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Introduction  

Lymphatic system plays a critical role in homeostasis 

and function in peripheral tissue. Although the brain 

does not have a lymphatic vasculature in traditional 

thought, it has been understood that the brain contains 

a unique lymphatic formation among the somatic 

organs. No anatomical structures of the brain with very 

high metabolic functions and complexity have been 

determined before, facilitates the passage of fluid 

through the parenchyma and lymphatic clearance of 

extracellular substances.1 Central Nerve System (CNS), 

previously thought to have no lymph system, has 

remained a mystery as a subject of research in the field 

of neuroscience for many years.2 

The first definition of the lymphatic system on the 

brain goes back to Italian anatomist and illustrator 

Paolo Mascagni.3 He clearly explained the Meningeal 

Lymph Vessels (MLV) and their functional roles more 

than 250 years ago, expressing them as ‘’the privilege 

of the brain immunity’’. Another study carried out 

nearly 100 years later, indicated controversially detailed 

explanation of the absence of a lymphatic circulatory 

system in the brain which misled many scientists for 

years.4 Some reasons of this misconception have been 

cited as the presence of tight connections in Blood-

Brain Barrier (BBB), lack of the conventional lymphatic 

drainage system, and data showing limited rejection of 

the foreign matter in CNS.5 

With new data accumulated on the lymphatic system 

of the CNS, surprising findings have been obtained in 

recent years.5,7 A study investigating T-cell gateways in 

the meninges, functional lymphatic vessels lining the 

subdural sinuses were discovered.8 

This study revealed that MLVs are located specifically 

around the subdural sinuses at the base of the skull, and 

that the endothelial cells in these vessels show all the 

molecular features of their counterparts found in other 

lymphatic vessels and eventually attach to the deep 

cervical lymph nodes.9 These lymphatic vessels take 

glial fluid and immune cells from the cerebrospinal 

fluid (CSF). Another study also has confirmed these 
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The lymphatic vessels of the CNS transport CSF 

throughout the perivascular and interstitial spaces. The 

CSF flow is then directed through venous perivascular 

spaces, and at the same time metabolic waste in the 

parenchyma through the CSF. This system is called 

‘’The Glymphatic System’’ because it functions like 

glial fluid flow and lymphatic system. It is indeed not a 

lymphoid tissue but is occasionally named as “lymphoid-

like” tissue. These lymphatic vessels lie along the dura 

mater and advance throughout the superior sagittal 

sinus and peri-sinus space of the lateral subdural sinuses.6 

Recent studies have proved that lymphatic vessels in 

the skull base of the rodents are responsible for 

draining the CSF and other waste materials out of the 

brain.11 A study carried out on mice has shown that 

MLVs have turned into a complex network along the 

blood vessels in the base of the skull.12 Yet, certain 

macromolecules infused into the lateral ventricle have 

been displayed to reach out the cervical lymph nodes 

using the foramen of the skull and perineural tracks. 

Research have demonstrated, using magnetic resonance 

imaging, contrast agents injected into the interstitial 

fluid, absorbed by the basal meningeal vessels, and 

later drained out of the brain through the CSF.13,14 A 

study has used Prox1–GFP to explain the function of 

the lymphatic vessels of the brain in mouse by marking 

the promotor region of the Prox1 gene, which has a key 

role in lymphatic development, with green fluorescent 

protein.12 This study has displayed the unification 

pattern of the endothelial cells of the dorsal MLVs to 

be like closed zipper while that of the basal MLVs to 

be basically as a button, as is the case in the lymphatic 

capillary vessels of the peripheral organs.  

In general, based on these anatomical and functional 

experiments, the delivery of macromolecules that cannot 

pass through the BBB in the brain to the peripheral 

lymphatic system and the drainage of macromolecules 

in the CSF are due to basal MLVs.12,14  

 

Lymphatic Drainage System of the Brain in Fetus 

and Newborns 

Drainage of the interstitial fluid and CSF of the brain 

by the lymphatic system is essential in homeostasis. 

This drainage system may deteriorate with neurologic 

lacerations in both premature and full-term newborns. 

Brain damage due to acute hypoxia-ischemia in full-

term newborns is an important death or injury cause.15 

Various cellular and molecular pathologies such as 

neurovascular and BBB deformations, inflammation, 

damage in immune cells and lymphatic circulation, and 

deterioration in the brain restoration capacity, have 

been suggested in hypoxic-ischemic encephalopathy.16 

Astrocytes, important components of both BBB and the 

glymphatic system, are very essential mediator sources 

in the inflammation seen right after the cerebral 

ischemia.17 An Magnetic Resonance Imaging (MRI) 

study has reported the meningeal lymphatic flow 

streaming in the sagittal sinus, in reverse direction with 

the venous flow.14 Cerebral edema is the most apparent 

histological finding during the hypoxic ischemia. 

Animal studies have shown increased aquaporin-4 

(AQP-4) expression in this finding after brain damage 

with different causes.18 This increase has been 

associated with the development of the cerebral edema 

due to the increase in BBB permeability.19 Therefore, 

acute brain damage ruins glymphatic function, in turn 

deteriorating itself due to accumulation of both normal 

and pathological metabolic wastes.15 

The lymphatic drainage system of the brain has also 

been associated with several other pathologies such as 

white matter damage in newborns. Reactive astrogliosis 

is one of the regenerative mechanisms after the 

neuronal damage in the white matter of premature. It 

can change the nature and function of the glymphatic 

system. Waste metabolites produced during the oxidative 

stress and inflammation, representing main mechanism 

of the white matter development, are removed by 

MLVs, which is very vital in limiting neurological 

pathology in fetal development.15 

 

Exclusive Immune System of the Brain 

Features that contribute to the opinion that CSN is 

immunologically privileged: mostly due to the 

presence of tight junctions in the BBB, the idea of the 

absence of a classical lymph drainage system, and 

limited rejection of foreign tissue in the CNS.5 

However, today the concept of immune privilege of the 

brain has been redefined. As mentioned above, 

functional lymph vessels have been descripted and 

antigen offering cells (APC) including microglia, 

macrophages, astrocytes, and Dendritic Cells (DCs) 

have been shown in CNS. It is known that these 

components are not isolated from T cells, being 

responsible in emptying CNS antigens locally into the 

cervical lymph nodes. The exclusive immune system 
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of CNS is not insufficient.5,20 Either dysfunction or 

hyper function of the MLVs causes an autoimmune 

attack, resulting in destroyed meningeal immune 

activity with irregular ablations.7 Hence, an autochthon 

production of the T cells and antibodies is present in 

the brain. Consequently, it is now accepted that the 

presence of the T cells in the brain is autoimmune 

based.9 

Cytokinin production and migration of DCs to the 

lymph nodes have also been searched to reveal APC 

function of the CNS. In vitro studies have shown 

immunogenetic activity of DC.5,21 Addition of certain 

agents into the medium such as type I interferon, 

synthetic Toll-like receptor 3 (TLR3) ligand, and 

polycytidylic acid has enhanced this activity. On the 

researches dealing with the inflammation that occurs in 

the vaccine area, granulocyte-macrophage colony 

stimulant factor (GM-CSF) 127, poly (I:C) 200 and 

other TLR agonists have been applied to the area to 

help increase the immunological response.5,22 It is 

obvious, in the light of the information given above, 

that an isolated immunologic nature is present in the 

brain. Genetic risk factors are also important regulators 

of the lymphatic drainage system of the brain. In 

several of the cognitive Alzheimer Disease (AD) model, 

the diseases are caused by mutations in the macrophage 

gene expression.23,26 APOE polymorphic alleles have 

been APOE major alleles considered as the primary 

genetic risk factor for AD.27,28 Among the e2, e3, and 

e4, e4 has been suggested to be the strongest independent 

risk factor for the sporadic AD development.20  

The new lymphatic concept of the brain has led to 

reconsider the autoimmune etiology of several neuro- 

inflammatory and neurodegenerative diseases including 

Multiple Sclerosis (MS) and AD.9 Aging is considered 

as an important factor on the lymphatic drainage 

system of the brain. Fluid and metabolites produced by 

parenchyma of the brain may fast and effectively be 

eliminated by multi-lymphatic drainage system in the 

young. With increasing age, changes are observed in 

the cerebral vessel system. Atherosclerosis and decrease 

in the amplitude of pulsations lead to the fluid 

accumulation in the enlarged perivascular space, occlusion 

of the perivascular pathways along the basal membrane, 

and functional deterioration in the glymphatic drainage 

and CSF paths.29  

Literature has reported cognitive inefficiency when 

MLVs are cut in young mice. MLVs have been documented 

to have a close relation functionally with these kinds of 

pathologies including AD in neurodegenerative mouse 

models.7 With degeneration of these vessels in aged 

mice, CSF drainage circulation has been deteriorated.6 

A similar study has shown eminent deteriorated dorsal 

MLVs and dilated and hyperplastic basal MLVs in the 

aged animals as compared to the young ones.12 Another 

research has revealed a breakdown in the connections 

of the lymphatic endothelial cells because of the 

impairment in the lymphatic drainage, which is surely 

in relation with the lymphatic vessel dysfunction and 

degeneration due to aging.30 Studies have striven to 

reveal age related changes. They have reported less 

zipper type connections and more button type ties 

between the lymphatic endothelial cells of the aged 

basal MLVs. These changes are possibly related to the 

decrease in the CSF drainage in aged mice. Another 

study using MS animal models has associated MS with 

MLV ablation, emphasizing the fact that MLVs need to 

be ameliorated to eliminate inflammation in the 

brain.6,12,30  

Accumulation of toxic protein clusters is the common 

pathologic feature of neurodegenerative diseases including 

AD, Parkinson and Huntington diseases, and motor 

neuron disease. Amyloid-β (Aβ) accumulation is 

considered as the primary cause of AD. Recent findings 

have suggested that extracellular Aβ congregate is 

removed from the brain by several ways such as 

enzymatic degradation, phagocytosis by microglia, 

glycophytic clearance, and BBB and lymphatic ways. 

The last two ways have been shown to be particularly 

responsible for the clearing metabolic waste away from 

the brain.6,31 Another report has revealed that ~40 % of 

the Aβ peptides and ~19 % of the pathologic tau 

protein has been removed from the brain through this 

way.32 MLVs have also been reported to ease 

pathologies in relation with Aβ and tau protein in the 

brain through enhancing Aβ clearance,20,32 therefore, 

suggesting a new therapeutic approach in neuro- 

degenerative diseases.6 After all, detail exploration of 

the brain lymphatic system may lead to new approaches 

to reveal connections between the brain parenchyma 

and peripheral tissues  and related pathologies.6,33  

There are several pathways between the brain and 

peripheral tissues for substance exchange such as BBB, 

choroid plexus, subarachnoid plexuses, and lymphoid 

system. Effectiveness of these ways decrease with the 

aging.34 In a study, it has been suggested that there are 
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some physiological mechanisms that remove intracellular 

and extracellular pathological proteins from the brain, 

and play a critical role in the clearance of metabolic 

wastes and homeostasis. Displaying the vessels of the 

CNS with advanced technology may open a road to 

new approaches for the treatment of neuroinflammatory 

diseases.6,7 Revealing the possible relation of the 

lymphatic system with the other clearance mechanisms 

is also essential. Likewise, determining the volume of 

the waste material cleared by the lymphatic system 

through the CSF may answer the question whether the 

brain lymphatic system plays an important role in 

either clearance of the waste materials or immune 

regulation. Basically, this question will bring about the 

possible role of the brain lymphatic system on the 

pathogenesis of neurodegenerative diseases, contributing 

to the development of the therapeutic agents.8,20  

The glymphatic system is a perivascular space 

network supporting CSF flow and clearance of the 

waste materials.35 Literature has indicated reciprocal 

transition of the CSF and brain interstitial fluid through 

the perivascular structures surrounding cerebral blood 

vessels.1 This system is supported by AQP4 localized 

to the last vascular extensions of the astrocytes. 

Reports have documented three elements facilitating 

the CSF passage; the CSF flow path in periarterial 

space, the perivenous interstitial fluid clearance, and 

the astrocytic AQP4 transparenchymal channel.1,2 The 

glymphatic system under the control of circadian 

rhythm is affected by the cardiovascular system and 

sleep, both being regulated by it. The space between 

the brain tissue and CSF compartments is broad 

enough to provide clearance by the basic diffusion. 

This is particularly the case for larger molecules such 

as proteins and peptides with lower diffusion coefficient.35 

A study has shown the relation of the glymphatic flow 

of the CSF from the cerebellomedullary cistern through 

the lymph nodes at day and night.35 This data 

emphasizes the role of glymphatic system in the 

interstitial fluid elimination from the brain parenchyma 

during sleep.2 This system is especially effective 

during sleep but whether sleep timing promotes it or 

not is unclear. It has clearly been reported that this 

system removes waste materials from the brain through 

increasing CSF activity.35,37 In another study supporting 

these data, it has been revealed that the rodent brain 

was more effective at removing neuronal metabolism 

waste, especially during slow-wave sleep, compared to 

the awake state.38  

Brain energy metabolism may also play a role in 

regulating the function of the glymphatic system on the 

sleep-wakefulness cycle. Originally thought as a waste 

material, lactate may function, based on the hypothesis 

of the lactate cycle between astrocyte and neuron, as a 

supplementary fuel and a signal molecule in this 

metabolism. This idea is supported by the evidence 

revealing the presence of a lactate concentration 

gradient between the astrocyte and neuron.39,40 Dynamic 

changes in the brain lactate level are regulated by the 

lymphatic clearance systems.36 Sleep is known to have 

homeostatic function removing the neural metabolites.41 

It clears harmful metabolites from the brain such as  

A𝛽 that occurs during the wakefulness, and strengthen 

memory.42 Consequently, enhancing the sleep quality 

may be helpful through lowering the development risk 

of the amyloid beta (A𝛽) pathology in AD protection.41 

Yet, acute insomnia ruins cognitive functions, and is 

usually the early result of most neurodegenerative 

diseases.42 

 

Effect of Body Posture on Lymphatic System 

Function 

A research has examined the changes in CSF and 

interstitial fluid in rats at supine, facedown and lateral 

postures.43 Among these positions, the lateral one 

representing sleep-resting in rats, have been shown to 

be the most effective posture in removing A𝛽 and other 

metabolites through glymphatic paths. Reversely, it is 

significantly low at the supine posture which is the 

‘’upright’’ position at a conscious state in rats. The 

relationship between Intracranial Pressure (ICP) and 

body posture has been reported.20 Another study has 

indicated ICP variations at different body postures in 

the idiopathic intracranial hypertension and mild 

hydrocephaly cases.44 

 

Intracranial Tumors 

Mechanisms in MLVs are used to promote anti-tumor 

reaction. Several loaded antigen types are applied on 

DCs vaccine studies for brain tumors. EGFRvIII molecule 

functions are considered as an ideal tumor specific 

antigen for glioblastoma patients. It is actually 

expressed in nearly 30% of the patients. While vaccine 

is prepared, the EGFRvIII molecule on the T cell, a 

Chimeric Antigen Receptor (CAR), is marked. Detection 

of this molecule may be an indicator on therapy 
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options. CAR T cell is one of the immunologic indicators 

in lymphatic system. Decrease in the expression of that 

molecule in this cell provokes tumor recurrence. 

Accordingly, this complex system has been proved to 

clear off the brain tumors, and at long term can provide 

protection.45 Another study has reported increases in 

cytokine production and chance of survival after the 

administration of the DC vaccine during the phase I 

and II trials of glioma patients.5 In the light of this 

information, it can surely be pointed out that future 

immunotherapeutic studies will help us understand in 

detail the relationship between the metastatic tumors 

and lymphatic immune system of the brain. 

The function of the brain lymphatic system is broadly 

affected by several pathological conditions. Changes of 

the compounds of constructive proteins in vascular 

diseases like lead to a decrease in vascular plasticity, 

deteriorating perivascular flow. Intracranial arterial 

narrowness not only restrain cerebral blood flow but 

also obstruct perivascular or paravascular pathways.46 

Traumatic brain damage, hemorrhagic or embolic paralyses 

and diabetes destroy the glymphatic clearance of 

neurotoxic metabolites such as A𝛽.20 A study has 

determined irregularity in the expression polarity of the 

astrocytic AQP4 of the glymphatic system, right after 

the diffuse of ischemia in the multiple cerebral 

microinfarcts, leading to neurovascular-neurocognitive 

disorders.47 Disorders seen in the lymphatic system 

drainage of the cerebrum due to either aging or different 

pathologies, lead to extracellular dyshomeostasis and 

antigen production. However, the dysfunction of this 

drainage system may lead to severe pathophysiological 

changes including neurodegenerative diseases, neuro- 

inflammation and brain tumors, as reported by literature.20  

Neurovascular disease and stroke are the main reasons 

of the geriatric disability. Secondary complications 

including cerebral aneurismal rupture, bleeding, 

hydrocephaly, and delayed cerebral ischemia related to 

micro thrombus, may also develop.48 Lymphatic 

system drainage of the cerebrum can be disrupted by 

acute brain injuries, neurovascular diseases, and 

various stroke cases. This disruption may trigger 

secondary complications, ending up with more severe 

neuropathology. Functions of the cytokines produced 

by both macrophages and microglia in the neuro- 

inflammation seen after ischemic stroke, have been 

documented.49,50 There are two polarization phenotypes 

of the macrophages documented; one, classically activated 

macrophages (M1 type), the other, alternatively activated 

macrophages (M2 type).51 It has been reported that as 

ischemic infarcts develops, M1 phenotype produces 

proinflammatory cytokines, and M2 phenotype anti-

inflammatory cytokines.49 Besides, a broad variation is 

observed in the timing and contribution rates of the 

microglia/macrophage to the different phases of ischemic 

stroke. A study performed on mice has reported intense 

localized microglia very active at the first day of the 

acute ischemic stroke induced by the obstruction of the 

middle cerebral artery.52 Blood originated macrophages 

have congregated thereby 3-7 days after the stroke. 

Spatially and temporally, the activation and polarization 

of microglia/macrophages that occur have been shown 

to coincide with dynamic changes in their phenotype 

during the development and progression of ischemic 

stroke. Perivascular spaces are essential regions for the 

initiation of neuroinflammation. Microglia may instantly 

become active as a reaction to hypoxia stimulation 

right after ischemic damage begins. Blood originated 

macrophages migrate to the paravascular spaces. Cytokines 

produced by the perivascular macrophages after the 

cerebral ischemia, have been thought to orientate 

infiltration of the inflammatory cells. Intravascular 

inflammation also activates intracerebral microglia 

after the subarachnoid hemorrhage. The activation and 

survival of the microglia induced by ischemic stimulus 

may be through the signals of Colony Stimulant 

Factor-1 (CSF-1) receptor.53 Several research have 

examined the effects of the blockage of the lymphatic 

drainage in the cerebrum during the ischemic and 

hemorrhagic strokes.53,55 Models of the Cervical Lymphatic 

Blockage (CLB) have been demonstrated to deteriorate 

the cerebral lymphatic drainage directly, leading to 

excessive fluid and waste material accumulation in the 

perivascular and paravascular spaces, ending up with 

the intracranial hypertension and brain edema.20 

Likewise, the effects of the blockage in the model of 

the ischemic stroke originating from the middle 

cerebral artery have been reported.54 Brain edema and 

oxidative stress in the ischemic region has been 

documented in this literature. Additionally, severe 

neuronal damages have been observed. The blocking 

of drainage of the cervical lymphatic flow and middle 

cerebral artery has made the mentioned changes more 

noticeable. Another study has introduced a visualization 

procedure to measure interstitial fluid drainage of the 

brain dynamically at multiphoton microscope.56 In the 
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stroke model induced by Rose Bengal which acts as a 

sensitizer against light through photo thrombosis, it has 

been shown to obstruct a single vessel segment, lowering 

the drainage of the interstitial fluid profoundly through 

deteriorating focal vascular perfusion, and not affecting 

the flow of other vessels.56 Another report has documented 

the function of the glymphatic system in different 

stroke models through administrating contrast substance 

into the cerebellomedullary cistern, using MRI. The 

system has significantly been deteriorated in the acute 

phase of embolic ischemic stroke and after the 

subarachnoid hemorrhage.57 These results have indicated 

the cerebral arterial pulsation to be an important force 

in affecting the flow of glymphatic drainage in the 

brain. In the meantime, AQP4 allows cytotoxic edema 

at the early phase of the cerebral ischemic stroke while 

removing vasogenic edema in the BBB at the late 

phase. Fine-tuning of AQP4 expression level in 

paravascular spaces is suggested to be used in the 

treatment of the brain edema caused by various stroke 

types.58 

 

Conclusion 

In conclusion, this review article has attempted to 

gather the latest data on the brain glymphatic and 

immune systems. The function of the glymphatic system 

of the brain in the metabolite clearance has been 

broadly emphasized. Latest data leading to the 

diagnosis and treatment of the related diseases has been 

summarized. This paper has documented immunologic, 

molecular, physiologic, and anatomical relations of 

several neurotic pathologies including neurodegenerative 

diseases, tumors and related metastases, which will 

surely shed light on researchers dealing with this area. 

 

Conflict of Interest 

The authors declare that they have no conflicts interest. 

 

References 

1. Iliff JJ, Nedergaard M. Is there a cerebral lymphatic system? 

Stroke. 2013;44(Suppl. 1):93-5. doi:10.1161/STROKEAHA.11 

2.678698 

2. Iliff JJ, Goldman SA, Nedergaard M. Implications of the 

discovery of brain lymphatic pathways. Lancet Neurol. 

2015;14(10):977-9. doi:10.1016/S1474-4422(15)00221-5 

3. Mascagni P. Vasorum lymphaticorum corporis humani historia 

et ichnographia. Auctore Paulo Mascagni in Regio Senarum 

Lyceo publico anatomes professore. Senis: Ex typographia 

Pazzini Carli; 1787. 

4. Retzius, Gustaf: Key A. Studien in der Anatomie des 

Nervensystems und das Bindegewebe - Digitised Book from 

the copyright-free holdings of the Bavarian State Library 

Munich 2007-2020 Image-based Similarity Search. 1875. 

5. Sampson JH, Gunn MD, Fecci PE, Ashley DM. Brain 

immunology and immunotherapy in brain tumours. Nat Rev 

Cancer. 2020;20(1):12-25. doi:10.1038/s41568-019-0224-7 

6. Cheng Y, Wang YJ. Meningeal Lymphatic Vessels: A Drain of 

the Brain Involved in Neurodegeneration? Neurosci Bull. 

2020;36(5):557-60. doi:10.1007/s12264-019-00456-8 

7. Sandrone S, Moreno-Zambrano D, Kipnis J, van Gijn J. A 

(delayed) history of the brain lymphatic system. Nat Med. 

2019;25(4):538-40. doi:10.1038/s41591-019-0417-3 

8. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske 

JD, et al. Structural and functional features of central nervous 

system lymphatic vessels. Nature. 2015;523(7560):337-41. 

doi:10.1038/nature14432 

9. Mestre H, Mori Y, Nedergaard M. The Brain’s Glymphatic 

System: Current Controversies. Trends Neurosci. 2020;43(7): 

458-66. doi:10.1016/j.tins.2020.04.003 

10. Zamboni P. The discovery of the brain lymphatic system. 

Veins Lymphat. 2015;4 (2):5360. doi:10.4081/vl.2015.5360 

11. Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, 

Detmar M, et al. A dural lymphatic vascular system that drains 

brain interstitial fluid and macromolecules. J Exp Med. 

2015;212(7):991-9. doi:10.1084/jem.20142290 

12. Ahn JH, Cho H, Kim JH, Kim SH, Ham JS, Park I, et al. 

Meningeal lymphatic vessels at the skull base drain 

cerebrospinal fluid. Nature. 2019;572(7767):62-6. doi:10.1038 

/s41586-019-1419-5 

13. Gardner RC, Burke JF, Nettiksimmons J, Goldman S, Tanner 

CM, Yaffe K. Traumatic brain injury in later life increases risk 

for Parkinson disease. Ann Neurol. 2015;77(6):987-95. 

doi:10.1002/ana.24396 

14. Kuo PH, Stuehm C, Squire S, Johnson K. Meningeal Lymphatic 

Vessel Flow Runs Countercurrent to Venous Flow in the 

Superior Sagittal Sinus of the Human Brain. Tomography. 

2018;4(3):99-104. doi:10.18383/j.tom.2018.00013 

15. De Angelis LC, Witte MH, Bellini T, Bernas M, Boccardo F, 

Ramenghi LA, et al. Brain lymphatic drainage system in fetus 

and newborn: Birth of a new era of exploration. Lymphology. 

2018;51(4):140-7. 

16. Gonzalez FF, Vexler ZS, Shimotake J, Ferriero DM. Cellular 

and molecular biology of hypoxic-ischemic encephalopathy. 

In: Fetal and Neonatal Brain Injury. Cambridge University 

Press; 2017. p. 36-49. 

17. Teo JD, Morris MJ, Jones NM. Hypoxic postconditioning 

reduces microglial activation, astrocyte and caspase activity, 

and inflammatory markers after hypoxia-ischemia in the 

neonatal rat brain. Pediatr Res. 2015;77(6):757-64. 

doi:10.1038/pr.2015.47 

18. Zhang X, Zhang X, Wang C, Li Y, Dong L, Cui L, et al. 

Neuroprotection of early and short-time applying berberine in 

the acute phase of cerebral ischemia: Up-regulated pAkt, pGSK 

and pCREB, down-regulated NF-κB expression, ameliorated 

BBB permeability. Brain Res. 2012;1459:61-70. 

doi:10.1016/j.brainres.2012.03.065 

19. Li X, Bai R, Zhang J, Wang X. Effect of progesterone 

intervention on the dynamic changes of AQP-4 in hypoxic-

ischaemic brain damage. Int J Clin Exp Med. 2015;8 

(10):18831-6. 
20. Sun BL, Wang L hua, Yang T, Sun J yi, Mao L lei, Yang M feng, 

et al. Lymphatic drainage system of the brain: A novel target 

for intervention of neurological diseases. Prog Neurobiol. 

2018;163:118-43. doi:10.1016/j.pneurobio.2017.08.007 

21. Van Brussel I, Berneman ZN, Cools N. Optimizing dendritic 

cell-based immunotherapy: tackling the complexity of different 

arms of the immune system. Mediators Inflamm. 2012;2012: 

690643. doi:10.1155/2012/690643 

22. Prins RM, Soto H, Konkankit V, Odesa SK, Eskin A, Yong WH, 

et al. Gene expression profile correlates with T-cell infiltration 

and relative survival in glioblastoma patients vaccinated with 

dendritic cell immunotherapy. Clin Cancer Res. 2011;17(6): 

1603-15. doi:10.1158/1078-0432.CCR-10-2563 

23. Chertoff M, Shrivastava K, Gonzalez B, Acarin L, Gimenez-

Llort L. Differential modulation of TREM2 protein during 

postnatal brain development in mice. PLoS One. 2013;8(8): 

e72083. doi:10.1371/journalpone.0072083 

24. Colonna M, Wang Y. TREM2 variants: New keys to decipher 

Alzheimer disease pathogenesis. Nat Rev Neurosci. 2016;17 

(4):201-7. doi:10.1038/nrn.2016.7 

25. Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, 

https://doi.org/10.1161/STROKEAHA.112.678698
https://doi.org/10.1161/STROKEAHA.112.678698
https://doi.org/10.1016/S1474-4422(15)00221-5
https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.1084/jem.20142290
https://doi.org/10.1002/ana.24396
https://doi.org/10.18383/j.tom.2018.00013
https://doi.org/10.1038/pr.2015.47
https://doi.org/10.1016/j.brainres.2012.03.065
https://doi.org/10.1016/j.pneurobio.2017.08.007
https://doi.org/10.1155/2012/690643
https://doi.org/10.1158/1078-0432.ccr-10-2563
https://doi.org/10.1371/journal.pone.0072083
https://doi.org/10.1038/nrn.2016.7


Glymphatic and Immun Systems of the Brain 

 

 International Journal of Medical Reviews. 2022;9(2):276-282  |  282 

Majounie E, et al. TREM2 Variants in Alzheimer’s Disease. N 

Engl J Med. 2013;368(2):117-27. doi: 10.1056/NEJMoa12 

11851 

26. Yaghmoor F. The Role of TREM2 in Alzheimer’s Disease and 

Other Neurological Disorders. J Alzheimer’s Dis Park. 

2014;4(5):160. doi:10.4172/2161-0460.1000160 

27. Lim L, Sirichai P. Bone fractures: assessment and management. 

Aust Dent J. 2016;61:74-81. doi:10.1111/adj.12399 

28. Lyall K, Croen L, Daniels J, Fallin MD, Ladd-Acosta C, Lee BK, 

et al. The Changing Epidemiology of Autism Spectrum 

Disorders. Annu Rev Public Health. 2017;20;38:81-102. 

doi:10.1146/annurev-publhealth-031816-044318 

29. Lardenoije R, Iatrou A, Kenis G, Kompotis K, Steinbusch HW, 

Mastroeni D, et al. The epigenetics of aging and neurodegeneration. 

Prog Neurobiol. 2015;131:21-64. doi:10.1016/j.pneurobio. 

2015.05.002 

30. Bolte AC, Dutta AB, Hurt ME, Smirnov I, Kovacs MA, McKee 

CA, et al. Meningeal lymphatic dysfunction exacerbates 

traumatic brain injury pathogenesis. Nat Commun. 2020;11(1): 

4524. doi:10.1038/s41467-020-18113-4 

31. Louveau A, Da Mesquita S, Kipnis J. Lymphatics in 

neurological disorders: a neuro-lympho-vascular component of 

multiple sclerosis and Alzheimer’s disease?. Neuron. 

2016;91(5):957-73. doi:10.1016/j.neuron.2016.08.027 

32. Wang J, Jin WS, Bu X Le, Zeng F, Huang ZL, Li WW, et al. 

Physiological clearance of tau in the periphery and its 

therapeutic potential for tauopathies. Acta Neuropathol. 

2018;136(4):525-36.  doi:10.1007/s00401-018-1891-2 

33. Kim S, Kwon SH, Kam TI, Panicker N, Karuppagounder SS, Lee 

S, et al. Transneuronal Propagation of Pathologic α-Synuclein 

from the Gut to the Brain Models Parkinson’s Disease. Neuron. 

2019;103(4):627-41. doi:10.1016/j.neuron.2019.05.035 

34. Smith AJ, Yao X, Dix JA, Jin BJ, Verkman AS. Test of 

the'glymphatic'hypothesis demonstrates diffusive and 

aquaporin-4-independent solute transport in rodent brain 

parenchyma. Elife. 2017;6:e27679. doi:10.7554/eLife.27679 

35. Hablitz LM, Pla V, Giannetto M, Vinitsky HS, Staeger FF, 

Metcalfe T, et al. Circadian control of brain glymphatic and 

lymphatic fluid flow. Nat Commun. 2020;11(1):4411. 

doi:10.1038/s41467-020-18115-2 

36. Lundgaard I, Wang W, Eberhardt A, Vinitsky HS, Reeves BC, 

Peng S, et al. Beneficial effects of low alcohol exposure, but 

adverse effects of high alcohol intake on glymphatic function. 

Sci Rep. 2018;8(1):2246. doi:10.1038/s41598-018-20424-y 

37. Mendelsohn AR, Larrick JW. Sleep facilitates clearance of 

metabolites from the brain: glymphatic function in aging and 

neurodegenerative diseases. Rejuvenation Res. 2013;16(6): 

518-23. doi:10.1089/rej.2013.1530 

38. Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. 

Sleep drives metabolite clearance from the adult brain. 

Science. 2013;342(6156):373-7. doi:10.1126/science.1241224 

39. Mosienko V, Teschemacher AG, Kasparov S. Is L-lactate a 

novel signaling molecule in the brain?. J Cereb Blood Flow 

Metab. 2015;35(7):1069-75. doi:10.1038/jcbfm.2015.77 

40. Scharf MT, Naidoo N, Zimmerman JE, Pack AI. The energy 

hypothesis of sleep revisited. Prog Neurobiol. 2008;86(3):264-

80. doi:10.1016/j.pneurobio.2008.08.003 

41. Watts JC, Condello C, Stohr J, Oehler A, Lee J, DeArmond SJ, 

et al. Serial propagation of distinct strains of Aβ prions from 

Alzheimer’s disease patients. Proc Natl Acad Sci U S A. 

2014;111(28):10323-8. doi:10.1073/pnas.1408900111 

42. Chen Z, Wilson MA. Deciphering neural codes of memory 

during sleep. Trends Neurosci. 2017;40(5):260-75. doi:10.10 

16/j.tins.2017.03.005 

43. Lee H, Xie L, Yu M, Kang H, Feng T, Deane R, et al. The effect 

of body posture on brain glymphatic transport. J Neurosci. 

2015;35(31):11034-44. doi:10.1523/JNEUROSCI.1625-15.20 

15 

44. Andresen M, Hadi A, Petersen LG, Juhler M. Effect of postural 

changes on ICP in healthy and ill subjects. Acta Neurochir. 

2014;157(1):109-13. doi:10.1007/s00701-014-2250-2 

45. O’Rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, 

Mansfield K, Morrissette JJ, et al. A single dose of peripherally 

infused EGFRvIII-directed CAR T cells mediates antigen loss 

and induces adaptive resistance in patients with recurrent 

glioblastoma. Sci Transl Med. 2017;9(399):eaaa0984. 

doi:10.1126/scitranslmed.aaa0984 

46. Gupta A, Iadecola C. Impaired Aβ clearance: a potential link 

between atherosclerosis and Alzheimer’s disease. Front Aging 

Neurosce. 2015;7:115. doi:10.3389/fnagi.2015.00115 

47. Wang M, Ding F, Deng SY, Guo X, Wang W, Iliff JJ, et al. Focal 

solute trapping and global glymphatic pathway impairment in 

a murine model of multiple microinfarcts. J Neurosci. 

2017;37(11):2870-7. doi:10.1523/JNEUROSCI.2112-16.2017 

48. Boluijt J, Meijers JC, Rinkel GJ, Vergouwen MD. Hemostasis 

and fibrinolysis in delayed cerebral ischemia after aneurysmal 

subarachnoid hemorrhage: a systematic review. J Cereb Blood 

Flow Metab. 2015;35(5):724-33. doi:10.1038/jcbfm.2015.13 

49. Benakis C, Garcia-Bonilla L, Iadecola C, Anrather J. The role of 

microglia and myeloid immune cells in acute cerebral 

ischemia. Front Cell Neurosci. 2015;8:461. doi:10.3389/ 

fncel.2014.00461 

50. Fumagalli S, Perego C, Pischiutta F, Zanier ER, De Simoni MG. 

The ischemic environment drives microglia and macrophage 

function. Front Neurol. 2015;6:81. doi:10.3389/fneur.2015. 

00081 

51. Korkmaz A. The effect of helicobacter felis on macrophage 

polarization. Istanbul Teknik Universitesi Fen Bilimleri 

Enstitusu Tez Calışması. 2015. 

52. Schilling M, Besselmann M, Leonhard C, Mueller M, 

Ringelstein EB, Kiefer R. Microglial activation precedes and 

predominates over macrophage infiltration in transient focal 

cerebral ischemia: a study in green fluorescent protein 

transgenic bone marrow chimeric mice. Exp Neurol. 2003;183 

(1):25-33. doi:10.1016/s0014-4886(03)00082-7 

53. Li M, Li Z, Ren H, Jin WN, Wood K, Liu Q, et al. Colony 

stimulating factor 1 receptor inhibition eliminates microglia 

and attenuates brain injury after intracerebral hemorrhage. J 

Cereb Blood Flow Metab. 2017;37(7):2383-95. doi:10.11 

77/0271678X16666551 

54. Sun BL, Xia ZL, Yan ZW, Chen YS, Yang MF. Effects of 

blockade of cerebral lymphatic drainage on cerebral ischemia 

after middle cerebral artery occlusion in rats. Clin Hemorheol 

Microcirc. 2000;23(2-4):321-5. 

55. Sun BL, Xia ZL, Wang JR, Yuan H, Li WX, Chen YS, et al. 

Effects of blockade of cerebral lymphatic drainage on regional 

cerebral blood flow and brain edema after subarachnoid 

hemorrhage. Clin Hemorheol Microcirc. 2006;34(1-2):227-32. 

56. Arbel-Ornath M, Hudry E, Eikermann-Haerter K, Hou S, 

Gregory JL, Zhao L, et al. Interstitial fluid drainage is impaired 

in ischemic stroke and Alzheimer’s disease mouse models. 

Acta neuropathologica. 2013;126(3):353-64. doi:10.1007/ 

s00401-013-1145-2 

57. Gaberel T, Gakuba C, Goulay R, De Lizarrondo SM, Hanouz 

JL, Emery E, et al. Impaired glymphatic perfusion after strokes 

revealed by contrast-enhanced MRI: A new target for 

fibrinolysis? Stroke. 2014;45(10):3092-6. doi:10.1161/STROK 

EAHA.114.006617 

58. Papadopoulos MC, Verkman AS. Aquaporin-4 gene disruption 

in mice reduces brain swelling and mortality in pneumococcal 

meningitis. J Biol Chem. 2005;280(14):13906-12. doi:10.1 

074/jbc.M413627200

 

https://doi.org/10.1056/nejmoa1211851
https://doi.org/10.1056/nejmoa1211851
https://doi.org/10.4172/2161-0460.1000160
https://doi.org/10.1111/adj.12399
https://doi.org/10.1016/j.pneurobio.2015.05.002
https://doi.org/10.1016/j.pneurobio.2015.05.002
https://doi.org/10.1038/s41467-020-18113-4
https://doi.org/10.1016/j.neuron.2016.08.027
https://doi.org/10.1007/s00401-018-1891-2
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.7554/elife.27679
https://doi.org/10.1038/s41467-020-18115-2
https://doi.org/10.1038/s41598-018-20424-y
https://doi.org/10.1089/rej.2013.1530
https://doi.org/10.1126/science.1241224
https://doi.org/10.1038%2Fjcbfm.2015.77
https://doi.org/10.1016/j.pneurobio.2008.08.003
https://doi.org/10.1073/pnas.1408900111
https://doi.org/10.1016/j.tins.2017.03.005
https://doi.org/10.1016/j.tins.2017.03.005
https://doi.org/10.1523/jneurosci.1625-15.2015
https://doi.org/10.1523/jneurosci.1625-15.2015
https://doi.org/10.1007/s00701-014-2250-2
https://doi.org/10.1126/scitranslmed.aaa0984
https://doi.org/10.3389/fnagi.2015.00115
https://doi.org/10.1523/jneurosci.2112-16.2017
https://doi.org/10.1038%2Fjcbfm.2015.13
https://doi.org/10.3389/fncel.2014.00461
https://doi.org/10.3389/fncel.2014.00461
https://doi.org/10.3389/fneur.2015.00081
https://doi.org/10.3389/fneur.2015.00081
https://doi.org/10.1016/s0014-4886(03)00082-7
https://doi.org/10.1177/0271678x16666551
https://doi.org/10.1177/0271678x16666551
https://doi.org/10.1007/s00401-013-1145-2
https://doi.org/10.1007/s00401-013-1145-2
https://doi.org/10.1161/strokeaha.114.006617
https://doi.org/10.1161/strokeaha.114.006617
https://doi.org/10.1074/jbc.m413627200
https://doi.org/10.1074/jbc.m413627200

