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Summary. This review aims to summarize the world's scientific sources
that highlight the current vision of the role of the brain glymphatic system
in the utilisation of end metabolites from the central nervous system. It has
been reported that protein clots or aggregates that are produced in brain cells
and, importantly, failure of their elimination can cause cognitive problems in
neurodegenerative diseases. In particular, Alzheimer's and Parkinson's dis-
ease, as well as the other neurodegenerative diseases, the aging process can
be reproduced in experimental models by overproducing these conglomerates.

Current investigations are focused as well on clarifying changes in brain
glymphatic drainage in the condition of traumatic brain injury. Modern
research has shown that acute brain injury, including traumatic brain injury,
subarachnoid hemorrhage, or stroke, dramatically alters glymphatic function.
It is evident that aging is a critical risk factor for neurodegenerative diseases.
It has also been experimentally proven that glymphatic activity decreases
with aging. Accordingly, this can lead to the accumulation of misfolded and
hyperphosphorylated proteins, and thus the brain becomes vulnerable to the
development of neurodegenerative pathology. Comprehensive analysis of the
causes and mechanisms of glymphatic system dysfunction will help to predict
and develop methods for diagnosing and treating serious neurodegenerative
diseases and traumatic brain injuries.
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Pesrome. B ornsiml npencrasienl anasis Ta y3araJbHEHHS CBITOBAX HAYKO-
BHX JKePeJl, 10 BUCBITJIOIOTH AKTyaJIbHE 6a1eHHs oIl ITIM(aTHIHOL cHCTeMA
MO3KYy B yTHUji3arlii KIHIIEBUX MeTa0OJITIB 3 IeHTPaJIbHOI HEPBOBOI CHUCTEMH.
O6rosoprooThes TOPYILIeHHS KJIIPDEHCY MO3KY 32 yMOB JIedKHAX Helposierenepa-
THUBHUX HO30JIOTIH, 8 TAKOMK npu 1HCYJIBTAX 1 TPABMATUYHOMY YIITKOIKEHHI MO3KY.
I[TorazaHo, 1110 KJIIPEHC acoIlifoBaHUX, 10 MPUKJIAIY, 3 XBOPoOoio Asbiireiimepa,
oinkis aminoiny B (AB) i tay (tau) sHMsKyeTbCS BHACIIIOK TIOPyIIeHHS (DyHKITII
rriMmdaTHYHOI cHCTeMU Yepe3 BLICYTHICTh, 30kpema AQP. Binmosinuo, Bosmi
KaHAJIU TUIY aKBAIIOPUHY-4 (AQP-4) e BasIMBOIO CKJIATIOBOIO TTi€l CHCTEMH 1
LOPYIIEeHH IX QyHKII BUK/IMKAHE HI3KOIO HeliponiaToJiorii. Busisiieni aminu B
ekcrpecii AQP-4, skl 110B’I3y10Th 3 HEBHUMH HO30JIOTISIMHU, JAI0THh MOKJIUBICTD
IPOTHO3YBATH, IO 1€l BOJHUU KaHAJ MOKe OyTH BasKJIMBOIO (bapMaRonoriq-
HOMI0 MimeHH. Takox 3acBlIUeHO, 110 OIOMapKepH YeperrHo-MO3K0BOI TpaBMH
JIPEHYIOThCS Yepes rde)aTHqu nuraxu. [mmdarrana quedyHkrmnis 3a nanux
YMOB MO2ke BU3HAYATH UMOBIPHUI IIPOTHO3 ILiCJIS IIEPEHECEHO] YePeIHO-MO3KO-
BOI TpaBMH. AHAJII3 Ta IOrJUOIeHe BUBYEHHA 3MIH IIIMQaTHIHOr0 JipeHaKy
3a yMOB TPaBMH OOIDYHTOBYE MOKJIMBICTH (papMaKOJIOTIYHUX MAHIMYJIAIIH 3
1TiM(aTHIHOI CUCTEMOIO 3a TaHUX yMOB. ExcrepumeHTasbHO MiATBEP/KEHO,
IO TIPU CTApiHHI 3HUKYETHCA AKTUBHICTH IMIM(ATUKH, MO MOMKE CHPUATU
HAKOIMYEHH0 HEITPaBUJIbHO 3TOPHYTHUX 1 rlnep(bocd)opI/IJIBOBaHHx OLTKIB 1,
OT K€, MO3OK CTae BPA3JIUBHM JI0 PO3BUTKY HEHpOereHepaTUBHOI TTaTOJIOTI. Ano-
MaJIbHe PO3NIMPEHHS ePUBACKYJIAPHOTO IPOCTOPY 3HAYHO YACTIIIEe BUABIIAITD
npu XBopoOi AJbIlrefiMepa y Cy0 €KTiB TIOXHUIIOTO BiKy, IO MOKE CBITUYUTHU PO
MOKJIMBE TIOPYIIEeHHA QPYHKINI IIIM(AaTUIHOI CUCTEMH 1 TOaJIbIlle 3HUKESHHS
KJIipeHcy OlTKA.

Kirouosi cinoBa: riaimdarnyna cucreMa, HeHpoIereHepaTHBHI 3aXBOPIO-
BaHHdA, akBanopuHu 4 (AQP-4).

The central nervous system is unique in being the only functional system
lacking conventional lymphatic pathways and thus has no discrete routs for
the clearance of substances dissolved in the interstitium. Recent scientific pub-
lications have highlighted the concept of the existence of a glymphatic system
that enables the brain to be drained of extracellular harmful substances and
waste products [1, 2, 3]. Water channels such as aquaporin-4 (AQP-4) are an
important component of this system, and their dysfunction is associated with
a number of neuropathologies [4, 5].

The purpose of the study. To analyze and systematize the world scientific
sources over the past decade on the processes and mechanisms of functioning,
as well as clinical prospects for the evaluation of the glymphatic brain drainage
system.

Results and discussion. Modern research has confirmed the existence
of an effective mechanism for the utilization of extracellular potentially toxic
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brain substances, soluble proteins and metabolites, which uses a unique system
of perivascular channels formed by astroglial cells, the so-called glymphatic
system [1]. Studies have shown that this system is most active during sleep [2,
6]. The ability to remove toxic metabolites from the brain during sleep will, in
fact, contribute to an even deeper understanding of the fundamental blologlcal
role of sleep and the consequences of sleep disorders. In addition to the clearance
of substances dissolved in the interstitium, other functions of the glymphatic
system have been identified. In particular, it has been shown that cerebrospinal
fluid inflow is a channel for glucose and other nutrients that are absorbed by
neurons and astrocytes [7]. In addition, apolipoprotein E, which is essential
for synaptic plasticity and cholesterol transport, can also be transported by
the CSF into the brain interstitium [8].

Since the concept of the glymphatic system is relatively new, it is important
to consider its basic structural elements, organization, regulation, and functions.

Scientific studies presented in international publications highlight the
current understanding of the processes of internal brain cleansing from sub-
stances dissolved in the interstitium [9, 10, 11]. Thus, the data showed that
CSF (cerebrospinal fluid) and interstitial fluid (ISF) are constantly exchanged.
This exchange is facilitated by the convective flow of cerebrospinal fluid along
the periarterial space [9]. The perivascular spaces are tunnels that surround
each vessel. The inner wall of each space is formed by the surface of vessel cells,
mostly endothelial cells, and smooth muscle cells. The outer wall, however, is
unique to the brain and spinal cord and is formed by extensions of astrocytes.
Astrocytes are known to perform many functions in a highly organized net-
work of neurons. Astrocyte extensions — or pedicles — surround the arteries,
capillaries, and veins of the brain and spinal cord. Further transport of CSF
into the complex parenchyma of the brain is facilitated by aquaporins — AQP-4,
which are expressed in the pedicles of astrocytes, characterizing the polarized
distribution of these channels [10, 11]. This localization allows AQP-4 to con-
tact the perivascular space adjacent to blood vessels, facilitating the inflow
of CSF into the brain parenchyma and its outflow in the opposite direction
into the perivascular space [11]. The attention of scientists was drawn to the
multiplicity of astrocytic water channels and their special location facing the
vascular wall. Moreover, it was found that vascular endothelial cells bordering
the perivascular space do not have these channels. Thus, the fluid cannot be
transported directly from the bloodstream to the brain tissue, but only through
the perivascular space and through astrocytes, thus gaining access to the brain
tissue. The movement of CSF into the parenchyma causes convective flows
of interstitial fluid within the tissue to the perivenous spaces surrounding
the large deep veins. The CSF-ISF (cerebrospinal fluid-interstitial fluid) then
flows through the interstitium, draining through the paravenous highways
and through the still poorly understood meningeal lymphatic vessel (MLV)
pathway to reach the cervical lymphatic system. This specific movement of
fluid through the brain allows extracellular proteins such as AB and tau to be
eliminated from the interstitium.

Returning to an important component of the astrocytic glymphatic system,
astrocytic AQP-4, it is the most common water channel in the brain, which has
a tetrameric structure [10]. This protein functions as a selectively permeable
water channel, maintaining ionic and osmotic homeostasis in the brain [10,
11]. Osmotic homeostasis is important for neural activity, and modulation of
water transport changes the concentration of ions in the extracellular fluid,
which in turn affects the diffusion of neuroactive compounds to the brain. In
addition, disruptions in fluid transport mechanisms can cause cerebral edema,
which accompanies certain neurological conditions such as head injury, stroke,
and brain cancer [12]. There is strong evidence that AQP-4 is important for
neuroexcitation, astrocyte migration, synaptic plasticity, and memory/learning
performance [10, 13].
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In recent publications, the concept of glymphatic insufficiency is defined
as the inability of the glymphatic system to properly perform the function of
cleansing the brain [14]. It is believed that this failure can be acute or chronic,
depending on the duration of the process. The question arises whether glym-
phatic dysfunction is caused by the insufficiency of the system itself or by
excessive formation of waste substances that exceeds the cleansing capacity
of this system. However, regardless of the above question, researchers believe
that the result of glymphatic insufficiency is the accumulation of waste sub-
stances in the brain parenchyma, in particular in those areas of the brain
where glymphatic dysfunction is present [4, 7].

Another interesting area of research is the experimentally confirmed
hypothesis that the activity of the glymphatic system decreases dramatically
with aging [15]. Reactive gliosis, defined by hypertrophy of astrocyte processes,
progresses with aging [15] and may contribute to the age-related decline in
glymphatic function, although the detailed mechanisms of this process remain
unclear. AQP-4, which in young animals is localized to the astrocyte pedicles,
plays a central role in facilitating CSF-ISF exchange along periarterial flow
pathways, as well as interstitial clearance of solute through perivascular drain-
age pathways [15, 16]. However, the vascular polarization of astrocytic AQP-4
is partially lost in reactive astrocytes of the aging brain, i.e., the localization
of AQP-4 is no longer limited to astrocytic legs present in the parenchymal
processes of astrocytes. The findings that perivascular polarization of AQP-4 is
lost with aging, particularly along penetrating arterioles, and that the presence
of cortical parenchymal AQP-4 correlates with CSF-ISF exchange, suggest
that age-related decline in glymphatic function may be partially related to
dysregulation of astroglial water transport.

Other factors that may affect the dynamics of glymphatic drainage with
aging are a 66 % decrease in CSF production and a 27 % decrease in CSF
pressure [15]. Aging is also accompanied by stiffening of the arterial wall,
which leads to a decrease in arterial pulsatility, which is one of the enhancers
of glymphatic inflow [17]. Observations of the age-related decline in glymphatic
activity are important because aging is a critical risk factor for neurodegenera-
tive diseases. Impaired function of the glymphatic system in aging can lead to
the accumulation of misfolded and hyperphosphorylated proteins, and thus the
brain becomes vulnerable to the development of neurodegenerative pathology
or, possibly, the progression of cognitive dysfunction [17].

It 1s known that neurodegenerative diseases are characterized by the
accumulation of aggregated proteins [4, 5]. Numerous studies on protein
degradation in the CNS have mainly focused on intracellular processes, i.e.,
proteosomal or lysosomal degradation. However, it is now known that toxic
protein monomers, oligomers, and aggregates are also present in the interstitial
fluid and CSF: misfolded B-amyloid and fibrillar tau aggregates in Alzheimer’s
disease, misfolded a-synuclein in Parkinson’s disease, and misfolded superoxide
dismutase enzyme in experimental models of amyotrophlc lateral sclerosis [4,
5, 18]. B-amyloid deposits are found in hippocampal synapses, which serve as a
source of extracellular B-amyloid [19]. According to this, B-amyloid production is
maximal during wakefulness, when neuronal activity is highest [20]. However,
B-amyloid is produced not only by neurons. In fact, all cells produce B-amyloid,
including oligodendrocytes and their progenitor cells. The latter may, at least in
part, explain the changes in myelin structure observed in Alzheimer’s disease.
The concept of prion-like spreading of neurotoxic protein aggregates emphasizes
the importance of the interstitial space in relation to deposits of aggregated
protein, such as B-amyloid, in Alzheimer’s disease [5,18]. In the human body,
the synthesis and metabolism of B-amyloid is extremely intense. In healthy
young adults, 8.3 % of total B-amyloid is eliminated with the CSF [4]. Perivas-
cular drainage pathways function as drain path for interstitial B-amyloid in
Alzheimer’s disease [21]. The volumetric clearance by the glymphatic system in
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combination with transport across the blood-brain barrier [1, 16] can provide
the necessary and adequate removal of extracellular B-amyloid until the end of
the reproductive period of life. Abnormal expansion of the perivascular space
1s more common in Alzheimer’s disease compared to control elderly subjects,
indicating a possible deformation of the glymphatic pathways and a subsequent
decrease in protein clearance and development of pathology [15, 17].

There is a hypothesis that sleep disorders in dementia may not only be a
side effect of the disorder, but also contribute to the development of the disease
itself. Moreover, if the glymphatic system clears beta-amyloid during sleep at a
higher rate than during wakefulness, it is possible that poor sleep in patients
with neurodegenerative disorders can cause disease progression [22]. Many
patients with Alzheimer’s disease experience sleep disturbances long before their
dementia becomes apparent. In older people, sleep becomes more fragmented
and superficial and has a shorter duration. Epidemiologic studies have shown
that patients with dyssomniatic disorders in middle age had a higher risk of
developing cognitive impairment than control subjects [23, 24, 25]. Even healthy
people who have been deprived of sleep experience symptoms more typical of
neurological and mental illnesses, such as lack of concentration, memory lapses,
fatigue, irritability, and emotional swings. Deep sleep deprivation can lead to
confusion and hallucinations, which can potentially lead to epileptic seizures
and even death. The role of sleep in the clearance of glymphatic fluid has been
convincingly demonstrated, and since the rate of clearance is highest during
sleep, the glymphatic system simply cannot be studied without studying the
basic aspects of sleep [15, 17, 23].

Experimental studies have shown that glymphatic function is highly active
both in anesthetized mice and in the state of natural sleep, indicating that
glymphatic activity is regulated by physiological differences in the states of
sleep and wakefulness themselves, rather than by fluctuations in circadian
rhythms. The main driver of awakening is the neuromodulator norepinephrine
[25, 26]. Literature data suggest that norepinephrine is also a key regulator of
glymphatic activity and may be a major factor in the suppression of glymphatic
activity during wakefulness. An increase in the volume of interstitial space in
the sleeping state reduces tissue resistance to convective flows, promoting effi-
cient CSF-ISF exchange. Thus, the release of norepinephrine during awakening
increases the cell volume fraction, reducing the interstitial space. In turn, the
resistance to convective CSF-ISF exchange increases, which acts to suppress
of glymphatic flows during wakefulness [20].

Traumatic brain injury is also the subject of modern research to clarify the
functioning of the glymphatic system. It is known that traumatic brain injury
increases the risk of premature development of dementia and Alzheimer’s
disease [27]. Numerous studies have shown that repeated traumatic events
and even single cases of moderate to severe traumatic brain injury can lead to
progressive neurodegeneration. Traumatic brain injury causes the release of
B-amyloid peptide and tau protein, a proteolytically cleaved product of MAP-
tau, which i1s an intracellular microtubule protein in neuronal axons [27, 28].
C-tau is a biomarker of brain damage, as it is produced in large quantities and
directly correlates with the severity of traumatic brain injury [27]. As a result,
a hypothesis has emerged that a significant increase in interstitial tau levels
leads to cellular uptake and initiation of fibrillar aggregates, which attracts
additional tau, and this in turn leads to the formation of neurofibrillary tan-
gles and ultimately causes a prion-like spread of pathology [29]. It is striking
that in a model of repetitive moderate traumatic brain injury, the decrease
in glymphatic function persisted at least until 28 days after the injury. The
prolonged decline in glymphatic function was associated with glial scarring,
characterized by hypertrophic GFAP-positive (glial fibrillary acidic protein)
processes in the ipsilateral hemispheres. In addition, mislocalization of AQP-4
from the vessel pedicles to the parenchymal processes was observed, similar to
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the mislocalization of AQP-4 observed in aging [24]. Human tau accumulated
around large veins, and the amount of tau remaining in the tissue correlated
with decreased clearance of glymphatic fluid [27, 30]. This suggests that the
elimination of tau through glymphatic pathways is crucial for limiting secondary
neuronal damage after traumatic brain injury. Another study using magnetic
resonance imaging (MRI) to assess glymphatic function found additional evi-
dence that head trauma, such as subarachnoid hemorrhage, severely impairs
glymphatic function [31, 32, 33]. In this «subarachnoid hemorrhage» model,
the use of tissue plasminogen activator, which removes fibrin clots, improved
glymphatic perfusion. Embolic ischemic stroke caused transient inhibition of
lymphatic flow within an hour after ischemia, but the function was sponta-
neously restored 24 hours after transient ischemia. Thus, studies have shown
that acute brain injury, including traumatic brain injury, subarachnoid hem-
orrhage, or stroke [34, 35], dramatically alter glymphatic function and impair
convective fluid flow. The impaired CSF-ISF exchange has direct consequences
for the limitations of the diagnostic value of plasma biomarkers in traumatic
brain injury [36, 37, 38]. Most importantly, impaired glymphatic function
can further exacerbate the injury through the accumulation of both common
metabolites and injury-induced accumulation of neurotoxic compounds.

Conclusions. The data obtained over the past decade indicate that
age-related decline in the activity of glymphatic drainage largely causes the
accumulation and pathological aggregation of B-amyloid and tau proteins.
The literature also suggests that the concentration of B-amyloid in the CSF
changes during the sleep-wake cycle in humans. It is expected that future
studies focused on the glymphatic system will reveal other important func-
tions of convective cerebrospinal fluid flows, which, in addition to removing
metabolic products, are involved in the regulation of lipid, glucose, and other
metabolic processes. It can be assumed that the glymphatic system provides
an important pathway for the distribution of electrolytes, macromolecules,
and other high molecular weight compounds that enter the brain mainly with
the CSF system. Similarly, the glymphatic system can serve as a highway for
the transportation and distribution of targeted drugs in the brain, including
anticancer drugs. The analysis of current scientific studies has shown that
intrathecal lumbar injections, which are routinely used in clinical studies,
provide a valid alternative way to assess the main parameters of glymphatlc
function. Much remains to be studied, but the ability to evaluate glymphatic
activity in patients after traumatic brain i injury will allow to identify patients
with the most severe suppression of glymphatic activity and thus predict
the contingent of patients at higher risk of developing chronic traumatic
encephalopathy.
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