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1. BACKGROUND  

The discovery some years ago of the unknown 

system clearing the brain from waste 

metabolites produced during its functioning was 

an astonishing event. Nadia Aalling Jessen in 

her frequently cited review paper wrote: “The 

glymphatic system is a recently discovered 

macroscopic waste clearance system that utilizes 

a unique system of perivascular tunnels, formed 

by astroglial cells, to promote efficient 

elimination of soluble proteins and metabolites 

from the central nervous system” [1].  

It occurred that this system works mainly when 

we are sleeping. Moreover, only a few years ago 

it occurred that simultaneous cognitive 

performance and clearing waste metabolites 

from brain tissue not only in humans but also in 

most animal species is impossible.  

It can be summarized in an intuitive way that 

brain tissue cells must be shrunk during sleep to 

significantly increase the volume of the space 

containing waste metabolites. Information 

processing and clearing must take place in 

alternating periods of time. These findings 

contribute to understanding the physiological 

role of sleep.  

The glymphatic system is contemporarily one of 
the most studied functional systems of the 
human body [1–6].  Much work has also already 
been devoted to the significance of impaired 
function of the glymphatic system in the 
development of dementia and other 
neurodegenerative diseases [7, 8, 9]. Some 
researchers have emphasized that the function of 
the glymphatic system is impaired in the elderly 
[10, 11, 12].  

The data gathered recently are relevant for 
clinicians. Knowledge of the function of the 
glymphatic system can be used to improve 
geriatric care. In this paper we try to present 
these implications. In order to do so, it is 
necessary to first present the elements of the 
anatomical structure and activities of this 
system.  

2. STRUCTURAL ELEMENTS AND 

ORGANIZATION OF THE GLYMPHATIC 

SYSTEM  

Only an astute student of human anatomy 

realizes how important the function of the 
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lymphatic system is in all organs of the human 

body. Unnecessarily, often toxic waste 

metabolic by-products are drained from the 

body's cells into the interstitial fluid (ISF) and 

from there to numerous tiny lymphatic vessels. 

Collective lymphatic vessels drain these 

materials into the venous system.  However, 

there are no lymphatic vessels in the brain and 

spinal cord. Cleaning metabolites from nervous 

tissue is done through a complex system 

consisting of several pathways [1, 2].  

It is necessary to remember that in the brain, 

apart from vasculature and two other fluid 

compartments - intracellular and interstitial, 

there is yet the cerebrospinal compartment and 

fluid (CSF).  CSF is produced in the choroid 

plexus of the brain and flows through its basal 

cisterns. Therefore, unlike other organs, the 

brain and spinal cord are somehow immersed in 

the cerebrospinal fluid that surrounds it and as it 

turns out, it acts as a flushing, cleansing   agent 

[1, 2, 4, 6,].  

During sleep, subarachnoid cerebrospinal fluid 

rapidly recirculates through the cisternal 

compartments and penetrates the brain along the 

paravascular spaces surrounding cerebral 

arteries and permeates to the interstitial fluid. In 

turn, ISF flows along the paravascular spaces 

surrounding large caliber cerebral veins. We 

recall the structure of the cerebrospinal space by 

means of Figure 1. 

 
Figure1. Scheme of the cerebrospinal fluid circulation 

Because the accumulation of biochemical 

components in the cerebrospinal space should 

be strictly regulated, blood is separated from 

brain tissue by the blood-brain and blood-

cerebrospinal barriers [1]. These gateways 

function on the basis of specific endothelial cells 

[1].   

Another specific feature of brain vessels is 

related to the astrocytic end feet. They surround 

the arterioles and venules of the brain 

parenchyma. The endfeet of astrocytes form the 

wall of the perivascular space.   

Recent investigations revealed that CSF is 

exchanged rapidly with interstitial fluid by three 

highly organized pathways: 1. the para-arterial 

CSF route, 2. the paravenous interstitial 

clearance route and 3. The intracellular, 

transparenchymal-glial (astrocytic) route that 

connects the two mentioned paravascular routes 

[1, 2, 4, 6]. We try to illustrate this system in 

Figure 2.  

Figure2.  Intuitive presentation of the pathways of the glymphatic system. 
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CSF passes through the para-arterial space that 

surrounds the arteries to the vascular end feet of 

the astrocytes. It is possible by reason of the 

existence of so-called “water channels” called 

aquaporin 4 (AQP4) in the membrane of 

vascular endfeet of astrocytes [2,4]. In this way, 

the metabolic by-products flow from CSF 

through the astrocytes to the interstitial space 

surrounding the veins. Finally, ISF exits the 

nervous tissue through the paravenous route and 

reaches the lymphatic vessels in the neck 

transferring the metabolic by-products to 

systemic circulation.   

The glymphatic system is active mainly when 

we are sleeping and its action is suspended in 

wakefulness. Xie et al. demonstrated that the 

paravenous interstitial clearance route changes 

during sleep–wake cycles [3]. They noticed that 

“natural sleep or anesthesia are associated with a 

60% increase in the interstitial space, resulting 

in a striking increase in convective exchange of 

cerebrospinal fluid with interstitial fluid” [3]. 

These authors are convinced that” the 

restorative function of sleep may be a 

consequence of the enhanced removal of 

potentially neurotoxic waste products that 

accumulate in the awake central nervous 

system” [3]. Ferdinand K. Hui remarks that “the 

pump mechanism of volume expansion and 

subsequent contraction may be an important 

factor in brain homeostasis and a teleological 

reason for sleep” [4].  

Jessen et al. note that norepinephrine is 

responsible for suppressing the glymphatic 

system during wakefulness [1]. Lundgaard et al. 

recently found that brain lactate concentration is 

higher during wakefulness than in sleep and that 

brain lactate is an excellent biomarker of the 

sleep-wake cycle. Brain lactate is inversely 

correlated with glymphatic-lymphatic clearance 

[13]. Glucose that is not fully oxidized can be 

exported as lactate via the glymphatic-lymphatic 

fluid transport system [13].  

The brain, due to its considerable need for 

essential substances and energy, requires 

effective control of cerebral blood flow (CBF). 

It is ensured by tight coupling between neuronal 

activity, CBF, and metabolism [14]. A regional 

CBF increase in response to neuronal activation 

is observed using neuroimaging techniques such 

as functional magnetic resonance imaging. The 

mediators are nitric oxide, lactate and ion 

channels and astrocytes are involved as well. 

The conceptual model integrating the anatomic 

and metabolic interactions between neurons, 

vascular components, and glial cells is called the 

neurovascular unit [14]. 

3. THE SIGNIFICANCE OF CLEARANCE 

PERFORMED BY THE GLYMPHATIC 

SYSTEM AND ITS RELATION TO 

NEUROGENERATIVE DISEASES 

Proper functioning of the nervous system 

requires effective cleaning of metabolic by-

products. Ineffective elimination of toxic 

substances is one of the causes of 

neurodegenerative diseases [7, 8]. Former 

investigations were focused on the intracellular 

degradation of such substances. Recent studies 

have demonstrated that toxic proteins are 

present in interstitial and cerebrospinal fluids 

[1]. In Alzheimer's disease amyloid deposits are 

found in perivascular spaces and the 

perivascular space is enlarged.  The drainage of 

beta–amyloid through perivascular pathways is 

impaired in this clinical state [7].  Decreased 

activity of the glymphatic system seems to be an 

essential risk factor of this neurodegenerative 

disease. Susceptibility to neurodegenerative 

diseases is also associated with sleep disorders 

[16].  

Mendelsohn et al state that “clinical studies 

suggest that the quality and duration of sleep 

may be predictive of the onset of AD, and that 

quality sleep may significantly reduce the risk of 

AD” [15]. Deformation of the perivascular 

space is also found in vascular forms of 

dementia [1].     

4. PATHOLOGICAL CHANGES OF THE 

GLYMPHATIC SYSTEM IN TRAUMATIC 

BRAIN INJURY 

It is known that traumatic brain injury is a 

predisposition to dementia and Alzheimer's 

disease [1]. Even moderate but repeated head 

injuries lead to neurogenerative disease [1]. 

There are several biomarkers of traumatic brain 

injury like C-tau peptide [17]. The beta- 

amyloid peptide accumulates in greater amounts 

following traumatic brain injury [17]. The levels 

of these biomarkers correlate with the severity 

of the injury [17]. Traumatic brain injury causes 

glial scars. In animal models of repetitive brain 

injury CSF circulation and the clearance of 

cerebrospinal fluid was decreased [1]. The 

reduction in glymphatic function persisted 28 

days after the induced injury [1]. In addition, 

traumatic brain injury is characterized by the 

dislocation of AQP4 channels [1]. They are 
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shifted from the vascular end feet of astrocytes 

to the parenchymal parts of the cells. This 

dislocation is similar to the changes found in the 

aging brain [10]. Impairment of the function of 

the glymphatic system is also noted after 

embolic ischemic stroke, however, this damage 

is transient [18]. Thus, different brain injuries 

like stroke, subarachnoid bleeding and repetitive 

traumatic events impair the function of the 

glymphatic system [1].  

5. IMPAIRMENT OF THE GLYMPHATIC 

FUNCTION IN THE AGING BRAIN 

Investigations of the function of the glymphatic 

system in young and old mice models 

demonstrated that it is decreased by 80-90% in 

aged individuals [10]. The aging brain is 

characterized by the dislocation of AQP4 

channels [10]. The loss of polarity of AQP4 is 

noted. These channels, instead of being located 

within the end feet, appear in the parenchymal parts 

of astrocytes. Hence, in the elderly the main 

pathways of water flow from cerebrospinal fluid to 

interstitial fluid is impaired.  Furthermore, a 66% 

decrease in cerebrospinal fluid formation and a 

decrease in its pressure of 27% was noted [11,12]. 

One of the driving forces of glymphatic flow is the 

pulsatility of cerebral arterioles. In the aging 

brain the brain vessel walls become stiffer, 

reducing the interstitial flux [10]. Impairment of 

glymphatic function in the elderly causes the 

accumulation of amyloid deposits in 

perivascular spaces, which also reduces the 

passage of CSF to ISF. Alzheimer's disease, 

Parkinson's disease, Huntington's disease, front 

temporal dementia and traumatic 

encephalopathy are examples of 

neurodegenerative diseases that arise in old age, 

co-occurring with impaired function of the 

glymphatic system in the elderly [1]. Cognitive 

dysfunction in the elderly occurs as a result of 

all these pathological transformations. 

6. CONTEMPORARY POSSIBILITIES OF 

OBJECTIVE ESTIMATION OF THE 

FUNCTION OF THE GLYMPHATIC SYSTEM    

The action of the system was first demonstrated 

by very sophisticated techniques. The 

neuroscientists used so-called two-photon 

microscopy, which enabled them to assess   the 

periarterial flow of markers   injected into the 

cerebrospinal fluid space [1].    

It was found that “in vivo 2-photon imaging of 

glymphatic function showed that the cerebrospinal 

fluid influx in the awake state was reduced by 90% 

compared to anesthetized mice” [1].  It was 

demonstrated then that during sleep the volume 

fraction of interstitial space expands by about 

80% [1]. The administration of a contrast agent 

injected into the cerebrospinal space enables 

real-time tracking of the flow through all the 

pathways of the glymphatic system [1].  

Nadia Aalling Jessen quoted Yang et al. and 

remarks that “intrathecal lumbar injections, which 

are routinely used in clinical myelographic studies, 

provide a viable route to assess the basic parameters 

of glymphatic function” [1,19].  Studies using 

contrast–enhanced MRI were developed next and 

provided useful data to evaluate the glymphatic 

pathways [18, 20].  Contemporary clinical 

neuroscientists are trying to develop a safe and 

minimally invasive technique based on MRI 

imaging [21].  

7. ELEMENTS OF KNOWLEDGE ABOUT THE 

GLYMPHATIC SYSTEM THAT MAY AFFECT 

CURRENT CLINICAL PRACTICE 

Since it was discovered that the efficacy of the 

glymphatic system declines significantly in old 

age and that impairment of its function increases 

the probability of neurodegenerative diseases, it 

is worth considering whether current knowledge 

is indicative for activities in clinical practice.  

It is possible to indicate which activities would 

be desirable. It would certainly be useful to develop 

methods enabling objective assessment of the 

performance of the glymphatic system and 

consequently to determine which easily observable 

clinical signs indicate with a high probability 

existing impairment of the system.  

Among the factors improving the function of the 

glymphatic system would be the possibility to 

increase the production of CSF and its pressure. It 

would also be desirable to accelerate the exchange 

between the CSF and ISF. It would be beneficial to 

increase the ISF outflow to   systemic lymphatic 

vessels and the circulatory system. There is also the 

concept of the treatment targeted to eliminate the 

amyloid-ß deposits or prevent its accumulation. Sun 

BL et al. discuss such possibilities [22].   

Investigations related to the possibility of modifying 

the flow of water and dissolved waste substances 

through aquaporin-4 channels and astrocyte cell 

bodies have just begun [23,24].  

It seems that in the future the results of these 

investigations will also have practical implications. 

It would be beneficial to have drugs that 

increase the elasticity and pulsation of cerebral 

arterioles. This pulsation is considered as the 

pump (type I) of the glymphatic system. Sun BL 

et al. sugest that some vasoactive drugs can have 
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positive impact on the glymphatic clearance 

[22]. These authors discuss the results of animal 

experiments on the effects of such drugs as 

Rolipram, Sildenafil, Ciloztasol [22].   

Because during sleep the volume of ISF 

increases significantly and afterwards decreases 

in the awakened state (pump – type II), the 

question is whether it is beneficial to wake up 

older people several times. At present, this is 

only a hypothetical possibility derived from the 

cited above opinion of Ferdinand K. Hui [4].  

Lee H. et al. found that “waste, including Aβ, 

removal was most efficient in the lateral position 

during sleep (compared with the prone position), 

which mimics the natural resting/sleeping position 

of rodents” [25].    

Probably in the future the effect of continuous 

theta burst stimulation (cTBS) will be useful in 

clinical practice. cTBS is a pattern of repetitive 

transcranial magnetic stimulation (rTMS) which 

has been shown to enhance sleep efficacy and 

reduce sleep-associated emotional and cognitive 

dysfunction [26]. The effect of cTBS on the 

glymphatic system was recently assessed on a 

mouse model of sleep deprivation by Liu DX et. 

al. [26].  These investigators found that mice 

diprivated of sleep had reduced influx through 

the perivascular space, disturbed AQP4 

polarization and demonstrated anxiety-like 

behaviors. cTBS restored the loss of AQP4 

polarization and improved anxiety-like behavior 

in those mice. The authors are convinced that 

cTBS has the potential to protect against 

neuronal dysfunction induced by sleep 

disorders.    

Wostyn et al. considering the structure of the 

glymphatic system inferred that observation of the 

function of this system in patients with glaucoma 

would probably provide support for their hypothesis 

that CSF circulatory dysfunction may contribute to 

the pathogenesis of glaucomatous damage [27]. Just 

like Alzheimer's disease, glaucoma might be caused 

by an imbalance between the production and 

clearance of neurotoxins, including amyloid-β 

[24]. Schain et al. argue that impairment of the 

glymphatic system can be involved in the 

pathogenesis of migraine [28]. Hitscherich et al. 

consider the possibilities of so-called "osteopathic 

manipulative treatment" to improve the function of 

the glymphatic system. They note that these 

manipulations could concentrate on opening 

myofascial transition areas, maximalization of 

diaphragmatic movement and augmenting 

lymphaticovenous outflow [28].  

These authors emphasize the significance of 

body posture and respiration patterns. They 

remark that glymphatic transport activity is most 

efficient in the right lateral position compared with 

the supine or prone positions. Body position is 

known to influence sympathetic tone, with 

sympathetic tone being lower in the right lateral 

position compared with that in the left lateral 

position. Body position is also known to affect 

respiratory function, particularly during the night 

sleep cycle. The flow of CSF is increased during 

inspiration, particularly when performed during 

forced breathing. They maintain that "it is 

conceivable, then, that aspiratory thoracic pressure 

may also contribute to glymphatic transport 

activity." [28] 

8. CONCLUSIONS 

 Since investigations of the recently discovered 

system which performs the   cleaning of 

metabolism by-products from brain tissue 

started not long ago, it is necessary to 

disseminate the knowledge about the structure 

and function of the glymphatic system as well 

as data about its importance in relation to 

the development of neurogenerative 

diseases and pathology caused by traumatic 

brain injury.   

 Knowledge of the inevitable impairment of 

the function of the glymphatic system in old 

age is important for geriatric care.  

 Despite the very recent beginning of 

investigations of the function of the 

glymphatic system, many of the gathered 

data are already important for day-to-day 

clinical practice.  
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