocytic responses to Aβ, tau, and damaged neurons are initially
protective but become maladaptive when chronically activated [278]. In AD, microglial
activation is associated with upregulation of pro-inflammatory cytokines (IL-1β, TNF-α,
IL-6), complement factors, ROS, and nitric oxide, all of which can impair synaptic plasticity
and promote further neurodegeneration [278–280].

Homologous phenomena occur in CCD. Aged dogs with a high Aβ burden show
increased microglial and astrocytic reactivity in the cortex and hippocampus [2,5]. Elevated
inflammatory markers correlate with cognitive impairment, suggesting that neuroinflam-
mation in CCD is not merely an epiphenomenon but a driver of disease progression [185].
Chronic inflammation can also alter astrocyte polarity and aquaporin-4 (AQP4) distribu-
tion, thereby impairing glymphatic function and further reducing clearance of Aβ and
tau [13,23].
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4.11. Glymphatic System

The brain parenchyma lacks a conventional lymphatic network and instead depends
on the glymphatic system, a perivascular clearance pathway in which cerebrospinal fluid
enters the brain from the subarachnoid space along penetrating arteries, exchanges with
interstitial fluid, and is subsequently cleared along paravenous routes toward meningeal
lymphatic vessels and cervical lymph nodes [13,281]. This convective transport mechanism
facilitates the removal of extracellular solutes, including amyloid-β (Aβ), tau, and α-
synuclein, particularly from deep parenchymal regions that are relatively distant from the
blood–brain barrier [262]. From a pathogenetic perspective, efficient glymphatic transport
critically depends on aquaporin-4 water channels, which are highly enriched and radially
polarized at astrocytic endfeet surrounding perivascular spaces [18,54]. Experimental
ablation of Aqp4 or loss of perivascular AQP4 localization markedly reduces CSF influx
and impairs the clearance of Aβ and tau, resulting in increased parenchymal deposition
of these proteins [13,21]. Aging, vascular risk factors, sleep disruption, and dysfunction
of meningeal lymphatic drainage converge to reduce glymphatic efficiency [282], thereby
providing a mechanistic link between these factors and the accumulation of amyloid
pathology in the brain [23,39,283].

In Alzheimer’s disease, perivascular AQP4 polarization is disrupted and AQP4 re-
distributes to non-end-foot astrocytic membranes [23]. Post-mortem human studies by
Zeppenfeld and colleagues link preserved perivascular AQP4 to lower Aβ/tau burden
and better cognition, whereas AQP4 depolarization associates with more severe pathol-
ogy [48,284]. Valenza and others therefore propose a feed-forward loop, in which initial
protein aggregation perturbs AQP4 anchoring, further impairs perivascular clearance,
and accelerates aggregation [285]. Experimental modulation of AQP4—for example, with
5-caffeoylquinic acid—partially restores perivascular localization, enhances Aβ efflux, and
improves cognition in AD mouse models, directly implicating the AQP4–glymphatic axis
in disease pathogenesis and suggesting a tractable therapeutic target [41,286].

Keil and Buccellato et al. extend this framework beyond Alzheimer’s disease. In
transgenic rodent models, Aqp4 deletion or mislocalization, as well as aging, hypertension,
diabetes, cerebrovascular disease, traumatic brain injury, and chronic sleep disruption,
consistently reduce glymphatic transport and are associated with increased accumulation of
Aβ/tau or α-synuclein pathology [15,287]. In models of Parkinson’s disease (PD), reduced
AQP4 expression exacerbates α-synuclein deposition, while ablation of meningeal lym-
phatic vessels worsens synucleinopathy, suggesting that impairment of both parenchymal
and meningeal clearance pathways facilitates proteopathic seeding and spread [288]. Hu-
man genetic studies further indicate that AQP4 polymorphisms influence cerebral amyloid
burden, sleep–Aβ interactions, and the rate of cognitive decline in AD and PD, supporting
the concept that inter-individual differences in glymphatic efficiency may modify disease
progression [289–292].

Neuroimaging and fluid biomarker studies provide converging, though largely correl-
ative, evidence for this pathogenic model. Intrathecal gadolinium-enhanced MRI enables
direct visualization of perivascular CSF–interstitial fluid exchange, demonstrates increased
clearance during sleep, and reveals age-related slowing, findings consistent with an age-
associated decline in glymphatic function [14,293,294]. Indirect imaging markers, including
enlarged perivascular spaces, diffusion tensor imaging along the perivascular space (DTI-
ALPS), and arterial spin-labeling-based water exchange measures, also suggest altered
perivascular fluid dynamics in AD and cerebral small-vessel disease, although their quanti-
tative relationship to solute clearance remains incompletely validated [17,295–297].
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Taya et al. [59] provide longitudinal clinical evidence linking glymphatic dysfunction
to disease progression. In participants from the Alzheimer’s Disease Neuroimaging Ini-
tiative, a lower ALPS index—interpreted as reduced glymphatic activity—was associated
with faster Aβ PET accumulation, accelerated cortical atrophy in AD-vulnerable regions,
increased risk of conversion from Aβ-negative to Aβ-positive biomarker status, and a
higher likelihood of progression from cognitive normality or mild cognitive impairment
to AD dementia. Similar associations were observed in the UK Biobank cohort [44,298].
Mediation analyses indicated that the relationship between ALPS and cognitive decline
was fully mediated by increased amyloid burden and brain atrophy, positioning glym-
phatic dysfunction upstream of established AD biomarkers within a proposed pathogenic
cascade [44,299].

Integrating experimental, imaging, and clinical findings, it was proposed glymphatic
failure—driven by AQP4 depolarization, vascular dysfunction, sleep and circadian distur-
bances, and impairment of meningeal lymphatic drainage—as a shared pathogenic mecha-
nism linking idiopathic normal pressure hydrocephalus, AD, PD, and progressive supranu-
clear palsy [43,293,300–304]. They further discuss experimental interventions aimed at
restoring glymphatic function, including focused ultrasound, hypertonic saline, manni-
tol, dexmedetomidine, and AQP4-targeted approaches, as potential strategies to address
upstream clearance deficits and downstream proteopathic neurodegeneration [300–303].

Taken together, studies by Silva, Keil, Buccellato, Huang, and Ohara [43–45,47,304]
support a unified pathogenic model in which AQP4-dependent glymphatic transport
represents a modifiable interface between vascular integrity, immune regulation, sleep
physiology, and the accumulation of Aβ, tau, and α-synuclein. Establishing causality in
humans will require the development of standardized, non-invasive measures of glym-
phatic function and interventional trials to determine whether enhancement of perivascular
clearance can meaningfully alter biomarker trajectories and clinical outcomes.

5. Neuropathology of Alzheimer’s Disease
5.1. Gross Pathology

In advanced AD, the brain shows diffuse cortical atrophy, most pronounced in the
medial temporal lobes (hippocampus, entorhinal cortex), association neocortex, and pos-
terior cingulate cortex, with relative sparing of primary motor and sensory cortices in
earlier stages [9,246]. Sulci are widened and gyri thinned, especially in frontal, temporal,
and parietal regions; overall brain weight is reduced (Figure 4). The hippocampus and
amygdala are notably shrunken, and in coronal sections of the temporal lobe, atrophy of
the hippocampal formation (CA1, subiculum) and entorhinal cortex is conspicuous [305].
The ventricles are enlarged secondary to ex vacuo hydrocephalus (Figure 4). In late stages,
atrophy becomes more generalized, involving deep gray matter structures such as the
diencephalon and basal forebrain, particularly the nucleus basalis of Meynert, correlating
with cholinergic deficits [306]. Grossly visible focal lesions are not typical, but cerebral
amyloid angiopathy (CAA) with lobar microbleeds or macrohemorrhages can occur and is
more prevalent in APOE ε4 carriers [307,308].
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Figure 4. Alzheimer’s disease. (A) Coronal section of the human cerebral cortex—right hemisphere
at the mesencephalic level—showing widening of the cortical sulci secondary to diffuse atrophy
of the cerebral gyri (*), with dilation of the right lateral ventricle (➤). Hematoxylin and eosin
staining of embedding dehydrated tissue in nitrocellulose (celloidin) 15 micron; magnification 1×.
(B) Histological microphotograph of the motor cerebral cortex showing neuropil threads (light blue
arrow), a neuritic plaque (green arrow), neurofibrillary tangles (white arrow), neuropil rarefaction
(coral red—a), and vacuolization (coral red—b). Bielschowsky silver stain; magnification 20×; scale
bar = 100 µm. Courtesy of Prof. Giorgio Pilleri (1985). From Hirnanatomisches des Menschen,
Waldau, Bern, Switzerland.

5.2. Histopathology

The defining histologic lesions of AD are extracellular amyloid-β (Aβ) plaques and in-
traneuronal neurofibrillary tangles (NFTs) (Figure 3). Additional microscopic abnormalities
are observed in neurons, synapses, glia, and the cerebrovascular wall.

Amyloid plaques

(a) Plaques are composed predominantly of Aβ peptides (Aβ40/Aβ42) derived from the
amyloid precursor protein (APP) via β- and γ-secretase cleavage.

(b) Neuritic (senile) plaques, the diagnostic hallmark of AD, consist of a dense fibril-
lar Aβ core surrounded by dystrophic neurites, activated microglia and reactive
astrocytes [9,259].

(c) Diffuse plaques, often Aβ42-rich, appear earlier in disease and may lack neuritic
elements and dense fibrils.

(d) Plaque deposition is initially prominent in the neocortex, then involves the hippocam-
pus and limbic structures and finally subcortical regions as pathology advances [259].

5.3. Neurofibrillary Tangles and Tau Pathology

NFTs are composed of paired helical filaments formed by abnormally hyperphospho-
rylated tau, predominantly comprising mixed 3R and 4R tau isoforms, which accumulate
within neuronal cell bodies and proximal dendrites [246,309]. NFTs are accompanied by
neuropil threads and tau-positive dystrophic neurites, reflecting the spread of tau pathol-
ogy into axonal and dendritic compartments. The regional distribution of tau pathology
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follows the characteristic Braak staging pattern, progressing from the transentorhinal and
entorhinal cortex (stages I–II) to the hippocampus and limbic regions (stages III–IV), and
ultimately involving widespread neocortical areas in advanced disease (stages V–VI) [246].
Importantly, the burden and distribution of tau pathology show a stronger correlation
with cognitive impairment than amyloid plaque load, underscoring the central role of
tau-mediated neurodegeneration in clinical disease expression [310].

5.4. Neuronal and Synaptic Pathology

Neuronal degeneration is a prominent feature of Alzheimer’s disease and is particu-
larly evident in pyramidal neurons of the hippocampal CA1 region, the entorhinal cortex,
association cortices, and subcortical cholinergic nuclei, including the nucleus basalis of
Meynert [306]. In parallel, synaptic loss—assessed either ultrastructurally or through synap-
tic protein markers—represents one of the most robust pathological correlates of dementia
severity [210,268]. A loss of synaptic connectivity precedes overt neuronal death in many
regions and is closely associated with impairments in learning, memory, and executive
function, highlighting synaptic dysfunction as a key substrate of cognitive decline.

5.5. Glial and Vascular Changes

Glial and vascular alterations are integral components of Alzheimer’s disease pathol-
ogy. Reactive astrogliosis, characterized by increased GFAP expression, and microgliosis,
marked by activation of Iba1- or CD68-positive microglia, are commonly observed sur-
rounding amyloid plaques and neurofibrillary tangles, reflecting a state of chronic neuroin-
flammation [9,278]. Vascular pathology is also frequent, most notably in the form of cere-
bral amyloid angiopathy (CAA), in which β-amyloid—predominantly Aβ40—accumulates
within leptomeningeal and cortical vessel walls, increasing susceptibility to microhem-
orrhages and cortical superficial siderosis [307,311]. In addition, mild white matter de-
generation and myelin loss can be detected, particularly in later disease stages, further
contributing to network disconnection and cognitive impairment.

5.6. Immunohistochemistry in Alzheimer’s Disease

Immunohistochemistry plays a central role in the definitive classification and neu-
ropathological staging of Alzheimer’s disease. Immunostaining for β-amyloid using
antibodies such as 4G8, 6E10, anti-Aβ42, and anti-Aβ40 robustly labels both diffuse and
cored amyloid plaques, as well as vascular amyloid deposits, thereby enabling semi-
quantitative assessment of parenchymal plaque burden and cerebral amyloid angiopathy
(CAA) [259,305]. Phosphorylated tau is detected using antibodies such as AT8, PHF-1, and
CP13, which label neurofibrillary tangles, neuropil threads, and tau-positive dystrophic neu-
rites and are routinely employed to assign Braak neurofibrillary stages [242,283]. Neuronal
markers, including NeuN and MAP2, are used to highlight neuronal loss and dendritic
pathology, while synaptic markers such as synaptophysin and PSD-95 reveal reductions
in synaptic density. Glial activation is assessed using astrocytic markers such as GFAP
and microglial markers including Iba1 or CD68, which demonstrate plaque-associated and
regionally increased gliosis. In addition, vascular markers such as collagen IV and smooth
muscle actin, when combined with Aβ immunostaining, allow for the visualization of CAA
and associated vessel wall alterations, providing insight into the vascular component of
Alzheimer’s disease pathology.

5.7. National Institute on Aging–Alzheimer’s Association (NIA-AA) Guidelines and ABC
Scoring System

In current practice, Alzheimer’s disease pathology is integrated using the NIA–AA
“ABC” criteria, which combine three complementary semiquantitative assessment systems:
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the Thal phase of amyloid-β (Aβ) plaque deposition (A; stages I–V), the Braak neurofibril-
lary tangle (NFT) stage (B; stages 0–VI), and the CERAD neuritic plaque score (C; scores
0–3) [305,312]. Together, these frameworks provide a standardized approach for classifying
the extent and distribution of amyloid and tau pathology in the human brain. By contrast,
no formal analog of this integrated “ABC” scoring system has yet been established for
canine cognitive dysfunction.

The Thal staging system describes the spatial progression of Aβ deposition in AD. In
the earliest phase (phase I), Aβ plaques are largely confined to the neocortex. With advanc-
ing disease, deposition extends sequentially to the hippocampal and entorhinal regions
(phase II), the basal ganglia and diencephalon (phase III), brainstem structures (phase IV),
and ultimately the cerebellum (phase V). This Aβ-centric framework complements, but is
conceptually distinct from, Braak staging, which focuses on tau pathology.

Braak NFT staging characterizes the topographical spread of neurofibrillary tangles
across the brain. In stages I–II, tangles are predominantly restricted to the transentorhinal
cortex. During intermediate stages (III–IV), tau pathology extends into limbic regions,
including the hippocampus, while in advanced stages (V–VI) it involves widespread associ-
ation neocortical areas. This tau-based staging scheme reflects the stereotyped propagation
of neurofibrillary pathology and should be distinguished from the severity and distribution
of senile Aβ plaques, which follow a different spatial trajectory.

In addition, the CERAD neuritic plaque score provides a semiquantitative measure of
cortical neuritic plaque density in Alzheimer’s disease. Based on standardized microscopic
assessment of selected neocortical regions, plaque burden is classified as none, sparse, mod-
erate, or frequent (scores 0–3), thereby integrating both amyloid deposition and associated
neuritic pathology into a single grading system.

6. Neuropathology of Canine Cognitive Dysfunction
6.1. Gross Pathology

Dogs affected by canine cognitive dysfunction typically exhibit generalized cortical
atrophy accompanied by ventricular enlargement and widening of cortical sulci, changes
that resemble those observed in human Alzheimer’s disease, although they are usually
less severe in magnitude [6,185]. Cortical atrophy is most pronounced in the frontal and
temporal lobes and, in some cases, also involves the parietal cortex, and is associated with a
reduction in overall brain weight compared with age-matched control dogs [10]. Magnetic
resonance imaging and postmortem investigations consistently demonstrate hippocampal
volume loss, which correlates with cognitive impairment, particularly deficits in spatial
learning and memory [10,313]. The cerebellum is relatively spared. Gross hemorrhagic
lesions are uncommon; however, age-related vascular alterations and cerebral microbleeds
may be present.

6.2. Histopathology
6.2.1. Amyloid-β Pathology

The most consistent histopathological feature of CCD is amyloid-β (Aβ) deposition,
which occurs predominantly within the cerebral cortex—especially in frontal, temporal,
and parietal association areas—and, to a lesser extent, in the hippocampus [5,220]. Diffuse
Aβ plaques are frequently observed and may be present even in cognitively normal aged
dogs, whereas cored or neuritic plaques tend to be more prevalent or abundant in dogs with
clinically documented CCD [5,6]. The deposited peptide is primarily Aβ42, resembling
early-stage human amyloid plaques, although Aβ40-containing deposits are also detected
within cerebral vessel walls [220]. Across both longitudinal and cross-sectional studies,
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cortical Aβ burden correlates with measures of cognitive decline, particularly impairments
in learning and memory [5,10].

6.2.2. Tau and Other Proteinopathies

Classical neurofibrillary tangles composed of hyperphosphorylated tau, which are a
defining feature of advanced human Alzheimer’s disease, are infrequent or absent in most
studies of canine cognitive dysfunction [185]. Although scattered phospho-tau-positive
neurons or neuropil threads have been reported in some cases, these findings do not
exhibit the extensive, laminar, Braak-like progression characteristic of human AD [185].
Taken together, the available evidence supports the view that CCD represents a predom-
inantly amyloid-β-centric pathology, with relatively limited tau involvement compared
with human Alzheimer’s disease.

6.2.3. Neuronal and Synaptic Changes

Neuronal and synaptic alterations are consistently reported in canine cognitive dys-
function, although their severity can be variable. Neuronal loss and shrinkage have been
described in the frontal and temporal cortices as well as in the hippocampus; however,
distinguishing these changes from those associated with normal aging can be challeng-
ing in some cases [185]. Synaptic loss, assessed using synaptophysin or other synaptic
markers, appears to parallel cognitive decline and is particularly evident in the hippocam-
pus and frontal cortex, supporting a close relationship between synaptic integrity and
cognitive performance in CCD [10,185]. In addition, degeneration of white matter tracts
and demyelination—especially within the frontal lobes—have been documented in older
dogs and may further contribute to cognitive impairment by disrupting cortical connectiv-
ity [205].

6.2.4. Glial and Vascular Changes

Glial and vascular pathology represents an important component of CCD. Both as-
trogliosis and microgliosis are commonly observed and are frequently associated with
amyloid-β plaques, reflecting a neuroinflammatory response that closely resembles that
seen in Alzheimer’s disease [220]. Cerebral amyloid angiopathy, characterized by Aβ depo-
sition within cerebral and leptomeningeal vessel walls, is a common finding in aged dogs,
regardless of overt cognitive impairment, but tends to be more pronounced in animals with
clinically evident CCD [7]. In addition, age-related microinfarcts and small-vessel disease
may coexist with amyloid pathology, although these vascular lesions have not yet been
characterized as systematically in dogs as they have been in human mixed dementias.

6.2.5. Immunohistochemistry in Canine Cognitive Dysfunction

Immunohistochemical approaches are widely used to characterize neuropathological
changes in CCD. Antibodies raised against human amyloid-β, including 4G8, 6E10, and
anti-Aβ42 or anti-Aβ40, cross-react with canine Aβ and robustly label both parenchymal
plaques and vascular amyloid deposits, allowing for quantitative assessment of plaque
burden and regional distribution across cortical and hippocampal areas [5,220]. In contrast,
phospho-tau immunostaining using antibodies such as AT8 typically reveals only limited
or focal immunoreactivity and rarely demonstrates fully developed neurofibrillary tangles,
underscoring the relative paucity of classic tauopathy in CCD compared with human
Alzheimer’s disease [185]. Glial markers, including GFAP for astrocytes and Iba1 or CD68
for microglia, demonstrate plaque-associated and regionally increased gliosis, enabling
direct comparison of neuroinflammatory responses between CCD and AD [314]. Neuronal
and synaptic markers such as NeuN, MAP2, and synaptophysin further document neuronal
and synaptic loss in relation to amyloid burden and clinical cognitive scores [10]. Vascular
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amyloid deposition can be visualized using double immunolabeling for Aβ and vascular
markers such as collagen IV, confirming the presence of cerebral amyloid angiopathy and
associated vasculopathy [7].

AD and CCD neuropathological profiles are summarized in Table 4.

Table 4. Neuropathology of Alzheimer’s Disease vs. Canine Cognitive Dysfunction.

Aspect Alzheimer’s Disease (AD) Canine Cognitive Dysfunction
(CCD) Key References

Gross lesions—distribution
and atrophy pattern

Marked diffuse cortical atrophy, most
pronounced in medial temporal lobes
(hippocampus, entorhinal cortex) and
association neocortex; relative early sparing
of primary motor/sensory cortex;
hippocampus and amygdala shrunken;
enlarged ventricles (ex vacuo
hydrocephalus); atrophy of basal forebrain
(nucleus basalis of Meynert).

Generalized cortical atrophy, usually
less severe than in advanced AD;
sulcal widening and ventricular
enlargement; atrophy particularly in
frontal and temporal (± parietal)
cortex; hippocampal volume loss
correlates with cognitive decline;
cerebellum relatively spared.

[6,9,10,185,246,305,306,
313]

Gross lesions—vascular/
hemorrhagic changes

Cerebral amyloid angiopathy (CAA)
frequent; may cause lobar microbleeds or
macrohemorrhages, cortical superficial
siderosis; more prevalent/severe in some
genetic backgrounds (e.g., APOE ε4).

CAA common in aged dogs with or
without CCD; Aβ in leptomeningeal
and cortical vessel walls; associated
with microbleeds and vasculopathy;
overt large hemorrhages less
systematically described than in
human AD.

[6,7,307,308,311]

Histopathology—Aβ
plaques

Abundant Aβ plaques: diffuse and neuritic
(cored) plaques. Neuritic plaques have
dense fibrillar Aβ core with dystrophic
neurites, microglia, astrocytes. Early
deposition in neocortex → limbic →
subcortical areas (Thal phases 1–5). Aβ40
and Aβ42 species present; Aβ42 enriched in
parenchymal plaques.

Aβ deposition is the most consistent
lesion: mainly in association cortices
(frontal, temporal, parietal) and less in
hippocampus. Diffuse plaques
common in aged dogs; cored/neuritic
plaques more frequent or abundant in
clinically affected CCD cases. Aβ42
predominates in plaques; Aβ40 more
in vascular deposits.

[5,9,11,220,259,305]

Histopathology—
Tau/NFTs

Defining lesion: abundant neurofibrillary
tangles (NFTs) composed of
hyperphosphorylated tau (paired helical
filaments) in neuronal soma and dendrites;
associated neuropil threads and tau-positive
dystrophic neurites. Stereotyped
progression (Braak stages I–VI) from
transentorhinal/entorhinal →
hippocampus/limbic → widespread
neocortex. NFT/tau burden correlates
strongly with cognitive decline.

Classic NFTs largely absent or very
sparse. Phospho-tau-positive
neurons/threads occasionally
reported but without widespread,
layered Braak-like progression. No
standardized staging system
analogous to Braak in dogs. CCD is
therefore considered primarily an
Aβ-centric pathology with limited
tauopathy.

[185,246,309,310]

Histopathology—neuronal
& synaptic changes

Marked neuronal loss in hippocampal CA1,
entorhinal cortex, association cortices, and
basal forebrain cholinergic nuclei; prominent
synapse loss (e.g., in frontal and temporal
cortex) tightly correlates with severity of
dementia.

Neuronal loss/shrinkage in frontal
and temporal cortex and
hippocampus, but generally less
dramatic and more variable; synaptic
loss (e.g., decreased synaptophysin)
correlates with cognitive deficits;
white matter
degeneration/demyelination,
especially frontal, can contribute to
dysfunction.

[9,10,185,205,210,268,306]

Histopathology—glial and
inflammatory changes

Robust astrogliosis and microgliosis
surrounding plaques and tangles; chronic
innate immune activation in affected regions;
microglia often clustered around plaques,
astrocytes hypertrophic and GFAP-positive;
modest white matter degeneration.

Astrogliosis and microgliosis often
associated with cortical Aβ plaques
and CAA; gliosis more variable but
present in regions with heavy Aβ
burden; white matter gliosis and
degeneration described in aged dogs.
Extent of neuroinflammation
generally less well characterized than
in human AD.

[5,9,205,220,278]
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Table 4. Cont.

Aspect Alzheimer’s Disease (AD) Canine Cognitive Dysfunction
(CCD) Key References

Histopathology—vascular
pathology

CAA common: Aβ (especially Aβ40) in
leptomeningeal and cortical vessel walls,
sometimes with smooth muscle cell loss and
fibrosis; associated microbleeds,
microinfarcts, superficial siderosis; often
coexists with small-vessel disease.

CAA frequent in aged dogs: Aβ in
cortical and leptomeningeal
arterioles/arteries; associated wall
thickening, smooth muscle
degeneration, and occasional
microbleeds; microinfarcts and
small-vessel disease less
systematically described but present
in some series.

[6,7,307,308,311]

Immunohistochemistry—
Aβ

Anti-Aβ antibodies (e.g., 4G8, 6E10, Aβ40,
Aβ42) used to detect diffuse and cored
plaques and CAA; support Thal amyloid
phase scoring; enable quantification of
plaque burden and vascular deposition.

Human Aβ antibodies cross-react
with canine Aβ; 4G8, 6E10, Aβ42,
Aβ40 commonly used to grade plaque
and CAA burden; IHC confirms
predominance of Aβ42 in plaques and
Aβ40 in vessels; used to correlate
lesion load with cognitive scores.

[5,11,220,259,305,312]

Immunohistochemistry—
tau

Phospho-tau antibodies (AT8, PHF-1, CP13,
etc.) robustly label NFTs, neuropil threads,
and dystrophic neurites; applied to assign
Braak NFT stages (NIA-AA “B” score).

Phospho-tau antibodies (e.g., AT8)
usually show minimal to focal
immunoreactivity; classic NFT
morphology and extensive
distribution are rare; no established
canine tau staging scheme.

[185,246,305,309,312]

Immunohistochemistry—
neuronal & synaptic
markers

NeuN, MAP2 for neuronal cell bodies and
dendrites; synaptophysin, PSD-95 for
synapses; reduced immunoreactivity in
hippocampus and association cortex
correlates with cognitive impairment.

NeuN/MAP2 used to document
neuronal loss/atrophy; synaptophysin
and other synaptic markers
diminished in frontal cortex and
hippocampus in CCD, correlating
with behavioral measures of cognitive
dysfunction.

[9,10,185,210,268]

Immunohistochemistry—
glial markers

GFAP stains reactive astrocytes; Iba1, CD68,
and other microglial markers highlight
activated microglia surrounding plaques
and tangles; support assessment of
neuroinflammation.

GFAP and Iba1/CD68 demonstrate
plaque-associated astrocytosis and
microgliosis; patterns broadly similar
to AD but often less extensive and less
systematically staged in the literature.

[5,9,220,278]

Immunohistochemistry—
integrated staging
frameworks

NIA–AA “ABC” scheme: A = Thal Aβ
phase; B = Braak NFT stage; C = CERAD
neuritic plaque score; IHC for Aβ and
phospho-tau central to classification.

No universally accepted standardized
staging comparable to NIA–AA. Most
studies use semi-quantitative or
regional scoring of Aβ plaques and
CAA, with limited tau assessment and
without a formal composite stage.

[220,305,312]

7. Pathological Diversity and Similarity Between Alzheimer’s Disease
and Canine Cognitive Dysfunction

AD and CCD exhibit both convergent and divergent neuropathological features. Both
disorders show progressive cortical and hippocampal atrophy, ventricular enlargement,
and Aβ deposition in association cortices and the hippocampus, accompanied by CAA and
glial activation [5,220,259]. In both species, Aβ plaques can appear in cognitively normal
aged individuals, but higher plaque burden and more pronounced neuritic features tend to
correlate with more severe cognitive dysfunction [5,9,10]. Immunohistochemically, human
and canine Aβ are sufficiently conserved that similar antibody label plaques and vascular
deposits, and plaque-associated astrocytosis and microgliosis can be demonstrated with
comparable glial markers [220] (Table 2).

The most pronounced divergence between Alzheimer’s disease and canine cognitive
dysfunction lies in tau pathology and overall lesion composition. Human AD is defined by
abundant accumulation of hyperphosphorylated tau in the form of neurofibrillary tangles,
neuropil threads, and a highly stereotyped Braak staging pattern that closely parallels
the progression of cognitive decline [246]. By contrast, CCD typically exhibits minimal
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or absent classical NFTs on histological and immunohistochemical examination and lacks
a clearly defined Braak-like pattern of tau propagation [185]. Accordingly, whereas AD
represents a combined amyloid-β and tau proteinopathy, CCD is best characterized as a
predominantly Aβ-dominant encephalopathy with limited or inconsistent tau involvement.
This fundamental difference likely contributes to the generally milder or more heteroge-
neous patterns of neuronal and synaptic loss observed in CCD compared with advanced
stages of human AD, as well as to differences in clinical course and progression. Although
vascular pathology—particularly cerebral amyloid angiopathy—is a shared feature in both
species, the spectrum, severity, and clinical consequences of mixed vascular–degenerative
lesions are far more comprehensively characterized in human AD than in CCD [308].
Overall, CCD can be regarded as a partial, Aβ-centered analog of AD, recapitulating
key amyloid-related and neuroinflammatory features while lacking the full tau-driven
neurodegenerative cascade that typifies human AD.

Neuropathological similarities and differences between Alzheimer’s disease and ca-
nine cognitive dysfunction are summarized in Table 5. This comparison highlights shared
features, including cortical and hippocampal atrophy, parenchymal Aβ deposition, cerebral
amyloid angiopathy, and glial activation, alongside species-specific differences in lesion
burden, distribution, and molecular composition. Particular emphasis is placed on the
markedly more extensive and stereotyped tau pathology characteristic of human AD, in
contrast to the predominantly Aβ-centric and sparsely tau-positive phenotype observed
in CCD.

Table 5. Pathological Similarities and Differences Between Alzheimer’s Disease and Canine Cogni-
tive Dysfunction.

Dimension Similarities (AD-CCD) Differences (AD vs. CCD) References

Global brain atrophy

Both show age-associated cortical
and hippocampal atrophy, with
ventricular enlargement and
sulcal widening. Hippocampal
volume loss correlates with
cognitive decline in both species.

AD typically exhibits more severe and
widespread atrophy in advanced stages,
especially in medial temporal structures
and association neocortex; CCD atrophy
tends to be milder and more variable,
often accentuated in frontal lobes.

[9,10,185,246,305,313]

Aβ plaque pathology

Both develop cortical Aβ plaques
(diffuse and cored/neuritic),
particularly in association cortices;
Aβ42 is prominent in
parenchymal plaques in both
species. Plaque burden generally
correlates with aspects of
cognitive impairment.

AD usually shows a more stereotyped
spatiotemporal evolution of Aβ
deposition (Thal phases) and frequently
high neuritic plaque density; CCD may
have abundant diffuse plaques in
cognitively normal aged dogs, with less
clear threshold between “normal aging”
and disease; overall neuritic change
tends to be less pronounced than in
advanced AD.

[5,9,11,220,259]

Tau pathology

Both species express tau and can
show phospho-tau
immunoreactivity, and isolated
tau-positive neurons/threads may
appear in aged dog brains.

AD is defined by abundant
hyperphosphorylated tau NFTs,
neuropil threads, and tau-positive
dystrophic neurites, with well-defined
Braak staging that strongly correlates
with cognitive decline; CCD typically
lacks classic NFTs and does not show a
Braak-like laminar progression; tau
pathology is sparse, inconsistent, and
not central to diagnosis.

[185,246,309,310]
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Table 5. Cont.

Dimension Similarities (AD-CCD) Differences (AD vs. CCD) References

Neuronal and synaptic
degeneration

Both exhibit neuronal loss and
synaptic depletion in cortex and
hippocampus; synapse loss
correlates with cognitive
dysfunction in each disease. Both
show neuron shrinkage and
dendritic abnormalities in
affected regions.

Neuronal and synaptic loss are generally
more extensive and stereotyped in AD,
involving hippocampus, entorhinal
cortex, multimodal association cortices,
and cholinergic basal forebrain nuclei.
In CCD, neuronal and synaptic loss can
be significant but is more variable, and it
is harder to distinguish from changes of
“normal” canine aging; cholinergic
system involvement is less
well characterized.

[9,185,205,210,268,306]

Glial response and
neuroinflammation

Both show plaque-associated
astrocytosis and microgliosis;
GFAP-positive astrocytes and
Iba1/CD68-positive microglia
cluster around Aβ deposits;
chronic low-grade
neuroinflammation is a
shared feature.

In AD, microglial and astrocytic
activation has been deeply characterized
and linked to genetic risk (e.g., TREM2,
APOE) and disease progression; in CCD,
glial responses are documented but less
comprehensively studied, and their
temporal dynamics and causal
contribution to cognitive decline remain
less clear.

[5,9,205,220,278]

Vascular Aβ and CAA

Both develop CAA with Aβ
deposition in leptomeningeal and
cortical vessel walls; Aβ40
frequently enriched in vascular
deposits; CAA can be associated
with microbleeds and
microinfarcts in both species.

In AD, the clinical and pathological
spectrum of CAA (microbleeds,
macrohemorrhages, superficial siderosis,
ischemic lesions) is well defined and
integrated into mixed-dementia
concepts; in CCD, CAA is common but
the full clinical impact and relationship
to cognitive signs are less clearly
delineated and less
systematically quantified.

[6,7,307,308,311]

Clinicopathologic correlation &
staging frameworks

In both, increasing
cortical/hippocampal pathology
(Aβ, neuronal/synaptic loss)
tracks with worsening cognition;
aged but cognitively normal
individuals may still have some
Aβ burden.

AD has formal NIA–AA
neuropathologic criteria (ABC score)
integrating Aβ phase, NFT stage, and
neuritic plaque density; cognition
correlates particularly with Braak stage
and synaptic loss. CCD lacks
standardized staging; most studies
apply semi-quantitative scoring for Aβ
and gliosis, with limited tau assessment,
making cross-study comparisons and
clinicopathologic correlations
less robust.

[210,220,305,312]

Overall disease “type”
(proteinopathy profile)

Combined Aβ- and tau-driven
proteinopathy with strong tau
contribution to neurodegenerative
cascade; often accompanied by
vascular and other co-pathologies
in aged humans.

Largely Aβ-dominant encephalopathy
with prominent plaques and CAA but
minimal classic tauopathy; therefore,
considered a partial analog of AD,
modeling especially the amyloid and
vascular aspects rather than the full
tau-driven neurodegenerative spectrum.

[9,220,246,259]

By integrating structural, molecular, and inflammatory parameters, Table 4 delineates
how CCD recapitulates key aspects of the AD spectrum while lacking the full tau-driven
neurodegenerative cascade.

This comparative framework underpins the use of CCD as a partial but informative
translational model for human Alzheimer-type pathology.

8. Translational Impact Related to Alzheimer’s Disease and Canine
Cognitive Dysfunction Through Transmission Electron Microscopy
8.1. Alzheimer’s Disease, Canine Cognitive Dysfunction and Transmission Electron Microscopy

At the ultrastructural level, brains affected by AD exhibit dystrophic neurites, synaptic
loss, mitochondrial abnormalities, and characteristic Aβ fibrils and paired helical fila-
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ments. These alterations can be visualized and quantified by transmission electron mi-
croscopy, which has been essential for delineating the morphology of amyloid and tau
aggregates [210,245].

In aged dogs and in canine cognitive dysfunction, TEM has demonstrated ultrastruc-
tural alterations analogous to those observed in human AD, including synaptic degener-
ation, swollen and dystrophic neurites, mitochondrial alterations, and Aβ fibrils within
parenchymal plaques and vascular walls [6,220]. These observations support the use of
aged dogs as a model of early-stage AD and permit direct cross-species comparisons at
the nanoscale.

Because aged dogs develop spontaneous Aβ pathology and cognitive decline under
naturalistic conditions, they constitute an intermediate translational model between ro-
dents and humans. TEM-based ultrastructural analyses, in conjunction with behavioral
assessments and neuroimaging, can be employed as follows:

(a) To validate candidate biomarkers across species;
(b) To evaluate disease-modifying interventions at synaptic and fibrillar scales;
(c) To define the temporal relationship between Aβ accumulation, synaptic alterations,

and cognitive impairment.

The integration of TEM findings with molecular, imaging, and behavioral data in
both dogs and humans is likely to elucidate conserved mechanisms of neurodegenera-
tion and to facilitate the development of more predictive translational approaches for
Alzheimer’s disease.

8.1.1. Amyloid Fibrils and Plaques

TEM established the fibrillar nature of amyloid deposits in AD and enabled precise
measurement of fibril diameter, periodicity, and packing [210]. Subsequent developments
in TEM and cryo-EM have resolved near-atomic structures of tau filaments and Aβ fib-
rils [245].

8.1.2. Neurofibrillary Tangles

Paired helical and straight tau filaments can be directly visualized and morphome-
trically analyzed using TEM, allowing for the correlation of filament architecture with
biochemical composition and clinical phenotype [245].

8.1.3. Synapses and Organelles

TEM permits quantification of synaptic density, synaptic vesicle pools, mitochondrial
morphology, and autophagic structures, thereby linking cognitive impairment to synaptic
and subcellular pathology in AD and CCD [6,210].

8.1.4. Myelin and Axons

Age-associated axonal degeneration, myelin splitting, and spheroid formation can be
systematically evaluated by TEM in both humans and dogs, providing a structural basis
for white matter alterations associated with cognitive dysfunction [10].

The translational impact of transmission electron microscopy-derived observations in
Alzheimer’s disease and canine cognitive dysfunction is summarized in Table 6.
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Table 6. Translational impact of TEM-based findings in Alzheimer’s disease and canine cogni-
tive dysfunction.

Pathological Feature (TEM) Ultrastructural Observations Translational Impact References

Amyloid fibrils and plaques

Fibrillar Aβ deposits with defined
diameter, periodicity, and packing
in human cerebrovascular and
parenchymal amyloid; analogous
Aβ fibrils within plaques and vessel
walls in aged dogs

Confirms that dogs develop
human-like Aβ fibrils and cerebral
amyloid angiopathy, supporting aged
dogs as a spontaneous large-animal
model for amyloidogenesis and
anti-amyloid therapies

[6,210,220,245]

Neurofibrillary tangles and
tau filaments

Paired helical filaments and straight
tau filaments with conserved
ultrastructural motifs in human AD;
age-related tau alterations
documented in canine brain

Structural conservation of tau
assemblies informs cross-species
mechanisms of tauopathy, enabling
preclinical evaluation of tau-targeting
agents in dogs that model early or
limited tau pathology

[220,245,315]

Synaptic degeneration

Reduced synaptic density,
dystrophic synaptic profiles, altered
vesicle pools, and associated
mitochondrial abnormalities in AD
cortex and hippocampus;
comparable synaptic degeneration
in CCD

Establishes synapse loss and
ultrastructural synaptic pathology as
common correlates of cognitive decline
in humans and dogs, supporting
synaptic metrics as translational
outcome measures for
disease-modifying interventions

[5,6,210,220]

Mitochondrial and autophagic
changes

Abnormal mitochondrial
morphology (swelling, cristae
disruption) and accumulation of
autophagic vacuoles in neurons and
neurites in AD; similar
mitochondrial alterations described
in aged/CCD canine brain

Supports conserved pathways of
bioenergetic failure and impaired
proteostasis across species, justifying
the use of dogs for testing
mitochondrial and
autophagy-modulating therapies

[210,220]

Myelin and axonal pathology

Axonal swellings, spheroids,
myelin splitting, and degeneration
in aging human white matter; TEM
evidence of analogous age-related
axon/myelin pathology in dogs

Provides a structural basis for shared
white matter dysfunction and
cerebrovascular contributions to
cognitive impairment, enabling
translational studies of vascular and
myelin-protective strategies

[6,10,220]

Correlation of Aβ burden
with cognition

Quantitative TEM and
histopathology show that
increasing amyloid load and
neuritic pathology correlate with
cognitive deficits in both species

Validates aged dogs as a model of
early–intermediate AD stages, in which
Aβ load and neuritic pathology can be
linked to behavioral measures,
improving prediction of clinical efficacy
from preclinical trials

[1,5,185,219]

TEM enables ultrastructural characterization of amyloid fibrils, tau filaments, synapses,
and organelles, allowing for direct comparison of lesion morphology between humans
and dogs.

By correlating these nanoscale alterations with cognitive profiles and imaging biomark-
ers, TEM helps validate CCD as a spontaneous, clinically relevant model of early-stage AD.

Ultrastructural readouts also provide sensitive endpoints for preclinical trials, per-
mitting assessment of how candidate therapeutics modify synaptic integrity and aggre-
gate burden.

Together, these TEM-based insights support more reliable cross-species extrapolation
of mechanistic findings and therapeutic responses in AD research.
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9. Neuroclinical Aspects
Canine Cognitive Dysfunction is a progressive, age-related neurodegenerative dis-

order in dogs, characterized by a diverse array of behavioral abnormalities that reflect
widespread cerebral involvement. There is no clear correlation between breed and predis-
position to CCD. However, a higher prevalence of advanced cognitive dysfunction has been
reported in small-breed dogs. This is believed to be due to their longer life expectancy [316].

The heterogeneous presentation and slow, insidious onset of clinical signs make CCD
particularly challenging to diagnose in veterinary medicine. To support consistent iden-
tification and standardized documentation of behavioral changes, the DISHAA acronym
has been widely adopted as a practical clinical framework, encompassing the principal
domains affected by the disease: disorientation, altered social interactions, disturbances of
the sleep–wake cycle, house-soiling, changes in activity, and increased anxiety [2,3].

Disorientation is one of the most commonly reported and recognizable features of CCD.
Affected dogs frequently appear confused within previously familiar environments, includ-
ing their own homes or gardens [1,2]. Typical behaviors include aimless staring, becoming
trapped in corners or behind furniture, and impaired spatial navigation. Deficits in learned
responses, including failure to respond to familiar commands or the dog’s name, indicate
underlying impairments in memory and executive function (Figure 4) [180,317,318].

Social behavioral alterations are a prominent feature of CCD and may significantly
compromise the human–animal bond. Many affected dogs show reduced social engage-
ment, manifested by diminished greeting behavior, withdrawal from physical contact, or
apparent apathy toward owners and other animals [1,2,319]. In contrast, some dogs develop
excessive attachment and attention-seeking behavior, often described as increased “clingi-
ness.” In certain cases, irritability or uncharacteristic aggression may also emerge, likely
reflecting impaired emotional regulation and a reduced tolerance to environmental stimuli.

Disturbances of the sleep–wake cycle are widely regarded as a hallmark of CCD
and closely mirror circadian rhythm disruption observed in human neurodegenerative
disorders [3,318]. Affected dogs frequently sleep excessively during the day while ex-
hibiting nocturnal restlessness, pacing, or vocalization [1]. These behavioral changes
are particularly disruptive for owners and often represent a primary reason for seeking
veterinary consultation.

House-soiling constitutes another highly distressing manifestation of CCD. Dogs
may urinate or defecate indoors in inappropriate locations despite a long-standing history
of reliable housetraining [3,180,317]. Rather than reflecting limited access to outdoor
elimination areas, this behavior results from cognitive deficits affecting spatial awareness,
memory, and appropriate signaling.

Alterations in activity levels are also commonly reported, although the direction of
change varies among individuals. Many dogs exhibit a reduction in purposeful activity,
with diminished interest in exploration, play, and social interaction, consistent with apathy
and motivational impairment [2,3].

In contrast, some dogs develop repetitive, non-goal-directed behaviors such as pacing,
circling, or fixed-route wandering (Figure 5), which may reflect dysfunction of cortical–
subcortical circuits involved in behavioral inhibition [320].
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Figure 5. The image shows an 11-year-old female Jack Russell terrier with cognitive dysfunction,
stuck between the legs of a chair and unable to get out due to severe disorientation.

Increased anxiety is increasingly recognized as a central component of CCD rather than
a secondary consequence of aging. Dogs may develop heightened sensitivity to previously
tolerated stimuli, new-onset phobias, or generalized anxiety [1,321]. Notably, separation
anxiety may newly emerge or worsen in cognitively impaired dogs, resulting in substantial
welfare implications for both the animal and the owner [321]. Anxiety-related behaviors
contribute significantly to reduced quality of life and may accelerate caregiver burden.

Despite growing awareness, CCD lacks a definitive antemortem diagnostic test. Con-
sequently, diagnosis remains one of exclusion and requires a comprehensive and systematic
approach to rule out alternative causes of behavioral change [1,322]. The absence of a
standardized diagnostic protocol has been widely acknowledged as a major limitation in
both clinical practice and research settings [322].

The diagnostic process begins with detailed history taking and thorough physical and
neurological examination. Numerous conditions can mimic or exacerbate CCD-like behav-
iors, including endocrine disorders such as hypothyroidism and hyperadrenocorticism,
sensory decline due to vision or hearing loss, chronic pain—particularly osteoarthritis—and
metabolic or organ system disease [2,321,322]. Intracranial disease, including primary or
secondary brain neoplasia, must be carefully excluded, especially in cases with acute onset
or focal neurological deficits.

Baseline diagnostic testing typically includes a complete blood count, serum bio-
chemistry profile, urinalysis, thyroid hormone measurement and blood pressure assess-
ment [2,317]. When routine diagnostics fail to identify an alternative cause and clinical
suspicion remains high, advanced neuroimaging is recommended.

Given the behavioral nature of CCD, owner-reported assessment tools form the foun-
dation of antemortem diagnosis. Structured questionnaires provide a systematic method
for quantifying the presence and severity of behavioral abnormalities and reduce reliance
on anecdotal reporting [1,180,317]. Among the available instruments, the Canine Cognitive
Dysfunction Rating (CCDR) scale and the Canine DEmentia Scale (CADES) are the most
widely validated [319,323]. While the CCDR is well established for identifying affected
dogs, the CADES appears particularly useful for disease staging and detection of early
cognitive impairment, as well as longitudinal monitoring of disease progression [2]. Never-
theless, all questionnaire-based tools remain inherently subjective and influenced by owner
perception and awareness [319].
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Magnetic resonance imaging (MRI) plays an important adjunctive role in CCD diagno-
sis. Its primary function is to exclude other structural brain disorders, including neoplasia,
inflammatory disease and cerebrovascular accidents [2,314]. In addition, MRI may provide
supportive evidence of CCD through identification of age-inappropriate cerebral atrophy,
ventricular enlargement and widening of cortical sulci [180,317,324]. Quantitative MRI
studies have demonstrated significant hippocampal volume loss in dogs with CCD, par-
alleling a key imaging biomarker of human Alzheimer’s disease [325]. However, overlap
with normal aging currently limits the diagnostic utility of hippocampal volumetry at the
individual level. Current research increasingly focuses on identifying fluid-based biomark-
ers that reflect CCD neuropathology and may enable earlier, more objective diagnosis.
Amyloid-β, neurofilament light chain, and glial fibrillary acidic protein have emerged as
leading candidates. These biomarkers reflect cerebral amyloidosis, neuroaxonal damage,
and astroglial activation, respectively [157,326]. While promising, these biomarkers lack
sufficient specificity when used in isolation. Consequently, current research is exploring
multimarker panels and machine learning-based approaches to improve diagnostic accu-
racy using minimally invasive blood samples [317]. Collectively, advances in behavioral
assessment, neuroimaging and biomarker research are progressively refining the diagnostic
landscape of CCD. Integration of these modalities will be critical to improve early detection,
guide intervention strategies, and enhance the welfare of aging companion dogs.

10. Magnetic Resonance Imaging
MRI represents the imaging modality of choice for the evaluation of senile brain

degeneration (Canine Cognitive Dysfunction) in dogs.
Signs of brain atrophy include widened and well-demarcated cerebral sulci, ventricular

enlargement, and a reduced thickness of the interthalamic adhesion [327].
It was observed that the thickness of the interthalamic adhesion as measured on

transaxial T1-weighted and T2-weighted MRI was significantly smaller in dogs with CCD
compared with dogs without CCD; an interthalamic adhesion thickness of 5 mm or less
was found to be consistent with a diagnosis of CCD [219,328].

A more recent study confirmed the interthalamic adhesion thickness measurement
in CCD. It also demonstrated that the ratio of interthalamic adhesion thickness to brain
height as well as the ratio between this value and the lateral ventricle height–to–brain
height ratio were accurate predictors of CCD [219,329]. Spontaneous intraparenchymal
brain hemorrhage has been documented in both AD and CCD. Although MRI evidence of
microhemorrhages is common in patients with AD, the prevalence of this finding in dogs
with CCD has not been specifically investigated [219]. T2*-weighted MRI sequence has been
shown to be useful in identifying hemorrhagic brain lesions in both people and dogs. In
people with AD, MRI evidence of microhemorrhages on T2*-weighted imaging is common
and is attributed to cerebrovascular amyloid angiopathy due to accumulation in the brain
of β-amyloid protein, which accumulates in the brain of dogs with CCD and humans with
AD and forms plaques within the brain parenchyma and also contributes to cerebrovascular
disease [205,206,219,330–332]. Occasionally, macrohemorrhages are also evident on T2*-
weighted images in these patients [219,333]. In a retrospective investigation of brain
microhemorrhages in dogs that were imaged with T2*-weighted MRI sequences, older
dogs of smaller breeds were significantly more represented. Microhemorrhages, typically
evident on T2*-weighted images of dogs’ brains, were more common in older, smaller
breeds, often seen with brain atrophy (Figure 6), proteinuria, and vestibular signs [219,334].
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Figure 6. Dog, mixed breed, 15 y old, male castrated. Transverse T2-weighted image (0.25 T MRI unit,
Esaote, Italy). Well demarcated cerebral sulci suggest brain atrophy. Mild ventricular enlargement.

The identification of white matter hyperintensities (Figure 7) (white spots in T2-
weighted/FLAIR images), usually periventricular, called leukoaraiosis, suggestive of small-
vessel diseases/demyelination, may indicate senile brain degeneration [219,335].

 

Figure 7. Dog, mixed breed, 15 y old, male castrated. Three-dimensional Hyce image–transverse
MPR, 1 mm slice thickness (0.25 T MRI unit, Esaote, Italy). A triangular shaped hyperintense area on
the right side of the cortex of the temporal lobe is suggestive of vascular disease (yellow arrows).

MRI brain imaging of patients with CCD can also be normal (false negative findings)
(Figure 8) or may reveal, as previously described, brain atrophy, ventricular enlargement,
widened and well-demarcated cerebral sulci, and brain lesions particularly evident in the
medial temporal lobes of the cerebral cortex [219]. On the other hand, consistent MRI
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findings associated with brain aging can also be found in some older patients without
evidence of CCD (false positive).

 

Figure 8. Dog, Drahathar, 14 y old, male castrated. Transverse T2-weighted image (0.25 T MRI unit,
Esaote, Italy). No sign of brain atrophy. Mild ventricular enlargement.

11. Conclusions
Canine cognitive dysfunction and human Alzheimer’s disease share a broad set of

structural, molecular, and clinical features that support viewing them as points along a
common spectrum of age-related neurodegeneration rather than entirely separate entities.
In both species, progressive cortical and hippocampal atrophy, synaptic and neuronal loss,
β-amyloid accumulation in parenchyma and vessel walls, oxidative stress, mitochondrial
dysfunction, and chronic neuroinflammation converge to drive cognitive decline.

In contrast to human Alzheimer’s disease, dogs typically exhibit a predominantly
amyloid-β-centric pathology with relatively limited and less stereotyped tau involvement,
whereas AD is defined by combined Aβ–tau proteinopathy characterized by extensive
neurofibrillary tangle formation and well-defined Braak stage progression. A central mech-
anism unifying both conditions is dysfunction of brain clearance systems, particularly
the glymphatic pathway and intramural periarterial drainage. Aging, small-vessel dis-
ease, cerebral amyloid angiopathy, astrocytic gliosis, and disruption or mislocalization of
aquaporin-4 at astrocytic endfeet impair cerebrospinal fluid–interstitial fluid exchange and
perivascular transport, thereby promoting Aβ and tau retention and aggregation [282].
Anatomical, magnetic resonance imaging, and ultrastructural studies indicate that dogs
share the fundamental components of these clearance pathways with humans, including
Virchow–Robin spaces, basement membrane-based drainage routes, and polarized perivas-
cular AQP4 expression. This close anatomical and functional correspondence makes CCD
particularly well suited for investigating glymphatic dysfunction and the interplay between
vascular pathology and protein aggregation in a large, spontaneously affected brain [300].

Clinically, CCD presents as a progressive and multifaceted behavioral syndrome cap-
tured by the DISHAA framework, encompassing disorientation, altered social interactions,
disturbances of the sleep–wake cycle, house-soiling, changes in activity, and increased
anxiety. Neuroimaging findings, including cortical and hippocampal atrophy, ventricular
enlargement, reduced interthalamic adhesion thickness, white matter hyperintensities,
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and cerebral microhemorrhages, closely parallel established imaging biomarkers of AD
and provide objective correlates of owner-reported cognitive and behavioral changes. At
the ultrastructural level, transmission electron microscopy in both species reveals con-
vergent signatures of neurodegeneration, such as amyloid fibrils, synaptic degeneration,
mitochondrial abnormalities, and age-related myelin and axonal pathology. At the same
time, important interspecies differences must be acknowledged, particularly the greater
prominence of tau pathology and the well-defined genetic risk architecture of human AD
(including APOE ε4 and PSEN1/2 mutations), contrasted with the current absence of
equivalent major risk alleles in CCD. Consequently, CCD more closely models the early
to intermediate, Aβ-dominated stages of human Alzheimer’s disease rather than its late,
tau-heavy phases. Taken together, the available comparative evidence supports aged dogs
with CCD as a powerful and complementary translational model for AD.

Canine Cognitive Dysfunction offers:

(a) A naturally occurring, environmentally relevant platform to study how Aβ, vascular
pathology, and impaired glymphatic/perivascular clearance interact over time.

(b) The opportunity to link behavior, advanced imaging, fluid biomarkers, and ultrastruc-
ture in ways that are difficult to achieve in humans and not fully recapitulated in
rodent models.

(c) A clinically meaningful setting in which to test multimodal interventions aimed at
reducing Aβ burden, modulating tau phosphorylation and aggregation, restoring
neurovascular and glymphatic function, and supporting synaptic and mitochondrial
health [280].

Future work should prioritize (1) standardizing neuropathological and imaging stag-
ing frameworks for CCD analogous to NIA–AA “ABC” criteria; (2) refining and validating
behavioral and owner-reported scales for early detection and longitudinal monitoring;
(3) developing and testing blood- and CSF-based biomarker panels that integrate Aβ, tau,
neuroaxonal and glial markers; and (4) systematically evaluating therapies that target clear-
ance pathways, vascular integrity, and protein aggregation in longitudinal canine cohorts.

Integrating pathology, imaging, clinical assessment, and biomarker research in dogs
and humans will clarify shared mechanisms of neurodegeneration and accelerate the
development of disease-modifying strategies for both CCD and Alzheimer’s disease.
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