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Abstract

Brain Water Metabolism (BWM) is involved in intercellular communication, transit of substrates, gases, drug delivery, spreading of malignant tumors.
Various neurological conditions are accompanied by impaired BWM (e.g. idiopathic normal pressure hydrocephalus, syringomyelia, migraine, stroke,
Alzheimer's disease, etc.) The Extracellular Fluid (ECF), surrounding the neurocytes and the glia, circulates in the nanodimentional Extracellular
Space (ECS), where its flow obeys the slip-flow principles of nanofluidics. The conventional view argues, however, that the nanodimentional ECS
presents a diffusion barrier where convention is prohibited. A computer model has been developed revealing new features of BWM. The references
are also presented, listing the AQP4-targeted drugs to be used in the therapy of brain edema. The research results may find their use in wide areas
of neurobiological research, the drug therapy of water-metabolism-disorder conditions and targeted drug delivery.

Keywords: Brain nanofluidic domain « Brain water metabolism « Brain water-metabolism-disorder conditions « Computational modelling « Targeted
drug therapy

Abbreviations: AQP4: Aquaporin-4; BWM: Brain Water Metabolism; CNM: Capillary Network Module; FS: Filtration Section; ISF: Interstitial Fluid;
ISS: Interstitial Space; OS: Oscillatory Section; RS: Reabsorption Section

Introduction

With its long research history, brain water metabolism still harbours some
important unresolved issues. One of those is cantered on the events taking
place in the brain extracellular space. In the words of Charles Nicholson the
brain extracellular space is “the final frontier of neuroscience” [1]. It is an
important admission on the part of this authority in neuroscience given with a
suggestion of an adventure and discoveries associated in our minds with the
last frontier.

Other researchers second this contention stating that: “Although neurons
attract the most attention in neurobiology, our current knowledge of neural
circuit can only partially explain the neurological and psychiatric conditions of
the brain. Thus, it is also important to consider the influence of brain interstitial
system, which refers to the space among neural cells and capillaries.” [2].

A stumbling block on the way of understanding functions of the
nanodimentional Extracellular Space (ECS) is the state of water and its
mobility there. The conventional bulk-water-approach theory asserts that
water advection in this space asks for unrealistically high hydrostatic pressure
gradients. Thus, fluid flow there is considered problematic and is even
prohibitory on the thermodynamics grounds [3]. According to the conventional
approach, the nanodimentional ECS presents a diffusion barrier where the
narrowness of the spaces, with their characteristic width of 20-60 nm, and
their tortuosity do not allow for any significant fluid flow [3-7].

On the other hand, nanofluidics, [8-10], a new discipline that came to
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fruition over the past two decades, suggests a different view on the events
taking place in ECS. This rapidly developing science, dealing with fluid
propetties in the compartments with characteristic dimension 1 nm-100 nm,
demonstrates that nan confinement is conducive to fast water flow. It is due to
the slip-flow effect realized in such confinements [8]. Nanofluidics introduces
new dictates for water dynamics in nanodimentional spaces. It gives grounds
to consider ECS a nanofluidic domain where fluid flow is governed by the
principles of nanofluidics [11-13].

This contention is supported by experimental results demonstrating
circulation, in a pulsatile manner, of the Cerebrospinal Fluid (CSF) also involving
Extracellular Fluid (ECF). There is observed continuous fluid exchange
between the microvasculature, interstitial fluid and CSF [13,14]. An important
role in brain water metabolism belongs to aquaporin AQP4. It ensures fast
water exchange across the Blood-Brain Barrier (BBB) [15,16]. Aquaporins, the
biological nanochannels, along with their artificial counterparts —nanotubes,
have been widely used in nanofluidics research [17]. It is interesting to observe
that, at one time, the biological channels were the channels to beat for the
developers of their artificial counterparts. This ambitious task was eventually
successfully accomplished with a development of even faster water-transferring
artificial carbon-nanotube channels [18]. Computer simulation of brain water
metabolism, conducted in this research, is based on the interdisciplinary
approach and the theoretical principles of nanofluidics.

Methodology

Experimental procedures
Theoretical assumptions and experiment-based parameters of the model:

- The brain interstitial extracellular space presents a nanofluidic domain
where fluid movement is governed by the principles of nanofluidics.

- The hydrostatic pressure difference between the intracranial pressure
ant that in the blood microvessels presents a driving force for isosmotic fluid
exchange between the blood and ECS.

- Aquaporin AQP4 ensures kinetic control over water movement between
the blood and the brain interstitial space.

- A phenomenological fluid flux equation, based on the Kedem-Katchalsky
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formalism of irreversible thermodynamics [19], has been used to describe
water movement between the blood and ECS.

The quantitative data, describing geometric and thermodynamic
parameters of the model, present the experimental observations available
from the literature, as indicated further in this paper. A phenomenological flux
equation describes water movement between the blood and ECS:

J,=LSs (P - apx-f(t) - 7.- ) (1)
Where:
J, — Water volumetric flow rate per unit transfer area, cm¥'s/mmHg;

- AQP4-dependent
=13.7 = 10~ for capillaries, 8.05 x 10 cm/s/mmHg for the arteriole and
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" = 4.0 <10 cm mmHg!s for the draining venule);
S — Water transfer area, cm?,
P, — Hydrostatic pressure at the arterial end of a microvessel, mmHg;

Ap — Hydrostatic pressure gradient along the longitudinal axis of a
microvessel, mmHg/cm;

x— The length of the longitudinal axis of a microvessel, cm;
m, - Capillary blood oncotic pressure, mmHg;

m, — interstitial fluid oncotic pressure, mmHg;

f(t) — The ICP hydrostatic pressure waveform (Figure 1)

The overall water volume transferred over a period of one heart cycle is
found upon numerical integration of the Eqn. 1 The model has been developed
and numerically solved using the program Wolfram Mathematica 10.

Results

We simulate water metabolism in a specified volume of the brain cortex
that is viewed as a cuboid model. In the microvascular structure of this model,
the capillary system is presented as a number of the Capillary Network
Modules (CNM) in a respective cortex layer (Figure 1A and Figure 2). The
microvascular geometry in CNM is modelled as a quasi-fractal tree stemming
from the penetrating arteriole a (Figure 1A). This quasi-fractal array spreads
on over sections S1-S5 of the module. Having mirrored further over the dashed
line, it continues over sections S5-S9 to finally converge on the draining venule
V. Detailed dimensions of the micro vessels in each section of CNM is given
in Table 1. All micro vascular structures in the cuboid model are subjected to
the oscillations of the intracranial hydrostatic pressure as shown in Figure 1B.

The peak of the wave, presented in Figure 1B, lies at 15 mmHg, while its
base pressure is 3 mmHg. Duration of a complete heart cycle is 1.0 s. The
waves of the intracranial hydrostatic pressure are generated by heart activity
and closely follow the heart cycle phases [20]. Thus, the span over 0-0.143 s
is related to the systolic phase and that over 0.143 s - 1.0 s —to the diastolic
one. The wave was digitized to obtain its analytical presentation for further use
in our simulations Table 1.

The cuboid model under consideration presents a construct of four
penetrating arterioles, a central draining venule and a number of CNMs in
a respective cortex layer (Figure 2). The band arrows indicate the positions
of the CNMs within their respective cortex layers (see Table 2 for details).
Dimensions of the model: 0.030 x 0.030 x 0.125 c¢m and its volume is 11.2 x
10°° cm?. The microvasculature occupies 3.26% of the model volume (Figures
3and 4).

The thickness of the layers was selected after the dimension of those in
the human brain neocortex [19]. The diameter of the four penetrating arterioles
was taken to be 20 um, remaining constant over the length of the micro vessel.
The diameter of the draining venule was 40 um. The simulated microvascular
parameters, a layout of the capillaries, their distribution and density were
essentially selected in keeping with the experimental observations [20,21]. In
this microvascular arrangement that penetrating arterioles present a limiting
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Figure 1. A) Geometry of the capillary network module and B) The waveform of the
hydrostatic intracranial pressure.

Table 1. Geometric metrics of the microvessels in CNM.

Sections of Capillary Capillary The Number of the Capillaries
the CNM Radius, cm Length, cm in a Respective Section
S1 0.0009 0.00600 1
S2 0.0005 0.00574 2
S3 0.0004 0.00574 4
S4 0.0004 0.00574 8
S5 0.0004 0.01148 32
S6 0.0004 0.00574 8
S7 0.0004 0.00574 4
S8 0.0005 0.00574 2
S9 0.0009 0.00600 1
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Figure 2. 3D brain cortex cuboid model with its vascularization network. The band
arrows indicate the positions of the CNMs within their respective cortex layers (see Table
2 for details). Dimensions of the model: 0.030 x 0.030 x 0.125 cm and its volume is 11.2
x 10 cm?. The microvasculature occupies 3.26% of the model volume.

step in the supply of blood to neocortex [19]. The simulation results in Figure
5 make it possible to see in some detail the character of water exchange with
oscillatory section of the penetrating arteriole. As has been suggested earlier
[22], wihin the oscillatory section there takes place a fast information exchange
between the blood and the brain parenchyma.

As seen in Figure 6 the Oscillatory Section (OS) tends to migrate towards
the arterial side of the capillary network with each deeper layer. Physiological
significance of this OS shift is still to be elucidated. The results presented in
Figure 6 and Figure 7 demonstrates that, within the top layers of the brain
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Table 2. Geometric and thermodynamic parameters of the cuboid model.

Hydrostatic Pressure

Brain Thickness of the Names of the CNM Position of the Number of Hydrostatic . Hydrostatic Gradient along the
Layers Placement Levels Pressure at P Pressure at .
Cortex Layers x 107 em Levels, cm CNMs mmHg P * mmH Respective
€ v g CNM, mmHg/em
Layer | 0.235 Level-1 0.0118 2 60.5 8.4 900.5
Level-2 0.0375 4 51 8.6 732.3
L Il .29
ayer 0.295 Level-3 0.0493 4 46 8.0 656.3
Laver llla 0.405 Level-4 0.0938 3 30 9.5 354.1
y ' Level5 0.1062 3 2 97 2642
Layer b 0.370 Level-6 0.1250 4 18 10.0 138.2
w! pl A J w pl V

cm%sﬂang Lo
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Time, s
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Figure 3. 3D presentation of water exchange between brain cortex microvessels and ECS. A) Water exchange between the penetrating arteriole and ECS. The infinite planes p2,
p3 delineate the Oscillatory Section (OS). V) Water exchange between the draining venule and ECS. The infinite plane indicated by p1 divides the systolic and the diastolic phases.
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Figure 4. A top view of the 3D graphs in Figure 3 demonstrating topography of water
filtration and reabsorption over the surface of the A) Penetraining arteriole and V) The
draning venule. FS - Filtration Section; OS - Oscillatory Section; RS — Reabsorption
Section. pl indicates position of the infinite plane dividing the Systolic (S) and the
Diastolic (D) phases. Water filtration —[7—; Water reabsorption — Hll
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Figure 5. Water movement in the oscillatory section of the penetrating arteriole. A) 3D
presentation of water exchange and B) Top view of the 3D graph. The infinite plane p1

divides the systolic and the diastolic phases. Filtration - ; Reabsorption -

cortex, the capillary networks mostly participate in water filtrations. In the
deeper cortex layers the process is reversed with the microvasculature
absorbing outside water.
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Figure 6. Capillary water metabolism at various levels of the brain cortex. The simulation
results of water metabolism at the capillary networks in various cortex layers are
presented as projections of their respective 3D graphs on their xoy plains (the top views
of the 3D graphs). Filtration — —; Reabsorption —

The results in Figure 8 demonstrate that, within the selected geometry of
the brain cortex and the thermodynamic parameters, there is generated an
integral positive flux of ECF. This speaks against the classical dogma of the
choroid plexus being the primary cerebrospinal fluid secretor.

Discussion

As was outlined earlier in the Introduction section, the brain extracellular
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Figure 7. Water metabolism at the capillary network of the various brain cortex layers.
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Figure 8. Overall water fluxes in the cuboid model of the brain cortex.
a) Positive flux (water filtration) is 8.81 x 10 cm?/s; b) Negative flux (water reabsorption)
is -1.01 x 10®° cm®s and ¢) Net positive flux is 7.72 x 10%cm?/s.

space, “the final frontier of neuroscience” [1], suddenly became a debatable
issue as far as its function, physiological and pathological significance were
concerned [23]. According to the conventional theory, the unidirectional CSF
flow starts from the choroid plexus, that serves as CSF primary secretor, while
the arachnoid granulations function as a primary collective CSF reabsorption
site, channelling water into the blood stream [12,24]. This mechanism is central
to the conventional theory of brain water metabolism.

Available now multiple experimental results demonstrate that the choroid
plexus does not play any significant role in CSF circulation [25]. Large water
fluxes continuously circulate in the whole of brain parenchyma. This water
exchange involves all water-containing compartments of the brain including
the blood microvessels and CSF [24]. These findings further reveal the
controversy in the conventional presentation of water dynamics and flow
topography in the brain.

The conventional view on the brain nanodimentional interstitial space
as a diffusion barrier fails to explain the new experimental results on water
mobility and pathways in the brain parenchyma. In view of the failures of the
conventional theory, there is an urgent call for the education reform in the
area [24,25]. The debate around brain water metabolism is not just of a purely
academic concern: on its solution depend many important practical issues.

Further doubts into validity of the conventional theory was introduced by
the groundbreaking achievements in nanofluidics bringing new interdisciplinary
knowledge into the area [9,10,26]. These achievements in nanofluidics
laid grounds for development of the nanofluidic mechanism of brain water
metabolism [9,10,24,26]. On the practical side this mechanism suggests,
in particular, instead of residing to traumatic surgery, often with uncertain
outcome, to use instead a AQP4-targeted drug therapy of brain water
metabolism disorders [26].

The brain parenchyma incorporates the microvasculature, the neurons,
and the glial cells, — all awash with a thin layer of ECF. The extracellular space,
containing ECF, occupies, in total, about 20% of the brain volume [5,6]. The
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nanoconfined ECF surrounds all neural cells in the central nervous system. It
presents an immediate external medium for the neural cells and is an integral
part of brain metabolism, participating in various physiological functions.

The interconnected slits and channels with characteristic dimensions of
20-60 nm form an intricate network of the ECS continuum [27]. On the basis
of its nanodimentionality, the water moiety there is classified as nanofluidic
domain where fluid behaviour is governed by the principles of nanofluidics
[8-10]. Notwithstanding this, a tendency still persist to employ a bulk-water
approach to describe water behaviour in the nanodimentional ECS [3,7].

The results presented in this paper reveal some interesting features in
water metabolism of the brain cortex. Thus, in the poorly vascularized Layer 1
there dominates water filtration with the penetrating arterioles serving as the
main contributors to this process (Figure 2). The filtrated water is absorbed into
the draining venule and the microvasculature in the lower layers of the brain
cortex. As a result there is formed a steady flux of interstitial fluid directed from
the top to the inner layers of the cortex. This finds its explanation in the gradual
hydrostatic pressure drop observed in the microvasculature at the lower levels
(Table 2). Blood supply to the neurons in the lower layers of the brain cortex is
comparatively poor [28]. In view of this, an additional mass-transfer of nutrients
with the interstitial fluid to the deeper layers of the brain cortex is beneficial.

The integral water flux within the model is positive. The interstitial space
occupies 3.8 x 10° cm® of the model volume. With the net positive water flux
7.72 x 10°® cm?/s, the time necessary to completely replace the fluid in the
interstitial space is 8.2 min. At the mean blood flow rate 1 cm/s [18,19], the total
water flux, filtrated into the interstitial space, amounts to 2.8% of the volumetric
blood flow rate of the four penetrating arterioles.

The cuboid model demonstrates the way the massive volume of the
cerebrospinal fluid is formed outside the choroid plexus. More supporting
information to this effect could be found in the literature [12,25]. This is in clear
opposition to the orthodox concept of the choroid-plexus mechanism of CSF
formation that, by now, has become an untenable dogma.

Water exchange in the oscillatory sections of the micro vessels is of a
special interest. Contrary to the pulsatile flow patterns in FS and AS, water
exchange in OS, between the blood and the brain parenchyma, is oscillatory.
These oscillations proceed with the heart-beat-rate frequency. This oscillating
pattern is conducive to realization of a fast feedback informational exchange
between the blood ant the brain. OS moves along the blood microvessels,
accordingly with the changes in topography of local hydrostatic pressure
values (Figure 6). Full physiological import of the events taking place in and
around OS is still to be elucidated.

An important role in brain water metabolism belongs to aquaporin AQP4.
This water-conducting channel ensures fast water exchange between the
blood and the extracellular fluid. AQP4 functions as a kinetically limiting step
in water transfer between these two pools of water: the bulk water of the
blood and the nano confined water in ECS. AQP4 is viewed as a molecular
target for the drugs used in therapy of the conditions resulting from the water-
metabolism-related disorders. At present, there is available a nomenclature
of the AQP4-targeted drugs that modify activity of this wart channel and thus
are capable to control water permeability of BBB. These drugs can find their
practical use for therapy of brain edemas.

It should be observed that some drugs are widely used in clinical practice
for therapy of various cases with doctors being un aware of their modifying
effect on AQP4 activity and BBB permeability. Indiscriminate use of such
drugs might result in appearance of untoward consequences and should be
avoided. Fortunately, our current knowledge makes it possible to optimize the
drug therapy without compromising brain water metabolism. The conventional
approach to the flow of ISF and its driving mechanisms fails to account for
many aspects of brain water metabolism [24]. Contrary to this, the concept of
the brain nanofluidic domain provides deeper understanding of the workings
of BWM.

For the first time a detailed water-flux topography in the brain cortex has
been outlined. A fast fluid exchange, observed within the oscillatory sections
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of the microvasculature, is important for the mechanism of neurovascular
coupling [29]. It is noteworthy that this oscillatory exchange, invisible from the
conventional approach, has come into view only on introduction of the concept
of the brain nanofluidic domain. The presented research deals primarily with
the phenomenon of enhanced mobility of nano confined water due to the slip-
flow effect and the nanofluidic mass-transfer system [30-40].

Conclusion

The flow of ECF in its nano dimensional confinement defies our intuitive
thinking about the expected behaviour of water within nanoscale network.
However, this presents only a tip of an iceberg. There are other properties
of nanoconfined water that make it so different from bulk water. For example,
dielectric constant of nanoconfined water is an order of magnitude higher than
that of bulk-water. Nano confinement profoundly modifies the energetics and
the mechanisms of chemical reactions, enzymatic and catalyst performance.
It impacts the polymer conformation. Thus, DNA, while globular in bulk water,
unfolds itself in nanoconfined water. In view of this many physicochemical
differences between nanoconfined and bulk water, they are considered
completely different media.

Brain water fills the free-communicating spaces with a wide range of
their characteristic dimensions. The geometry of these spaces scale down
from the larger bulk-water-containing ones (e.g., the brain ventricles) to the
nanodimentional geometry of the extracellular (interstitial) space containing
nanoconfned water. In between, one finds micro-confined-water spaces
(>1000 nm) and the extended-nanoconfined-water spaces (100-1000 nm).
Before the advent of nanofluidics, the researchers were unaware of the
compartment-size-dependent physicochemical properties of water and the
hidden challenges coming henceforth.

The new interdisciplinary knowledge closes the gaps in this area. There
appears a need for a revision of the experimental results where these
differences have not been not taken into account. The new knowledge
underscores the necessity of using a different approach to the events taking
place in the spaces of nanometre-scale geometries. The confinement-size-
defined specific water properties and constraints are critically important and
should be taken into account while considering biochemical and biophysical
processes taking place in the brain, action of drugs and various issues related
to brain physiology and pathology. In short, we should be keenly aware what
waters we are navigating.

Apart from a promise of theoretical gains and deeper understanding the
brain functions, the concept of the brain nanofluidic domain opens new ways
to solution of a number of practical issues. It encompasses the therapy of brain
edema, targeted delivery of drugs, ways of preventing cancer cell migration,
control of beta-amyloid deposit formation, etc. It makes visible otherwise
hidden events, opens new perspectives and promising venues for solving
practical issues of brain physiology and pathology.

Funding

State basic research funding program # 20164106/182.

Author Contribution Statement
1. Author developed conception and design, carried out acquisition of
data, moiling, analysis and interpretation of data.
2. Author drafted the article and did revisions in intellectual content.

3. Author is solely accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the work.

Acknowledgement

None.

Page 5 of 6

Conflict of Interest

The Author has declared that no competing interests exist.

References

1. Nicholson, Charles and Sabina Hrabetova. "Brain extracellular space: The final
frontier of neuroscience." Biophys J 113 (2017): 2133-2142.

2. Lei, Yiming, Hongbin Han, Fan Yuan and Aqeel Javeed, et al. "The brain interstitial
system: Anatomy, modeling, in vivo measurement and applications." Prog Neurobiol
157 (2017): 230-246.

3. Jin, Byung-Ju, Alex J. Smith and Alan S. Verkman. "Spatial model of convective
solute transport in brain extracellular space does not support a “glymphatic”
mechanism." J Gen Physiol 148 (2016): 489-501.

4. Abbott, N. Joan. "Evidence for bulk flow of brain interstitial fluid: Significance for
physiology and pathology." Neurochem Int 45 (2004): 545-552.

5. Kamali-Zare, Padideh and Charles Nicholson. "Brain extracellular space: Geometry,
matrix and physiological importance." Basic Clin Neurosci 4 (2013): 282.

6. Sykova, Eva and Lydia Vargova. "Extrasynaptic transmission and the diffusion
parameters of the extracellular space." Neurochem Int 52 (2008): 5-13.

7. Nicholson, Charles, Padideh Kamali-Zare and Lian Tao. "Brain extracellular space
as a diffusion barrier." Comput Vis Sci 14 (2011): 309-325.

8. Titovets, Ernst. "Nanofluidic mechanism and computational model of the brain
water metabolism." Laboratory diagnostics. Eastern Europe 10 (2021): 275-294.

9. Bocquet, Lyderic. "Nanofluidics coming of age." Nat Mater 19 (2020): 254-256.
10. Yang, Ruey-Jen. "Microfluidics and nanofluidics." Inventions 4 (2019): 12.

11. Titovets, E. "Computer modeling of convective mass transfer of glucose, oxygen
and carbon dioxide in the neurovascular unit." J Comp Biol Sys 4 (2019): 1-8.

12. Brinker, Thomas, Edward Stopa, John Morrison and Petra Klinge. "A new look at
cerebrospinal fluid circulation." Fluids and Barriers of the CNS 11 (2014): 1-16.

13. Bulat, Marin and Marijan Klarica. "Recent insights into a new hydrodynamics of the
cerebrospinal fluid." Brain Res Rev 65 (2011): 99-112.

14. Zhou, Yanzhao, Xin Huang, Tong Zhao and Meng Qiao, et al. "Hypoxia augments
LPS-induced inflammation and triggers high altitude cerebral edema in mice." Brain
Behav Immun 64 (2017): 266-275.

15. lgarashi, Hironaka, Mika Tsujita, Ingrid L. Kwee and Tsutomu Nakada. "Water influx
into cerebrospinal fluid is primarily controlled by aquaporin-4, not by aquaporin-1:
17: 0 JJVCPE MRI study in knockout mice." Neuroreport 25 (2014): 39-43.

16. Zhu, Fanggiang and Klaus Schulten. "Water and proton conduction through carbon
nanotubes as models for biological channels." Biophys J 8 (2003): 236-244.

17. Tunuguntla, Ramya H., Robert Y. Henley, Yun-Chiao Yao and Tuan Anh Pham,
et al. "Enhanced water permeability and tunable ion selectivity in subnanometer
carbon nanotube porins." Sci 357 (2017): 792-796.

18. DeFelipe, Javier, Lidia Alonso-Nanclares and Jon I. Arellano. "Microstructure of the
neocortex: Comparative aspects." J Neurocytol 31 (2002): 299-316.

19. Nishimura, Nozomi, Chris B. Schaffer, Beth Friedman and Patrick D. Lyden, et al.
"Penetrating arterioles are a bottleneck in the perfusion of neocortex." Proc Natl
Acad Sci 104 (2007): 365-370.

20. Kelley, Douglas H. and John H. Thomas. "Cerebrospinal fluid flow." Annu Rev Fluid
Mech 55 (2023): 237-264.

21. EI-Bouri, Wahbi K. and Stephen J. Payne. "A statistical model of the penetrating
arterioles and venules in the human cerebral cortex." Microcirculation 23 (2016):
580-590.

22. Titovets, E. "Novel computational model of the brain water metabolism: Introducing
an interdisciplinary approach." J Comp Biol Sys 2 (2018): 103.

23. Oreskovic, Darko and Marijan Klarica. "A new look at cerebrospinal fluid movement."
Fluids and Barriers of the CNS 11 (2014): 1-3.

24. Atchley, Travis J., Barbara Vukic, Miroslav Vukic and Beverly C. Walters. "Review of
cerebrospinal fluid physiology and dynamics: A call for medical education reform."
Neurosurgery 91 (2022): 1-7.


https://www.cell.com/biophysj/pdf/S0006-3495(17)30702-6.pdf
https://www.cell.com/biophysj/pdf/S0006-3495(17)30702-6.pdf
https://www.sciencedirect.com/science/article/pii/S0301008215300691
https://www.sciencedirect.com/science/article/pii/S0301008215300691
https://rupress.org/jgp/article-abstract/148/6/489/43506
https://rupress.org/jgp/article-abstract/148/6/489/43506
https://rupress.org/jgp/article-abstract/148/6/489/43506
https://www.sciencedirect.com/science/article/pii/S0197018603002675
https://www.sciencedirect.com/science/article/pii/S0197018603002675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4202579/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4202579/
https://www.sciencedirect.com/science/article/pii/S0197018607000848
https://www.sciencedirect.com/science/article/pii/S0197018607000848
https://link.springer.com/article/10.1007/s00791-012-0185-9
https://link.springer.com/article/10.1007/s00791-012-0185-9
https://elibrary.ru/item.asp?id=46573403
https://elibrary.ru/item.asp?id=46573403
https://www.nature.com/articles/s41563-020-0625-8
https://www.mdpi.com/2411-5134/4/1/12
https://www.researchgate.net/profile/Ernst-Titovets/publication/331935821_Computer_Modeling_of_Convective_Mass_Transfer_of_Glucose_Oxygen_and_Carbon_Dioxide_in_the_Neurovascular_Unit/links/5c9396a8a6fdccd46030f981/Computer-Modeling-of-Convective-Mass-Transfer-of-Glucose-Oxygen-and-Carbon-Dioxide-in-the-Neurovascular-Unit.pdf
https://www.researchgate.net/profile/Ernst-Titovets/publication/331935821_Computer_Modeling_of_Convective_Mass_Transfer_of_Glucose_Oxygen_and_Carbon_Dioxide_in_the_Neurovascular_Unit/links/5c9396a8a6fdccd46030f981/Computer-Modeling-of-Convective-Mass-Transfer-of-Glucose-Oxygen-and-Carbon-Dioxide-in-the-Neurovascular-Unit.pdf
https://link.springer.com/article/10.1186/2045-8118-11-10
https://link.springer.com/article/10.1186/2045-8118-11-10
https://www.sciencedirect.com/science/article/pii/S0165017310000895
https://www.sciencedirect.com/science/article/pii/S0165017310000895
https://www.sciencedirect.com/science/article/pii/S0889159117301150
https://www.sciencedirect.com/science/article/pii/S0889159117301150
https://journals.lww.com/neuroreport/fulltext/2014/01080/water_influx_into_cerebrospinal_fluid_is_primarily.8.aspx
https://journals.lww.com/neuroreport/fulltext/2014/01080/water_influx_into_cerebrospinal_fluid_is_primarily.8.aspx
https://journals.lww.com/neuroreport/fulltext/2014/01080/water_influx_into_cerebrospinal_fluid_is_primarily.8.aspx
https://www.cell.com/fulltext/S0006-3495(03)74469-5
https://www.cell.com/fulltext/S0006-3495(03)74469-5
https://www.science.org/doi/abs/10.1126/science.aan2438
https://www.science.org/doi/abs/10.1126/science.aan2438
https://link.springer.com/article/10.1023/A:1024130211265
https://link.springer.com/article/10.1023/A:1024130211265
https://www.pnas.org/doi/abs/10.1073/pnas.0609551104
https://www.annualreviews.org/doi/abs/10.1146/annurev-fluid-120720-011638
https://onlinelibrary.wiley.com/doi/abs/10.1111/micc.12318
https://onlinelibrary.wiley.com/doi/abs/10.1111/micc.12318
https://www.researchgate.net/profile/Ernst-Titovets/publication/327238448_Novel_Computational_Model_of_the_Brain_Water_Metabolism_Introducing_an_Interdisciplinary_Approach/links/60e564e892851c2b83e50ad0/Novel-Computational-Model-of-the-Brain-Water-Metabolism-Introducing-an-Interdisciplinary-Approach.pdf
https://www.researchgate.net/profile/Ernst-Titovets/publication/327238448_Novel_Computational_Model_of_the_Brain_Water_Metabolism_Introducing_an_Interdisciplinary_Approach/links/60e564e892851c2b83e50ad0/Novel-Computational-Model-of-the-Brain-Water-Metabolism-Introducing-an-Interdisciplinary-Approach.pdf
https://link.springer.com/article/10.1186/2045-8118-11-16
https://journals.lww.com/neurosurgery/fulltext/2022/07000/Review_of_Cerebrospinal_Fluid_Physiology_and.1.aspx?context=FeaturedArticles&collectionId=14
https://journals.lww.com/neurosurgery/fulltext/2022/07000/Review_of_Cerebrospinal_Fluid_Physiology_and.1.aspx?context=FeaturedArticles&collectionId=14
https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor

Titovets E, et al.

J Brain Res, Volume 07:02, 2024

25.

26.

21.

28.

29.

30.
31

32.

33.

34.

Titovets, E. "Mass-transfer events in the nanofluidic domain of the brain interstitial
space: Paradigm shift." JGCB 2 (2019): 112-114.

Thorne, Robert G. and Charles Nicholson. "In vivo diffusion analysis with quantum
dots and dextrans predicts the width of brain extracellular space." Proc Natl Acad
Sci 103 (2006): 5567-5572.

Hirsch, Sven, Johannes Reichold, Matthias Schneider and Gabor Szekely, et al.
"Topology and hemodynamics of the cortical cerebrovascular system." J Cereb
Blood Flow Metab 32 (2012): 952-967.

ladecola, Costantino. "The neurovascular unit coming of age: A journey through
neurovascular coupling in health and disease." Neuron 96 (2017): 17-42.

Renou, Richard, Anthony Szymczyk, Guillaume Maurin and Patrice Malfreyt, et al.
"Superpermittivity of nanoconfined water." J Chem Phys 142 (2015).

Eijkel, Jan. "Nanofluidics." Anal Bioanal Chem 394 (2009): 383-384.

Schoch, Reto B., Jongyoon Han and Philippe Renaud. "Transport phenomena in
nanofluidics." Rev Mod Phys 80 (2008): 839.

Munoz-Santiburcio, Daniel and Dominik Marx. "Chemistry in nanoconfined water."
Chem Sci 8 (2017): 3444-3452.

Kuchler, Andreas, Makoto Yoshimoto, Sandra Luginbuhl and Fabio Mavelli, et al.
"Enzymatic reactions in confined environments." Nat Nanotechnol 11 (2016): 409-
420.

Mouarrawis, Valentinos, Raoul Plessius, Jarl Ivar Van der Vlugt and Joost NH
Reek. "Confinement effects in catalysis using well-defined materials and cages."
Front Chem 6 (2018): 419863.

Page 6 of 6

35.

36.

371.

38.

39.
40.

Jonchhe, Sagun, Shankar Pandey, Deepak Karna and Pravin Pokhrel, et al. "Duplex
DNA is weakened in nanoconfinement." J Am Chem Soc 142 (2020): 10042-10049.

Alizadehheidari, Mohammadreza, Erik Werner, Charleston Noble and Michaela
Reiter-Schad, et al. "Nanoconfined circular and linear DNA: Equilibrium
conformations and unfolding kinetics." Macromol 48 (2015): 871-878.

Bocquet, Lyderic and Elisabeth Charlaix. "Nanofluidics, from bulk to interfaces."
Chem Soc Rev 39 (2010): 1073-1095.

Mitra, Sushanta K and Suman Chakraborty, eds. “Microfluidics and nanofluidics
handbook: Chemistry, physics and life science principles.” CRC Press (2011).

Nicholson, Charles. "Modeling brain extracellular space from diffusion data." (2007).

Mawatari, Kazuma. “Extended-nanofluidic
biotechnology.” World Scientific (2012).

systems for chemistry and

How to cite this article: Titovets, Ernst. “A Novel Modell of
Brain Cortex Water Metabolism Based on the Nanofluidic-domain Theory and its
Biomedical Implications.” J Brain Res 7 (2024): 244.



https://www.pnas.org/doi/abs/10.1073/pnas.0509425103
https://www.pnas.org/doi/abs/10.1073/pnas.0509425103
https://journals.sagepub.com/doi/abs/10.1038/jcbfm.2012.39
https://www.cell.com/neuron/pdf/S0896-6273(17)30652-9.pdf
https://www.cell.com/neuron/pdf/S0896-6273(17)30652-9.pdf
https://pubs.aip.org/aip/jcp/article/142/18/184706/193723
https://link.springer.com/article/10.1007/s00216-009-2723-y
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.80.839
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.80.839
https://pubs.rsc.org/en/content/articlehtml/2017/sc/c6sc04989c
https://www.nature.com/articles/nnano.2016.54
https://www.frontiersin.org/articles/10.3389/fchem.2018.00623/full?=&field=&id=419863&journalName=Frontiers_in_Chemistry
https://pubs.acs.org/doi/abs/10.1021/jacs.0c01978
https://pubs.acs.org/doi/abs/10.1021/jacs.0c01978
https://pubs.acs.org/doi/abs/10.1021/ma5022067
https://pubs.acs.org/doi/abs/10.1021/ma5022067
https://pubs.rsc.org/en/content/articlehtml/2010/cs/b909366b
https://books.google.com/books?hl=en&lr=&id=eRXOBQAAQBAJ&oi=fnd&pg=PP1&dq=Chakraborty+D+,+Chakraborty+S.+(2011)+An+Overview+of+Continuum+Desciption+of+Fluid+Flow+and+Transport+Processes:+In:++Mitra+S,+Chakraborty+S.+edtors.+Microfluidics+and+Nanofluidics+Handbook.+Chemistry,+Physics,+and+Life+Science+Principles,+CRC+Press,+Taylor+%26+Francis+Group%3B,+p.+3-32.&ots=UcxGgkSOZj&sig=pcQAVRxNXlpHIh8A9S_HNB4E_cI
https://books.google.com/books?hl=en&lr=&id=eRXOBQAAQBAJ&oi=fnd&pg=PP1&dq=Chakraborty+D+,+Chakraborty+S.+(2011)+An+Overview+of+Continuum+Desciption+of+Fluid+Flow+and+Transport+Processes:+In:++Mitra+S,+Chakraborty+S.+edtors.+Microfluidics+and+Nanofluidics+Handbook.+Chemistry,+Physics,+and+Life+Science+Principles,+CRC+Press,+Taylor+%26+Francis+Group%3B,+p.+3-32.&ots=UcxGgkSOZj&sig=pcQAVRxNXlpHIh8A9S_HNB4E_cI
https://core.ac.uk/download/pdf/226116147.pdf
https://books.google.com/books?hl=en&lr=&id=cCT7WQmjmO4C&oi=fnd&pg=PR5&dq=Mawatari+K,+TsukaharaT,+Kitamori+T.+(2012)+Extended-nanofluidic+systems+for+chemistry+and+biotechnology,+London:+Imperial+College+Press%3B,+p.1-187.&ots=iJHSiZhxbV&sig=9Ebh1ciUqPTu0IZcYVGBBMF0x0k
https://books.google.com/books?hl=en&lr=&id=cCT7WQmjmO4C&oi=fnd&pg=PR5&dq=Mawatari+K,+TsukaharaT,+Kitamori+T.+(2012)+Extended-nanofluidic+systems+for+chemistry+and+biotechnology,+London:+Imperial+College+Press%3B,+p.1-187.&ots=iJHSiZhxbV&sig=9Ebh1ciUqPTu0IZcYVGBBMF0x0k
https://www.pdf-xchange.com/product/pdf-xchange-editor
https://www.pdf-xchange.com/product/pdf-xchange-editor



