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ABSTRACT The glial-lymphatic system (glymphatic system) is a recently characterized
fluid clearance pathway of the central nervous system. Glymphatic system disfunctions
leading to defects in drainage of the cerebrospinal fluid have been associated with several
neurological disorders. In their article, J. S. Generoso, S. Thorsdottir, A. Collodel, R. R. E. Santo,
et al. (mBio 13:e01886-22, 2022, https://doi.org/10.1128/mBio.01886-22) have now associated
impaired glymphatic system functionality to neurological sequelae of murine meningitis
caused by Streptococcus pneumoniae. Their work provides an initial and important step into
the systematic evaluation of a potential impact of glymphatic system functionality on disease
severity and sequelae in meningitis.

KEYWORDS Streptococcus pneumoniae, central nervous system infections, meningitis

The central nervous system (CNS) was long believed to be devoid of a lymphatic system.
In the past decade, evidence for a highly organized fluid clearance pathway in the CNS

called the glymphatic system (glial-lymphatic system) has grown (1). According to the glym-
phatic system concept—which has been reviewed extensively by researchers in favor for it
(1) or in opposition to it (2)—cerebrospinal fluid (CSF) travels through periarterial spaces
from the subarachnoid space to deeper brain regions, flowing into the brain parenchyma
through aquaporin 4 (AQP4) channels located in astrocyte endfeet (3, 4). There, CSF is
exchanged with interstitial fluid (ISF). The CSF-ISF mixture is then flushed out along peri-
venous spaces before exiting the CNS via lymphatic vessels located in the meninges and
along cranial nerves, which drain into cervical lymph nodes and finally back into the ve-
nous system (5–7). The glymphatic system is considered to enable nutrient delivery to
and waste elimination from the brain. Consequently, dysfunction of the glymphatic sys-
tem can lead to the accumulation of toxic substances in the brain and thus can contrib-
ute to the pathogenesis of a variety of neurological disorders, such as Alzheimer disease,
Parkinson’s disease, traumatic brain injury, ischemic stroke, and mood disorders (1, 8, 9).
In the current issue of mBio, Generoso and colleagues (10) pursued the hypothesis that
pneumococcal meningitis leads to impaired glymphatic system functionality, decreasing
neurotoxic waste clearance in the brain and thus increasing inflammation and brain dys-
function. Using an established rat meningitis model with combined intracisternal injection
of serotype 3 Streptococcus pneumoniae (control animals received artificial CSF instead) and
the dye tracer Evans blue, the authors detected decreased Evans blue levels in serum samples
but increased Evans blue levels in brains, especially in the external layer of the subarachnoid
space and the cerebellum in meningitic rats compared to control animals, indicating an
impaired drainage of the dye from the CNS into the circulation. As suggested by subse-
quent immunochemical analysis, this phenomenon was attributable to a progressive retrac-
tion of astrocyte endfeet from the vascular endothelium and consequently a misplacement
of AQP4 channels. These pathological alterations were paralleled by a significant increase of
bacterial products like the pneumococcal toxin pneumolysin (PLY) in the CSF (but not the
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brain parenchyma) over time, which in turn was associated with increased microglial activa-
tion, brain damage, and memory impairment. Overall, the study points to a new pathome-
chanism in pneumococcal meningitis, although some aspects require further investigation.
For example, besides the glymphatic-meningeal lymphatic system, there seem to be other
CSF outflow pathways, namely, the arachnoid villi, which are constructed as one-way valves
permitting CSF and solutes to cross into the dural sinuses and thus straight into the blood
(11). Therefore, additional examination of cervical lymph nodes for the presence of the dye
tracer would be helpful to confirm the relevance of the glymphatic-lymphatic pathway. If
there are clear differences in the Evans blue content between lymph nodes from meningitic
and control rats, this would support the authors’ conclusion. In this context, it would also be
particularly interesting to know what impact distinct manipulations of the glymphatic system
activity have on the retention of Evans blue in the CSF as well as the course of pneumococcal
meningitis. Did a reduction of glymphatic activity via, e.g., acetazolamide treatment, increase
brain Evans blue concentrations during experimental pneumococcal meningitis (11)? In addi-
tion, what are the effects of drugs like dobutamine or norepinephrine receptor antagonists
known to increase CSF influx into the brain on tracer accumulation, brain inflammation, and
brain dysfunction (12)? The neuromodulator norepinephrine is a known driver of arousal and
has been proposed to contribute to suppression of glymphatic system function during wake-
fulness (12). In vivo imaging analysis demonstrated a reduction of the CSF influx into the brain
by;90% in the awake state compared to anesthesia or sleep (13). It would therefore be excit-
ing to see whether the course of pneumococcal meningitis can be positively influenced by
permanent anesthesia. Besides wakefulness, the activity of the glymphatic system decreases
sharply during aging (14, 15). It is worth investigating whether age-related glymphatic dys-
function contributes to the poorer prognosis of pneumococcal meningitis in the elderly (16).
The suppression of the glymphatic system in old age seems to be caused—at least partly—by
a loss of vascular polarization of astrocytic AQP4 channels in reactive astrocytes in old brains,
which means that AQP4 is no longer confined to astrocytic endfeet. A quite similar phenom-
enon was observed in brains of meningitic rats in the study by Generoso and colleagues.
Genetic depletion of AQP4 in mice has been shown to elicit a substantial reduction of the
clearance of proteins like amyloid b and phosphorylated tau, thus contributing to their accu-
mulation and deposition in the brain, proposed key steps in the pathogenesis of Alzheimer’s
and Parkinson’s diseases, respectively (17, 18). Somewhat surprising given the observations of
Generoso and colleagues, AQP4 deficiency has been reported to be protective in experimental
pneumococcal meningitis, by dramatically reducing brain swelling and the rise in intracranial
pressure, thus improving disease outcome (19). To what extent the observed AQP4-glym-
phatic system dysfunction and the beneficial effect of AQP4 deficiency in pneumococcal
meningitis fit together must be clarified in future studies. All in all, Generoso's study points
to an intriguing new possible pathomechanism in pneumococcal meningitis, opening a
new field of research where further investigation may allow to demonstrate its definitive
relevance to immune regulation, brain damage, and the clinical outcome of this disease.

REFERENCES
1. Lohela TJ, Lilius TO, Nedergaard M. 2022. The glymphatic system: implica-

tions for drugs for central nervous system diseases. Nat Rev Drug Discov
21:763–779. https://doi.org/10.1038/s41573-022-00500-9.

2. Abbott NJ, Pizzo ME, Preston JE, Janigro D, Thorne RG. 2018. The role
of brain barriers in fluid movement in the CNS: is there a 'glymphatic'
system? Acta Neuropathol 135:387–407. https://doi.org/10.1007/s00401-018
-1812-4.

3. Schirinzi T, Sancesario GM, Di LG, D'Elia A, Imbriani P, Scalise S, Pisani A.
2018. Cerebrospinal fluid biomarkers profile of idiopathic normal pressure
hydrocephalus. J Neural Transm (Vienna) 125:673–679. https://doi.org/10
.1007/s00702-018-1842-z.

4. Mestre H, Tithof J, Du T, SongW, PengW, Sweeney AM, Olveda G, Thomas JH,
NedergaardM, Kelley DH. 2018. Flow of cerebrospinal fluid is driven by arterial
pulsations and is reduced in hypertension. Nat Commun 9:4878. https://doi.org/
10.1038/s41467-018-07318-3.

5. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, Derecki NC,
Castle D, Mandell JW, Lee KS, Harris TH, Kipnis J. 2015. Structural and func-
tional features of central nervous system lymphatic vessels. Nature 523:
337–341. https://doi.org/10.1038/nature14432.

6. Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, Detmar M, Wiig H, Alitalo
K. 2015. A dural lymphatic vascular system that drains brain interstitial fluid and
macromolecules. J ExpMed 212:991–999. https://doi.org/10.1084/jem.20142290.

7. Jacob L, de Brito NJ, Lenck S, Corcy C, Benbelkacem F, Geraldo LH, Xu Y,
Thomas JM, El Kamouh MR, Spajer M, Potier M-C, Haik S, Kalamarides M,
Stankoff B, Lehericy S, Eichmann A, Thomas J-L. 2022. Conserved menin-
geal lymphatic drainage circuits in mice and humans. J Exp Med 219:
e20220035. https://doi.org/10.1084/jem.20220035.

8. Zhang D, Li X, Li B. 2022. Glymphatic system dysfunction in central nervous
system diseases andmood disorders. Front Aging Neurosci 14:873697. https://
doi.org/10.3389/fnagi.2022.873697.

Commentary mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02350-22 2

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

7 
Fe

br
ua

ry
 2

02
3 

by
 1

37
.2

04
.2

22
.5

6.

https://doi.org/10.1038/s41573-022-00500-9
https://doi.org/10.1007/s00401-018-1812-4
https://doi.org/10.1007/s00401-018-1812-4
https://doi.org/10.1007/s00702-018-1842-z
https://doi.org/10.1007/s00702-018-1842-z
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1038/nature14432
https://doi.org/10.1084/jem.20142290
https://doi.org/10.1084/jem.20220035
https://doi.org/10.3389/fnagi.2022.873697
https://doi.org/10.3389/fnagi.2022.873697
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02350-22


9. Li G, Cao Y, Tang X, Huang J, Cai L, Zhou L. 2022. The meningeal lymphatic
vessels and the glymphatic system: potential therapeutic targets in neu-
rological disorders. J Cereb Blood Flow Metab 42:1364–1382. https://doi
.org/10.1177/0271678X221098145.

10. Generoso JS, Thorsdottir S, Collodel A, Dominguini D, Santo RRE, Petronilho F,
Barichello T, Iovino F. 2022. Dysfunctional glymphatic system with disrupted
aquaporin 4 expression pattern on astrocytes causes bacterial product accu-
mulation in the CSF during pneumococcal meningitis. mBio 13:e01886-22.
https://doi.org/10.1128/mbio.01886-22.

11. Lundgaard I, Lu ML, Yang E, PengW, Mestre H, Hitomi E, Deane R, Nedergaard
M. 2017. Glymphatic clearance controls state-dependent changes in brain lac-
tate concentration. J Cereb Blood Flow Metab 37:2112–2124. https://doi.org/
10.1177/0271678X16661202.

12. Jessen NA, Munk AS, Lundgaard I, Nedergaard M. 2015. The glymphatic
system: a beginner's guide. Neurochem Res 40:2583–2599. https://doi
.org/10.1007/s11064-015-1581-6.

13. Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, O'Donnell J, Christensen
DJ, Nicholson C, Iliff JJ, Takano T, Deane R, Nedergaard M. 2013. Sleep drives
metabolite clearance from the adult brain. Science 342:373–377. https://doi
.org/10.1126/science.1241224.

14. Kress BT, Iliff JJ, Xia M,WangM,Wei HS, Zeppenfeld D, Xie L, Kang H, Xu Q, Liew
JA, Plog BA, Ding F, Deane R, Nedergaard M. 2014. Impairment of paravascular

clearance pathways in the aging brain. Ann Neurol 76:845–861. https://doi.org/
10.1002/ana.24271.

15. Mestre H, Verma N, Greene TD, Lin LA, Ladron-de-Guevara A, Sweeney
AM, Liu G, Thomas VK, Galloway CA, de Mesy Bentley KL, Nedergaard M, Mehta
RI. 2022. Periarteriolar spaces modulate cerebrospinal fluid transport into brain
and demonstrate altered morphology in aging and Alzheimer's disease. Nat
Commun 13:3897. https://doi.org/10.1038/s41467-022-31257-9.

16. Van de Beek D, Brouwer MC, Koedel U, Wall EC. 2021. Community-acquired
bacterial meningitis. Lancet 398:1171–1183. https://doi.org/10.1016/S0140
-6736(21)00883-7.

17. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, Benveniste H,
Vates GE, Deane R, Goldman SA, Nagelhus EA, NedergaardM. 2012. A paravascu-
lar pathway facilitates CSF flow through the brain parenchyma and the clearance
of interstitial solutes, including amyloid b . Sci Transl Med 4:147ra111. https://doi
.org/10.1126/scitranslmed.3003748.

18. Ishida K, Yamada K, Nishiyama R, Hashimoto T, Nishida I, Abe Y, Yasui M,
Iwatsubo T. 2022. Glymphatic system clears extracellular tau and protects
from tau aggregation and neurodegeneration. J Exp Med 219:e20211275.
https://doi.org/10.1084/jem.20211275.

19. Papadopoulos MC, Verkman AS. 2005. Aquaporin-4 gene disruption in
mice reduces brain swelling and mortality in pneumococcal meningitis. J
Biol Chem 280:13906–13912. https://doi.org/10.1074/jbc.M413627200.

Commentary mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02350-22 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

7 
Fe

br
ua

ry
 2

02
3 

by
 1

37
.2

04
.2

22
.5

6.

https://doi.org/10.1177/0271678X221098145
https://doi.org/10.1177/0271678X221098145
https://doi.org/10.1128/mbio.01886-22
https://doi.org/10.1177/0271678X16661202
https://doi.org/10.1177/0271678X16661202
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1126/science.1241224
https://doi.org/10.1126/science.1241224
https://doi.org/10.1002/ana.24271
https://doi.org/10.1002/ana.24271
https://doi.org/10.1038/s41467-022-31257-9
https://doi.org/10.1016/S0140-6736(21)00883-7
https://doi.org/10.1016/S0140-6736(21)00883-7
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1084/jem.20211275
https://doi.org/10.1074/jbc.M413627200
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02350-22

	REFERENCES

