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In this review, we explore the mechanisms of the blood-cerebrospinal fluid (CSF) barrier and CSF transport. We briefly review the mathematical framework for CSF transport as described by a set of well-studied partial differential equations. Moreover, we describe the major contributors of CSF flow through both diffusive and convective forces beginning at the molecular level and extending into macroscopic clinical observations. In addition, we review neurosurgical perspectives in understanding CSF outflow pathways. Finally, we discuss the implications of flow dysregulation in the context of neurodegenerative diseases and discuss the rising role of perivascular drainage pathways including glymphatics.
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Fluid flow as a dynamical system incorporating diffusion and convection

In understanding the movement of fluids, flow is generally modeled as a combination of diffusive and convective forces. The partial differential equation describing the convective-diffusive behaviors exists as a derivation of a more generalized equation of the continuity of any transport phenomenon, appropriately called the “continuity equation.” Cerebrospinal fluid (CSF) can be understood as a Newtonian fluid with incompressible flow as modeled by the Navier–Stokes equation (1). With CSF, with certain safe assumptions regarding flow behavior and fluid properties, the convective-diffusive equation (derived from the Navier–Stokes equation) can be drastically simplified to:
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Where u represents the velocity vector of CSF flow, “ρ” represents the scalar pressure field, μ and ρ represent CSF viscosity and density, respectively. While numerous computational models of CSF flow rely on this equation, its limitations cannot be ignored. Firstly, a respiratory component to CSF flow is often not included in numerical models (Khani et al., 2020). Second, nonpulsatile contributions including from cilia (Siyahhan et al., 2014) are often difficult to quantify and are commonly neglected. The limitations can be extended to even questions regarding channel porosity (see Darcy’s Law) and irregular channel shape (Thomas, 2019), Convective flow in CSF is defined as a single directional flow of fluid from the choroid plexus (CP) until absorbed at some terminal end point (classically understood at the dural sinuses). A net hydrostatic gradient is understood to drive the convective forces moving CSF from the CP through to the ventricular space and beyond. Diffusive flow in this context refers to the bidirectional driving force of flow from compartments in the interstitial space, the choroid plexus, and the ventricular lumen. Disruptions in this equilibrium across compartments (whether an excess of production or decreased absorption) can lead to conditions such as hydrocephalus. Alternatively, without significant change in net flux, disruptions in clearance of toxic metabolites (i.e., fluid content) can lead to other types of pathologies such as Alzheimer’s disease.



Current molecular understanding of fluid flow

Understanding the constituents of CSF is critical. Overall, CSF composition is quite similar to plasma (Tumani, 2015). Sodium, potassium, calcium, and glucose levels in CSF are generally slightly lower as compared to plasma. While chloride, magnesium and overall osmolality are slightly higher as compared to plasma. CSF constituency is a function of transport phenomena relying on active and passive transport mechanisms of organic and inorganic ions, and peptides.

Creation of CSF is formed by both the choroid plexus and non-choroidal sources (Lun et al., 2015). The ependymal lining has been known to contribute to CSF formation (Lun et al., 2015). However, extensive literature stretching centuries have primarily implicated the choroid plexus as the main contributor (Lun et al., 2015). CSF production occurs in a staged process through leaky endothelial cells at the CSF-blood interface and the regulated secretion across the choroid plexus epithelium (CPe) (MacAulay et al., 2022). Tightly regulated mechanisms transporting water, ions and organic substrates via paracellular and transmembranous pathways drive CSF formation (MacAulay et al., 2022). Beginning first within the leaky endothelium of the choroid plexus vasculature. Subsequently, at the basolateral membrane of the CPe, Na+, and Cl- is carried intracellularly by transmembranous gradients utilizing symport (NA+/HCO3-) and antiport systems (Na+/H+ exchanger, Cl-HCO3- exchanger) (Dual function of the choroid plexus, 2023; MacAulay et al., 2022). Along the basolateral surface, carbonic anhydrase plays a vital role in generation of HCO3- for eventual intracellular uptake. Pharmacological targeting to limit HCO3- and H+ generation via carbonic anhydrase inhibitors has a clear role in reduction of CSF production--albeit limited by systemic side effects (particularly at the level of the kidneys) (Brown et al., 2004).

The Na+/K+ ATPase serves as the primary catalyst for Na+ gradient creation through the extracellular transport of Na+ and intracellular transport of K+. In conjunction with the Na/K pump is a triple ion Na-K-2Cl- cotransporter on the apical surface. NKCC cotransporter has been a popular pharmacological target and a topic of investigation in neurodegeneration (Xu et al., 2021). These ion transporters generate electrochemical gradients which drive transmembranous ion channels on the basolateral surface.

After direct stimulation or indirect potentiating of postsynaptic neurons, clearance from the synaptic cleft is via several mechanisms including catabolism (Bjorefeldt et al., 2018). Intact mechanisms for neurotransmitter catabolite clearance are crucial in the maintenance of an ideal environment for action potential generation and propagation. On the apical surface of the choroid plexus epithelium, the organic anion transporter (OAT) system exists as an efflux mechanism for many neurotransmitter metabolites (Nigam et al., 2015). An OAT family-dependent efflux mechanism can occur directly through transport into the blood (or indirectly through the inhibition of efflux of other organic anions) (Nigam et al., 2015). For example, VMA interacts with OAT1/3 through direct efflux and its inhibition of efflux other organic anions (Alebouyeh et al., 2003). In contrast to melatonin and HVA, which show only indirect influence (Alebouyeh et al., 2003).



Convectional driving forces

The blood-CSF interface plays host to a delicate balance of outward (plasma-facing) and inward (luminal-facing) convectional forces. Arterial pulsations delivering blood at a rate of roughly 3 mL/g/min transmit a pressure wave through the ventricular compartment (Vikner et al., 2024) and mitigate CSF dynamics (Mestre et al., 2018). Intracranial pressure (ICP), defined as the difference between the mean arterial pressure and the cerebral perfusion pressure, directly correlates with CSF production rate. Elevated blood pressures also likely contribute to CSF overproduction. In models of hypertension in rats, the blood-CSF barrier undergoes rapid changes in cellular machinery and its secretory capabilities (Al-Sarraf and Philip, 2003). A significantly more permeable blood-CSF interface facilitates pan-macromolecule transport and leads to unchecked ventricular expansion (Gonzalez-Marrero et al., 2022). Presumably, hypertensive-induced CSF hypersecretion occurs, at least in part, due to a larger arterial pulse wave and consequently greater pressure gradient (Al-Sarraf and Philip, 2003).

Aquaporins (AQP) (and its numerous isoforms) play an important role in the passive diffusion of water at the blood-CSF interface most densely represented on the apical surface (Municio et al., 2023). AQP1 (the most active isoform) controls the majority of water diffusion/permeability on the apical surface as confirmed by decreased CSF production and ICP reduction in AQP1−/− mice (Trillo-Contreras et al., 2019). AQP1 regulating agents have been suggested as possible avenues for managing pathological states where CSF is over-produced (congenital hydrocephalus) or under-produced (neurodegenerative diseases, etc.) (Yamada, 2023). Structurally, at the blood-CSF barrier, tight junctions at the level of CPe tightly regulates paracellular flow. Claudin-2, a major tight junction protein linking CPe, has been shown to be associated with enhance paracellular water movement and Na + diffusion (MacAulay et al., 2022).

Opposing these inward forces are forces in the venous system. At the level of the arachnoid granulations, CSF absorption into systemic venous circulation relies on a net positive pressure gradient. Consequently, in settings of increased cerebral venous pressures (sinus stenosis, advanced congestive heart failure, etc.), decreased CSF absorption and consequently increased ICPs are common (Zhao et al., 2022).



Classic concepts of CSF creation and removal

Traditional understanding of CSF creation relies on a method of secretion found in analogous secretory epithelia throughout the body. Osmotic gradients created by both active and passive methods through transmembranous players drive transcellular and paracellular water movement via aquaporins. At the level of the apical surface of the CP, the Na-K ATPase pump is a key driver for Na + secretion into the CSF and subsequent passive absorption into CPe on the basolateral surface from the interstitial fluid (MacAulay et al., 2022). However, the osmotic gradient is not required for CSF secretion (Khamesi et al., 2023).

Classic understanding points to convective and diffusive forces propelling CSF absorption through the ventriculo-cisternal system into the venous system (by the arachnoid villi) or via perivascular means (Proulx, 2021). Nerve roots also serve as a route for egress for CSF (Proulx, 2021).

A complete perspective of CSF flow is as a product of bidirectional forces as described in the diffusive-convective equation shown in equation (1). At steady state, net forces favor a model of CSF creation. This is seen as a summed contribution of flow from transcellular and paracellular pathways. However, perturbations, whether pathological or physiological, may reveal settings where aggregate forces favoring egress may transiently dominate–emphasizing the dynamic nature of the system (Bothwell et al., 2019). However, as the perturbation is felt system-wide, understanding this interplay will be dependent on the structural and molecular substrates, and their respective concentrations, at their interface.

Landmark papers utilizing perfusion studies in rabbits (Welch, 1963) and cats (Lorenzo and Snodgrass, 1972) confirmed the vital role of the CP. Morphological studies have identified varying levels of complexity of arachnoid villi between humans, non-human primates and lower animals (Takahashi et al., 1993; Yoshida et al., 1994). Nasal lymphatics have been shown as possible absorption sites around nerve roots within the cribriform plate in pigs and rats and appear at different stages of postnatal development (Koh et al., 2006). These findings of a robust extracranial lymphatic route were confirmed in sheep (Boulton et al., 1998). Lymphatic drainage appears to show species-to-species differences with sheep (Mollanji et al., 2001) and rat (Boulton et al., 1999) showing high rates of CSF absorption. These interspecies differences in CSF physiology as well as large variances in circulating volume, turnover rates play a large role in drug delivery considerations (Naseri Kouzehgarani et al., 2021).



Surgical data

Surgical options exist in the role of CSF diversion in cases of hydrocephalus. Endoscopic third ventriculostomy is a procedure where a stoma is created at the floor of the third ventricle—allowing CSF outflow upstream of the cerebral aqueduct. Choroid plexus cauterization (CPC) uses electrocautery to obliterate choroid plexus. A ventriculoperitoneal shunt is a mechanical method for removal of CSF from within the ventricles to the intra-abdominal space via a catheter that exists under the skin. Owing to historical understanding of the role of the CP in CSF creation, removal of the choroid plexus cauterization was initially seen as a promising treatment following experiments in the early 20th century (Dandy, 1918). However, subsequent studies in the 20th century with CPC in the treatment of pediatric hydrocephalus expressed doubt in the success. This doubt was planted even earlier when Milhorat et al. showed CPC performed on rhesus monkeys showed a maximum of only 40% decrease in CSF production (Milhorat et al., 1971). Pioneering work by Warf et al beginning in the 2000s revived interest in the use of CPC in addition to ETV (using a flexible endoscope) for complete cauterization of the choroid plexus with mostly positive results in children under one year of age [10.3171/ped.2005.103.6.0475]. Specifically, results showed most etiologies stood to benefit from the addition of CPC, without any added negative effects on subsequent shunt failure risk after failed or abandoned ETV/CPC (10.3171/2012.9.peds1236), nor infection risk (10.3171/ped.2005.103.6.0475).

Through the growing use of minimally invasive neuroendoscopy, indications for the surgical treatment of hydrocephalus continue to grow. In post-hemorrhagic hydrocephalus (PHH), inflammatory debris has been shown to elicit a hypersecretory phenotype in the choroid plexus of rats relying on various inflammatory signaling molecules (Karimy et al., 2017)—challenging previous notions of a more obstructive phenotype (Chen et al., 2017). In PHH, endoscopic removal and lavage of hematoma debris has shown promise in avoiding VP shunts (Honeyman et al., 2022), and with improved developmental outcomes (Behrens et al., 2020). The hypothesis being early removal of intraventricular blood may prevent the formation of post-inflammatory membranes and the wider release of inflammatory byproducts necessitating permanent CSF diversion. Currently, neuroendoscopic lavage (NEL) has been limited to case series (Behrens et al., 2020; d’Arcangues et al., 2018; Dvalishvili et al., 2022; Tirado-Caballero et al., 2020) and technical papers regarding safe techniques (Tirado-Caballero et al., 2021). A recent randomized controlled trial for neuroendoscopic lavage recently showed promise in reducing time requiring temporizing draining measures and shortened hospital stays (Qu et al., 2024). As the evidence for NEL continues to grow, steps toward protocolization seek to remove the variability in technique and patient population to properly assess the most important outcome: short and long-term outcomes in reducing shunt dependence.

In settings where the obstruction is at the level of the foramen of Monro, unilateral hydrocephalus may develop (involving a single lateral ventricle) and eventually cause symptoms. Septum pellucidotomy is a procedure traditionally performed through an endoscope, where the surgeon cauterizes and creates an opening in the septum pellucidum—allowing communication between both lateral ventricles and flow through the contralateral foramen of Monro. Safe corridors for this approach have been well characterized. For complex pathology, advanced neuroendoscopic techniques continue to be developed extending beyond the third ventricle, including aqueductoplasty (Fritsch and Schroeder, 2013; Sansone and Iskandar, 2005), fourth ventriculostomy (Giannetti et al., 2011), and fourth ventricular outflow foraminoplasty (Shim et al., 2017).



Aging disorders

In Alzheimer’s disease, dysfunction at the level of the BBB has been well described (Sweeney et al., 2018; Zenaro et al., 2017). The role of the BCSFB in pathogenesis, however, has had a less understood role (Farrall and Wardlaw, 2009). Contemporary understanding points to beta amyloid accumulation within the CP as the primary driver of its altered structure and function (González-Marrero et al., 2015). However, growing evidence has pointed to specific patterns of inflammation leading to BCSFB dysregulation through the identification of both serum and CSF chemokines (Kunis et al., 2013; Stopa et al., 2018). Histopathological evidence has implicated multiple inflammatory cascades involving CPe–leading to eventual microvascular damage and secondary fibrosis (Prineas et al., 2016). Comparing serum and CSF from patients with mild cognitive impairment and healthy controls, Ott et al. identified specific proteins with altered permeability across the BCSFB and their associated inflammatory markers (Ott et al., 2018). Modern imaging techniques also have the ability to complement these findings. Increased CP volume (determined from automated ventricular segmentation models) is positively correlated with disease severity and negatively correlated with total tau levels (Ota et al., 2023). Significant differences in permeability at the CP has also been captured by dynamic contrast-enhanced MRI in patients progressing from MCI to AD (Choi et al., 2022). Similarly in Parkinson’s disease (PD), a common neurodegenerative disorder characterized by focal dopaminergic losses in the substantia nigra and striatum, the CP appears to have an emerging role. Alpha-synuclein levels appear to show some degree of transport across the BCSFB in rat models (Bates and Zheng, 2014), but its exact mechanism of clearance is not well understood. However, similar to AD, neuroimaging studies have uncovered a negative association with CP volume and cognitive function in PD (Jeong et al., 2023). Glymphatic drainage dysregulation can also be captured by morphological changes in the CP–which may be part of a unifying story in both AD and PD (Buccellato et al., 2022). Aging itself may contribute to reduced efficacy in the glymphatic clearance of accumulated proteins (Kress et al., 2014).



Newer concepts of CSF outflow

Understanding clearance pathways of the CSF has been a notorious problem now receiving renewed interest. Classic understanding attributes CSF outflow to projections of the arachnoid layer through the dura into the dural sinuses and lacunae was first rigorously proven in the late 19th century with Key and Retzius (1876). Modern concepts of CSF outflow acknowledge a wide range of outflow pathways. More recently, the discovery of dural lymphatic drainage has reignited interest in perivascular drainage pathways (Proulx, 2021). Meningeal/dural drainage was found in close proximity to the major dural sinuses and other major vascular pathways. Noninvasive confirmation of these pathways has been performed using MRI (Absinta et al., 2017). CSF outflow along cranial nerves has also been investigated using tracer studies (Albayram et al., 2022). For example, multiple tracer studies have shown SAS injections lead to uptake in surrounding orbital tissues (Killer et al., 2007; Shen et al., 1985). These studies have been recapitulated along multiple species both microscopically and macroscopically (Erlich et al., 1989). CSF outflow also occurs through nasal lymphatics via the cribriform plate (Spera et al., 2023). Lymphatic vessels are reached via perineural pathways along olfactory nerve fibers or even through direct access to the SAS (Walter et al., 2006).



Glymphatics

A perivascular drainage pathway native to the CNS has origins in the scientific literature for several decades (Robin, 1859). The “glymphatic system” was reintroduced again in the 2010s where it was discovered the delicate conditions required to visualize the network (Iliff et al., 2012). Conceptual understanding of glymphatics relies on three sequential components: inflow along perivascular spaces surrounding arteries that penetrate the parenchyma, CSF diffusion throughout interstitial space, return from interstitial space into larger cisterns in subarachnoid space and ventricles from large-caliber veinage (Jessen et al., 2015). Limitations in post-mortem fixation techniques, combined with the low-pressure, easily collapsible nature of the network added to the controversy (Hablitz and Nedergaard, 2021). The glymphatic system encircles the brain vasculature and is considered to be ensheathed by astrocyte end-feet with variable coverage (Jessen et al., 2015).

The extent and orientation of the enclosed space has a direct influence on glymphatic fluid movement–as evidenced in models for hypoxia (Mestre et al., 2020) vessel tortuosity in aging (Thore et al., 2007), and even cortical spreading depression (Schain et al., 2017). Aquaporin4 (AQP4) has recently been shown as a key regulator of glymphatic fluid transport on the membrane of the astrocytic end-feet (Mestre et al., 2018). AQP4 knockout models have shown substantially reduced CSF tracer uptake in addition to significantly reduced clearance of numerous compounds (amyloid-beta (Iliff et al., 2012), apoE family (Achariyar et al., 2016), and adeno-associated viruses). Dysregulated clearance of amyloid-beta (Ab) has been seen in AQP4 deletions and accelerates Ab accumulation. These findings have been recapitulated in rodent models for “misplaced” AQP4 proteins (without perivascular presence via Snta1 deletion) (Amiry-Moghaddam et al., 2003). The implication of these results points to the glymphatic system as a potential new therapeutic targeting in AD, but also with Parkinson’s disease (Hoshi et al., 2017).



Future directions

Just as many of the original experiments in understanding CSF flow were based in rudimentary neuroimaging techniques using tracers, breakthroughs in current dynamic neuroimaging methods are ushering a similar new wave of understanding of CSF dynamics (Mehta et al., 2022). Dynamic contrast-enhanced magnetic resonance imaging (MRI) (Iliff et al., 2013), diffusion weighted image (Harrison et al., 2018), two-photon laser (Iliff et al., 2012), phase contrast imaging (Brinker et al., 2014), and dynamic PET (de Leon et al., 2017) can delineate time-dependent pathways of CSF flow. The rise of noninvasive dynamic imaging, coupled with the increasing popularity of computer vision applications in medicine, has the potential to make major breakthroughs in understanding CSF physiology (Boster et al., 2023). Clinically, these noninvasive methods have a large potential role in identifying surgical candidates in numerous neurosurgical diseases. In Chiari 1 malformation, phase contrast MRI has the ability to capture the degree of CSF obstruction from tonsillar herniation (Mauer et al., 2011), the velocity of CSF through the aqueduct (Bateman and Brown, 2012), and CSF communication with intracranial arachnoid cysts (Yildiz et al., 2005).

Normal pressure hydrocephalus (NPH) is a disease characterized by a triad of dementia, urinary incontinence and gait instability. Phase contrast MRI has shown promise in detecting NPH patients (Tawfik et al., 2017). Accurate analysis of CSF flow metrics captured by phase contrast imaging has also shown significant promise as a marker for severity in patients with Idiopathic intracranial hypertension (IIH) (Belal et al., 2020).



Conclusion

Significant work has been undertaken to understand the underpinnings of CSF dynamics--however, numerous unsolved questions still exist. Specifically, despite its relatively sparse representation in the literature, the blood-CSF interface plays a crucial and growing role in the regulation of CSF movement. New pathways of understanding CSF transport phenomenon, including glymphatics, appear to show promising results in understanding neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease.



Author contributions

BT: Writing – original draft, Writing – review & editing. RM: Writing - review & editing. CL: Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Absinta, M., Ha, S.-K., Nair, G., Sati, P., Luciano, N. J., Palisoc, M., et al. (2017). Human and nonhuman primate meninges harbor lymphatic vessels that can be visualized noninvasively by MRI. eLife 6:e29738. doi: 10.7554/eLife.29738


 Achariyar, T. M., Li, B., Peng, W., Verghese, P. B., Shi, Y., McConnell, E., et al. (2016). Glymphatic distribution of CSF-derived apoE into brain is isoform specific and suppressed during sleep deprivation. Mol. Neurodegener. 11:74. doi: 10.1186/s13024-016-0138-8 

 Albayram, M. S., Smith, G., Tufan, F., Tuna, I. S., Bostancıklıoğlu, M., Zile, M., et al. (2022). Non-invasive MR imaging of human brain lymphatic networks with connections to cervical lymph nodes. Nat. Commun. 13:203. doi: 10.1038/s41467-021-27887-0


 Alebouyeh, M., Takeda, M., Onozato, M. L., Tojo, A., Noshiro, R., Hasannejad, H., et al. (2003). Expression of human organic anion transporters in the choroid plexus and their interactions with neurotransmitter metabolites. J. Pharmacol. Sci. 93, 430–436. doi: 10.1254/jphs.93.430 

 Al-Sarraf, H., and Philip, L. (2003). Effect of hypertension on the integrity of blood brain and blood CSF barriers, cerebral blood flow and CSF secretion in the rat. Brain Res. 975, 179–188. doi: 10.1016/S0006-8993(03)02632-5 

 Amiry-Moghaddam, M., Otsuka, T., Hurn, P. D., Traystman, R. J., Haug, F.-M., Froehner, S. C., et al. (2003). An α-syntrophin-dependent pool of AQP4 in astroglial end-feet confers bidirectional water flow between blood and brain. Proc. Natl. Acad. Sci. USA. 100, 2106–2111. doi: 10.1073/pnas.0437946100 

 Bateman, G. A., and Brown, K. M. (2012). The measurement of CSF flow through the aqueduct in normal and hydrocephalic children: from where does it come, to where does it go? Childs Nerv. Syst. 28, 55–63. doi: 10.1007/s00381-011-1617-4


 Bates, C. A., and Zheng, W. (2014). Brain disposition of α-Synuclein: roles of brain barrier systems and implications for Parkinson’s disease. Fluids Barriers CNS 11:17. doi: 10.1186/2045-8118-11-17 

 Behrens, P., Tietze, A., Walch, E., Bittigau, P., Bührer, C., Schulz, M., et al. (2020). Neurodevelopmental outcome at 2 years after neuroendoscopic lavage in neonates with posthemorrhagic hydrocephalus. J. Neurosurg. Pediatr. 26, 495–503. doi: 10.3171/2020.5.PEDS20211 

 Belal, T., Al Tantawy, A.-E., Sherif, F. M., and Ramadan, A. (2020). Evaluation of cerebrospinal fluid flow dynamic changes in patients with idiopathic intracranial hypertension using phase contrast cine MR imaging. Egyp. J. Neurol. Psychiatry Neurosurg. 56, 1–6. doi: 10.1186/s41983-020-00227-7 

 Bjorefeldt, A., Illes, S., Zetterberg, H., and Hanse, E. (2018). Neuromodulation via the cerebrospinal fluid: insights from recent in vitro studies. Front Neural Circuits 12:316451. doi: 10.3389/fncir.2018.00005 

 Boster, K. A. S., Cai, S., Ladrón-de-Guevara, A., Sun, J., Zheng, X., Du, T., et al. (2023). Artificial intelligence velocimetry reveals in vivo flow rates, pressure gradients, and shear stresses in murine perivascular flows. Proc. Natl. Acad. Sci. USA 120:e2217744120. doi: 10.1073/pnas.2217744120 

 Bothwell, S. W., Janigro, D., and Patabendige, A. (2019). Cerebrospinal fluid dynamics and intracranial pressure elevation in neurological diseases. Fluids Barriers CNS 16, 1–18. doi: 10.1186/s12987-019-0129-6 

 Boulton, M., Flessner, M., Armstrong, D., Hay, J., and Johnston, M. (1998). Determination of volumetric cerebrospinal fluid absorption into extracranial lymphatics in sheep. Am. J. Phys. 274, R88–R96. doi: 10.1152/ajpregu.1998.274.1.R88 

 Boulton, M., Flessner, M., Armstrong, D., Mohamed, R., Hay, J., and Johnston, M. (1999). Contribution of extracranial lymphatics and arachnoid villi to the clearance of a CSF tracer in the rat. Am. J. Phys. 276, R818–R823. doi: 10.1152/ajpregu.1999.276.3.R818 

 Brinker, T., Stopa, E., Morrison, J., and Klinge, P. (2014). A new look at cerebrospinal fluid circulation. Fluids Barriers CNS 11:10. doi: 10.1186/2045-8118-11-10 

 Brown, P. D., Davies, S. L., Speake, T., and Millar, I. D. (2004). Molecular mechanisms of cerebrospinal fluid production. Neuroscience 129, 957–970. doi: 10.1016/j.neuroscience.2004.07.003 

 Buccellato, F. R., D’Anca, M., Serpente, M., Arighi, A., and Galimberti, D. (2022). The role of Glymphatic system in Alzheimer’s and Parkinson's disease pathogenesis. Biomedicines 10:2261. doi: 10.3390/biomedicines10092261


 Chen, Q., Feng, Z., Tan, Q., Guo, J., Tang, J., Tan, L., et al. (2017). Post-hemorrhagic hydrocephalus: recent advances and new therapeutic insights. J. Neurol. Sci. 375, 220–230. doi: 10.1016/j.jns.2017.01.072 

 Choi, J. D., Moon, Y., Kim, H.-J., Yim, Y., Lee, S., and Moon, W.-J. (2022). Choroid plexus volume and permeability at brain MRI within the Alzheimer disease clinical spectrum. Radiology 304, 635–645. doi: 10.1148/radiol.212400 

 d’Arcangues, C., Schulz, M., Bührer, C., Thome, U., Krause, M., and Thomale, U.-W. (2018). Extended experience with Neuroendoscopic lavage for Posthemorrhagic hydrocephalus in neonates. World Neurosurg. 116, e217–e224. doi: 10.1016/j.wneu.2018.04.169 

 Dandy, W. E. (1918). Extirpation of the choroid plexus of the lateral ventricles in communicating hydrocephalus. Ann. Surg. 68, 569–579. doi: 10.1097/00000658-191812000-00001 

 de Leon, M. J., Li, Y., Okamura, N., Tsui, W. H., Saint-Louis, L. A., Glodzik, L., et al. (2017). Cerebrospinal fluid clearance in Alzheimer disease measured with dynamic PET. J. Nucl. Med. 58, 1471–1476. doi: 10.2967/jnumed.116.187211 

 Dual function of the choroid plexus (2023). Cerebrospinal fluid production and control of brain ion homeostasis. Cell Calcium 116:102797. doi: 10.1016/j.ceca.2023.102797 

 Dvalishvili, A., Khinikadze, M., Gegia, G., and Khutsishvili, L. (2022). Neuroendoscopic lavage versus traditional surgical methods for the early management of posthemorrhagic hydrocephalus in neonates. Childs Nerv. Syst. 38, 1897–1902. doi: 10.1007/s00381-022-05606-4 

 Erlich, S. S., McComb, J. G., Hyman, S., and Weiss, M. H. (1989). Ultrastructure of the orbital pathway for cerebrospinal fluid drainage in rabbits. J. Neurosurg. 70, 926–931. doi: 10.3171/jns.1989.70.6.0926 

 Farrall, A. J., and Wardlaw, J. M. (2009). Blood-brain barrier: ageing and microvascular disease--systematic review and meta-analysis. Neurobiol Aging 30, 337–352. doi: 10.1016/j.neurobiolaging.2007.07.015 

 Fritsch, M. J., and Schroeder, H. W. S. (2013). Endoscopic aqueductoplasty and stenting. World Neurosurg. 79, e15–e18. doi: 10.1016/j.wneu.2012.02.013


 Giannetti, A. V., Malheiros, J. A., and da Silva, M. C. (2011). Fourth ventriculostomy: an alternative treatment for hydrocephalus due to atresia of the Magendie and Luschka foramina. J. Neurosurg. Pediatr. 7, 152–156. doi: 10.3171/2010.11.PEDS1080 

 González-Marrero, I., Giménez-Llort, L., Johanson, C. E., Carmona-Calero, E. M., Castañeyra-Ruiz, L., Brito-Armas, J. M., et al. (2015). Choroid plexus dysfunction impairs beta-amyloid clearance in a triple transgenic mouse model of Alzheimer’s disease. Front. Cell. Neurosci. 9:17. doi: 10.3389/fncel.2015.00017 

 Gonzalez-Marrero, I., Hernández-Abad, L. G., Castañeyra-Ruiz, L., Carmona-Calero, E. M., and Castañeyra-Perdomo, A. (2022). Changes in the choroid plexuses and brain barriers associated with high blood pressure and ageing. Neurología 37, 371–382. doi: 10.1016/j.nrl.2018.06.001


 Hablitz, L. M., and Nedergaard, M. (2021). The glymphatic system. Curr. Biol. 31, R1371–R1375. doi: 10.1016/j.cub.2021.08.026 

 Harrison, I. F., Siow, B., Akilo, A. B., Evans, P. G., Ismail, O., Ohene, Y., et al. (2018). Non-invasive imaging of CSF-mediated brain clearance pathways via assessment of perivascular fluid movement with diffusion tensor MRI. eLife 7:e34028. doi: 10.7554/eLife.34028


 Honeyman, S. I., Boukas, A., Jayamohan, J., and Magdum, S. (2022). Neuroendoscopic lavage for the management of neonatal post-haemorrhagic hydrocephalus: a retrospective series. Childs Nerv. Syst. 38, 115–121. doi: 10.1007/s00381-021-05373-8 

 Hoshi, A., Tsunoda, A., Tada, M., Nishizawa, M., Ugawa, Y., and Kakita, A. (2017). Expression of aquaporin 1 and aquaporin 4 in the temporal neocortex of patients with Parkinson’s disease. Brain Pathol. 27, 160–168. doi: 10.1111/bpa.12369 

 Iliff, J. J., Lee, H., Yu, M., Feng, T., Logan, J., Nedergaard, M., et al. (2013). Brain-wide pathway for waste clearance captured by contrast-enhanced MRI. J. Clin. Invest. 123, 1299–1309. doi: 10.1172/JCI67677 

 Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012). A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 4:147ra111. doi: 10.1126/scitranslmed.3003748


 Jeong, S. H., Jeong, H.-J., Sunwoo, M. K., Ahn, S. S., Lee, S.-K., Lee, P. H., et al. (2023). Association between choroid plexus volume and cognition in Parkinson disease. Eur. J. Neurol. 30, 3114–3123. doi: 10.1111/ene.15999 

 Jessen, N. A., Munk, A. S. F., Lundgaard, I., and Nedergaard, M. (2015). The glymphatic system: a Beginner’s guide. Neurochem. Res. 40, 2583–2599. doi: 10.1007/s11064-015-1581-6


 Karimy, J. K., Zhang, J., Kurland, D. B., Theriault, B. C., Duran, D., Stokum, J. A., et al. (2017). Inflammation-dependent cerebrospinal fluid hypersecretion by the choroid plexus epithelium in posthemorrhagic hydrocephalus. Nat. Med. 23, 997–1003. doi: 10.1038/nm.4361 

 Key, A., and Retzius, G. Studien in der Anatomie des Nervensystems und des Bindegewebes. (1876). Stockholm: In commission bei Samson & Wallin.


 Khamesi, P. R., Charitatos, V., Heerfordt, E. K., MacAulay, N., and Kurtcuoglu, V. (2023). Are standing osmotic gradients the main driver of cerebrospinal fluid production? A computational analysis. Fluids Barriers CNS 20:18. doi: 10.1186/s12987-023-00419-2


 Khani, M., Sass, L. R., Sharp, M. K., McCabe, A. R., Zitella Verbick, L. M., Lad, S. P., et al. (2020). In vitro and numerical simulation of blood removal from cerebrospinal fluid: comparison of lumbar drain to Neurapheresis therapy. Fluids Barriers CNS 17:23. doi: 10.1186/s12987-020-00185-5 

 Killer, H. E., Jaggi, G. P., Flammer, J., Miller, N. R., Huber, A. R., and Mironov, A. (2007). Cerebrospinal fluid dynamics between the intracranial and the subarachnoid space of the optic nerve. Is it always bidirectional? Brain 130, 514–520. doi: 10.1093/brain/awl324 

 Koh, L., Zakharov, A., Nagra, G., Armstrong, D., Friendship, R., and Johnston, M. (2006). Development of cerebrospinal fluid absorption sites in the pig and rat: connections between the subarachnoid space and lymphatic vessels in the olfactory turbinates. Anat. Embryol. 211, 335–344. doi: 10.1007/s00429-006-0085-1 

 Kress, B. T., Iliff, J. J., Xia, M., Wang, M., Wei, H. S., Zeppenfeld, D., et al. (2014). Impairment of paravascular clearance pathways in the aging brain. Ann. Neurol. 76, 845–861. doi: 10.1002/ana.24271 

 Kunis, G., Baruch, K., Rosenzweig, N., Kertser, A., Miller, O., Berkutzki, T., et al. (2013). IFN-γ-dependent activation of the brain’s choroid plexus for CNS immune surveillance and repair. Brain 136, 3427–3440. doi: 10.1093/brain/awt259 

 Lorenzo, A. V., and Snodgrass, S. R. (1972). Leucine transport from the ventricles and the cranial subarachnoid space in the cat. J. Neurochem. 19, 1287–1298. doi: 10.1111/j.1471-4159.1972.tb01454.x


 Lun, M. P., Monuki, E. S., and Lehtinen, M. K. (2015). Development and functions of the choroid plexus-cerebrospinal fluid system. Nat. Rev. Neurosci. 16, 445–457.


 MacAulay, N., Keep, R. F., and Zeuthen, T. (2022). Cerebrospinal fluid production by the choroid plexus: a century of barrier research revisited. Fluids Barriers CNS 19:26. doi: 10.1186/s12987-022-00323-1 

 Mauer, U. M., Gottschalk, A., Mueller, C., Weselek, L., Kunz, U., and Schulz, C. (2011). Standard and cardiac-gated phase-contrast magnetic resonance imaging in the clinical course of patients with Chiari malformation type I. Neurosurg. Focus. 31:E5. doi: 10.3171/2011.7.FOCUS11105 

 Mehta, N. H., Suss, R. A., Dyke, J. P., Theise, N. D., Chiang, G. C., Strauss, S., et al. (2022). Quantifying cerebrospinal fluid dynamics: a review of human neuroimaging contributions to CSF physiology and neurodegenerative disease. Neurobiol. Dis. 170:105776. doi: 10.1016/j.nbd.2022.105776 

 Mestre, H., Du, T., Sweeney, A. M., Liu, G., Samson, A. J., Peng, W., et al. (2020). Cerebrospinal fluid influx drives acute ischemic tissue swelling. Science 367:eaax7171. doi: 10.1126/science.aax7171


 Mestre, H., Hablitz, L. M., Xavier, A. L., Feng, W., Zou, W., Pu, T., et al. (2018). Aquaporin-4-dependent glymphatic solute transport in the rodent brain. eLife 7:e40070. doi: 10.7554/eLife.40070


 Mestre, H., Tithof, J., Du, T., Song, W., Peng, W., Sweeney, A. M., et al. (2018). Flow of cerebrospinal fluid is driven by arterial pulsations and is reduced in hypertension. Nat. Commun. 9:4878. doi: 10.1038/s41467-018-07318-3


 Milhorat, T. H., Hammock, M. K., Fenstermacher, J. D., Rall, D. P., and Levin, V. A. (1971). Cerebrospinal fluid production by the choroid plexus and brain. Science 173, 330–332. doi: 10.1126/science.173.3994.330


 Mollanji, R., Bozanovic-Sosic, R., Silver, I., Li, B., Kim, C., Midha, R., et al. (2001). Intracranial pressure accommodation is impaired by blocking pathways leading to extracranial lymphatics. Am. J. Physiol. Regul. Integr. Comp. Physiol. 280, R1573–R1581. doi: 10.1152/ajpregu.2001.280.5.R1573 

 Municio, C., Carrero, L., Antequera, D., and Carro, E. (2023). Choroid plexus Aquaporins in CSF homeostasis and the Glymphatic system: their relevance for Alzheimer’s disease. Int. J. Mol. Sci. 24:878. doi: 10.3390/ijms24010878


 Naseri Kouzehgarani, G., Feldsien, T., Engelhard, H. H., Mirakhur, K. K., Phipps, C., Nimmrich, V., et al. (2021). Harnessing cerebrospinal fluid circulation for drug delivery to brain tissues. Adv. Drug Deliv. Rev. 173, 20–59. doi: 10.1016/j.addr.2021.03.002 

 Nigam, S. K., Bush, K. T., Martovetsky, G., Ahn, S.-Y., Liu, H. C., Richard, E., et al. (2015). The organic anion transporter (OAT) family: a systems biology perspective. Physiol. Rev. 95, 83–123. doi: 10.1152/physrev.00025.2013 

 Ota, M., Sato, N., Nakaya, M., Shigemoto, Y., Kimura, Y., Chiba, E., et al. (2023). Relationship between the tau protein and choroid plexus volume in Alzheimer’s disease. Neuroreport 34, 546–550. doi: 10.1097/WNR.0000000000001923


 Ott, B. R., Jones, R. N., Daiello, L. A., de la Monte, S. M., Stopa, E. G., Johanson, C. E., et al. (2018). Blood-cerebrospinal fluid barrier gradients in mild cognitive impairment and Alzheimer’s disease: relationship to inflammatory cytokines and chemokines. Front. Aging Neurosci. 10:245. doi: 10.3389/fnagi.2018.00245 

 Prineas, J. W., Parratt, J. D. E., and Kirwan, P. D. (2016). Fibrosis of the choroid plexus filtration membrane. J. Neuropathol. Exp. Neurol. 75, 855–867. doi: 10.1093/jnen/nlw061 

 Proulx, S. T. (2021). Cerebrospinal fluid outflow: a review of the historical and contemporary evidence for arachnoid villi, perineural routes, and dural lymphatics. Cell. Mol. Life Sci. 78, 2429–2457. doi: 10.1007/s00018-020-03706-5 

 Qu, X., Luo, J., Zhang, K., and Wang, C. (2024). Analysis of the efficacy of neuroendoscopic hematoma removal combined with ventricular lavage in severe intraventricular hemorrhage-a prospective randomized controlled study. Neurosurgery 95, 1297–1306. doi: 10.1227/neu.0000000000003018


 Robin, C. (1859). Recherches sur quelques particularites de la structure des capillaires de l’encephale. J Physiol Homme Animaux 2:537.


 Sansone, J. M., and Iskandar, B. J. (2005). Endoscopic cerebral aqueductoplasty: a trans-fourth ventricle approach. J. Neurosurg. 103, 388–392. doi: 10.3171/ped.2005.103.5.0388 

 Schain, A. J., Melo-Carrillo, A., Strassman, A. M., and Burstein, R. (2017). Cortical spreading depression closes Paravascular space and impairs Glymphatic flow: implications for migraine headache. J. Neurosci. 37, 2904–2915. doi: 10.1523/JNEUROSCI.3390-16.2017 

 Shen, J. Y., Kelly, D. E., Hyman, S., and McComb, J. G. (1985). Intraorbital cerebrospinal fluid outflow and the posterior uveal compartment of the hamster eye. Cell Tissue Res. 240, 77–87. doi: 10.1007/BF00217560


 Shim, K. W., Park, E. K., Kim, D.-S., and Choi, J.-U. (2017). Neuroendoscopy: current and future perspectives. J. Korean Neurosurg. Soc. 60, 322–326. doi: 10.3340/jkns.2017.0202.006 

 Siyahhan, B., Knobloch, V., de Zélicourt, D., Asgari, M., Schmid Daners, M., Poulikakos, D., et al. (2014). Flow induced by ependymal cilia dominates near-wall cerebrospinal fluid dynamics in the lateral ventricles. J. R. Soc. Interface 11:20131189. doi: 10.1098/rsif.2013.1189 

 Spera, I., Cousin, N., Ries, M., Kedracka, A., Castillo, A., Aleandri, S., et al. (2023). Open pathways for cerebrospinal fluid outflow at the cribriform plate along the olfactory nerves. EBioMedicine 91:104558. doi: 10.1016/j.ebiom.2023.104558 

 Stopa, E. G., Tanis, K. Q., Miller, M. C., Nikonova, E. V., Podtelezhnikov, A. A., Finney, E. M., et al. (2018). Comparative transcriptomics of choroid plexus in Alzheimer’s disease, frontotemporal dementia and Huntington's disease: implications for CSF homeostasis. Fluids Barriers CNS 15:18. doi: 10.1186/s12987-018-0102-9 

 Sweeney, M. D., Sagare, A. P., and Zlokovic, B. V. (2018). Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative disorders. Nat. Rev. Neurol. 14, 133–150. doi: 10.1038/nrneurol.2017.188 

 Takahashi, Y., Shigemori, M., Inokuchi, T., Miyajima, S., Maehara, T., Wakimoto, M., et al. (1993). Scanning electron microscopic observations of the arachnoid granulations in monkeys with cerebrospinal fluid hypotension. Kurume Med. J. 40, 201–211. doi: 10.2739/kurumemedj.40.201 

 Tawfik, A. M., Elsorogy, L., Abdelghaffar, R., Naby, A. A., and Elmenshawi, I. (2017). Phase-contrast MRI CSF flow measurements for the diagnosis of normal-pressure hydrocephalus: Observer agreement of velocity versus volume parameters. AJR Am. J. Roentgenol. 208, 838–843. doi: 10.2214/AJR.16.16995


 Thomas, J. H. (2019). Fluid dynamics of cerebrospinal fluid flow in perivascular spaces. J. R. Soc. Interface 16:20190572. doi: 10.1098/rsif.2019.0572 

 Thore, C. R., Anstrom, J. A., Moody, D. M., Challa, V. R., Marion, M. C., and Brown, W. R. (2007). Morphometric analysis of arteriolar tortuosity in human cerebral white matter of preterm, young, and aged subjects. J. Neuropathol. Exp. Neurol. 66, 337–345. doi: 10.1097/nen.0b013e3180537147 

 Tirado-Caballero, J., Herreria-Franco, J., Rivero-Garvía, M., Moreno-Madueño, G., Mayorga-Buiza, M. J., and Marquez-Rivas, J. (2021). Technical nuances in Neuroendoscopic lavage for germinal matrix hemorrhage in preterm infants: twenty tips and pearls after more than one hundred procedures. Pediatr. Neurosurg. 56, 392–400. doi: 10.1159/000516183 

 Tirado-Caballero, J., Rivero-Garvia, M., Arteaga-Romero, F., Herreria-Franco, J., Lozano-Gonzalez, Á., and Marquez-Rivas, J. (2020). Neuroendoscopic lavage for the management of posthemorrhagic hydrocephalus in preterm infants: safety, effectivity, and lessons learned. J. Neurosurg. Pediatr. 26, 237–246. doi: 10.3171/2020.2.PEDS2037 

 Trillo-Contreras, J. L., Toledo-Aral, J. J., Echevarría, M., and Villadiego, J. (2019). AQP1 and AQP4 contribution to cerebrospinal fluid homeostasis. Cells 8:197. doi: 10.3390/cells8020197


 Tumani, H. (2015). Physiology and constituents of CSF. Cerebr Fluid Clin Neurol, 25–34. doi: 10.1007/978-3-319-01225-4_3 

 Vikner, T., Johnson, K. M., Cadman, R. V., Betthauser, T. J., Wilson, R. E., Chin, N., et al. (2024). CSF dynamics throughout the ventricular system using 4D flow MRI: associations to arterial pulsatility, ventricular volumes, and age. Fluids Barriers CNS 21:68. doi: 10.1186/s12987-024-00570-4 

 Walter, B. A., Valera, V. A., Takahashi, S., and Ushiki, T. (2006). The olfactory route for cerebrospinal fluid drainage into the peripheral lymphatic system. Neuropathol. Appl. Neurobiol. 32, 388–396. doi: 10.1111/j.1365-2990.2006.00737.x 

 Welch, K. (1963). Secretion of cerebrospinal fluid by choroid plexus of the rabbit. Am. J. Phys. 205, 617–624. doi: 10.1152/ajplegacy.1963.205.3.617


 Xu, H., Fame, R. M., Sadegh, C., Sutin, J., Naranjo, C., Syau, D., et al. (2021). Choroid plexus NKCC1 mediates cerebrospinal fluid clearance during mouse early postnatal development. Nat. Commun. 12, 1–16. doi: 10.1038/s41467-020-20666-3 

 Yamada, K. (2023). Multifaceted roles of Aquaporins in the pathogenesis of Alzheimer’s disease. Int. J. Mol. Sci. 24:6528. doi: 10.3390/ijms24076528


 Yildiz, H., Erdogan, C., Yalcin, R., Yazici, Z., Hakyemez, B., Parlak, M., et al. (2005). Evaluation of communication between intracranial arachnoid cysts and cisterns with phase-contrast cine MR imaging. AJNR Am. J. Neuroradiol. 26, 145–151.


 Yoshida, S., Ogawa, K., and Fukushima, T. (1994). The morphological study of cerebrospinal fluid drainage at monkey arachnoid granulations. No To Shinkei 46, 549–554.


 Zenaro, E., Piacentino, G., and Constantin, G. (2017). The blood-brain barrier in Alzheimer’s disease. Neurobiol. Dis. 107, 41–56. doi: 10.1016/j.nbd.2016.07.007 

 Zhao, K., Gu, W., Liu, C., Kong, D., Zheng, C., Chen, W., et al. (2022). Advances in the understanding of the complex role of venous sinus stenosis in idiopathic intracranial hypertension. J. Magn. Reson. Imaging 56, 645–654. doi: 10.1002/jmri.28177 


Copyright
 © 2025 Taha, McGovern and Lam. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		A synthesized view of the CSF-blood barrier and its surgical implications for aging disorders



		Fluid flow as a dynamical system incorporating diffusion and convection



		Current molecular understanding of fluid flow



		Convectional driving forces



		Classic concepts of CSF creation and removal



		Surgical data



		Aging disorders



		Newer concepts of CSF outflow



		Glymphatics



		Future directions



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnagi-16-1492449-e001.jpg
ou )
o u-Vu|=-Vp+uv?u
”(a: E "] PG

Vau=0





OPS/images/cover.jpg
’ frontiers | Frontiers in Aging Neuroscience

A synthesized view of the
CSF-blood barrier and its surgical
implications for aging disorders












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






