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Solute transport in the brain tissue: what are the
key biophysical parameters tying in vivo and
in vitro studies together?

Daniel Alcaide,® Jean Cacheux,®? Aurélien Bancaud, (2 3P Rieko Muramatsu® and
Yukiko T. Matsunaga (2 *3°

The mechanisms of solute transport in brain tissues are still under debate. The medical relevance of this
topic has put the blood—brain barrier and the mechanisms of solute transport through the brain parench-
yma in the spotlight, notably in the context of brain clearance. In the last decade, the classical view of
pure diffusive flow across the brain parenchyma was tested against the recent proposal of an active, con-
vectional fluid flow model known as the glymphatic model. Experimental studies of brain transport on
living humans and animals have temporal and spatial limitations to validate any of these models.
Therefore, detailed microscopic observations, mostly ex vivo tissue and simplified in vitro brain models
with the support from computational models, are necessary to understand transport mechanisms in brain
tissues. However, standardization is lacking between these experimental approaches, which tends to limit
the generality of conclusions. In this review, we provide an overview of the output and limitations of
modern brain solute transport studies to search for key parameters comparable across experimental
setups. We emphasize that in vitro models relying on physiological material and reproducing the biophysi-
cal setting of the brain, as well as computational/mathematical models constitute powerful solutions to
understand the solute transport phenomena inside of the brain tissue. Finally, we suggest the blood—-brain
barrier permeability and the apparent diffusion coefficient through the brain parenchyma to be robust
biophysical parameters for the extraction of cross-model conclusion.

However, solute transport in the parenchyma after passing
the BBB has not yet been fully elucidated. Because the brain

The brain vasculature is composed of tightly joint endothelial
cells with specific transport systems that differ from the rest of
the organism’s vasculature. This interface is known as the
blood-brain barrier (BBB), and it is responsible for brain
homeostasis and protection against damaging circulating
agents.' The integrity of the BBB is critical for correct brain
functioning.” Several diseases are associated with BBB dys-
function, such as stroke, epilepsy, multiple sclerosis,
Alzheimer’s disease, and mental disorders.” Given this multi-
disease and pluri-field relevance, medical studies regarding
transport mechanisms through the BBB and preservation of its
adequate functioning have gained attention in the past
decades.
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was typically thought to be lacking lymphatic clearance, solute
transport through the extracellular space (ECS) was classically
attributed to diffusive movements.®’ In the last decade, the
evidence for a fluid clearance pathway in the nervous system
(CNS), the so-called glymphatic system has been proposed.
This system considers active water and ion transport from the
periarterial spaces through the interstitial space to the perive-
nous space. This occurs thanks to polarized water channels,
specifically aquaporin-4 (AQP-4), and ionic channels on the
membrane of a type of glial cells, known as astrocytes, in a
convective, directional manner with arterial pulsation cyclic
movements as flow motor force.®® Studies have confirmed the
presence of a meningeal lymphatic vessel network along the
outer dura mater of the brain that leads to the lymphatic
nodes in the skull base,'®"! showing that diffusion may not be
all about solute movement through the brain’s ECS and
leaving space for models that also consider convective flow.
Dysfunction of the glymphatic system can reduce waste
removal from the brain tissue, leading to neuroinflammation
and CNS disorders such as Alzheimer’s disease, associated
with the accumulation of amyloid-f and tau. Fluid clearance in
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the glymphatic system is mostly active during sleep. However,
this system degrades with age, suggesting a causal link
between sleep disturbances and the progression of neurode-
generative dementia symptoms. Thus, fluid transport through
glymphatic system has been considered as a potential thera-
peutic target for CNS diseases.'>'® Drugs can also affect the
glymphatic function of the brain, mainly through the
modulation of CSF-ISF exchange and AQP-4 channels. Special
attention has been paid to anesthetic drugs, which induce
unconsciousness and increase glymphatic function.'**
However, the mechanisms of action of these drugs seem to
impact glymphatic function modulation, suggesting that they
affect brain transport more globally than only through
anesthesia.'*

In the glymphatic context, astrocytes are thought to be rele-
vant to fluid transport through the brain parenchyma.
However, astrocytes also have various functions in the brain,
depending on their surrounding neural tissues, ranging from
molecular homeostasis maintenance by transporting major
ions, protons, and neurotransmitter precursors, to defining
the cytoarchitecture of the gray matter, working as structural
guides with connections to the vasculature.” Astrocytes
located near the brain microvasculature revolve around it with
their endfeet, where the expression of AQP-4 appears particu-
larly relevant.’® Those endfeet constitute an intricate layer,
normally referred to as the astrocytic endfeet network, which
separates the perivascular spaces filled with cerebrospinal
fluid (CSF)®*" from the brain parenchyma full of interstitial
fluid (ISF). CSF and ISF have a similar composition but serve
different purposes. Waste from neural activities are secreted
directly into the ISF, from where they are removed and leave
the central nervous system (CNS) through the CSF.'® CSF also
serves as the buoyancy cushion for the brain and compensates
for the blood volume changes inside the skull. Astrocytes are
thought to work as a regulator of the CSF-ISF exchange
through the periarterial spaces into the brain ECS and out of
the brain through the perivenous spaces, thanks to AQP-4
water channels'>?° (Fig. 1).

Nonetheless, conflicting experimental results regarding
the glymphatic model have been found. Huge differences in
microvasculature coverage by the endfeet network have
been observed in ex vivo samples using different cell fixation
methods before electron microscopy imaging,>* which raises
doubts about the sieving function of astrocytes. Some experi-
ments even suggest that basal membranes contribute or in
some cases substitute the sieving function of the endfeet
network."” At the capillary scale, the basal membrane is fused
between the endfeet network and the endothelial barrier,>**
which makes differentiating the filtering contribution of each
structure difficult. Albargothy et al. have also indicated the
existence of pathways for the CSF influx through the basal
membrane structures in the brain arterioles of mice.**

Other controversies come from the use of animal models,
which have considerably progressed to allow the application of
invasive observation techniques. Disagreement arises from key
differences between animal and human brains. The astrocyte-
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Fig. 1 Glymphatic system schematic. Arrows represent direction of the
flow inside of the vasculature, perivascular spaces, and brain parench-
yma. AQP-4 channels present mostly in astrocyte endfeet assist the flow
of CSF from the periarterial space into the brain parenchyma and clears
the ISF containing waste, such as amyloid-f and tau, through the perive-
nous space.

to-neuron ratio is higher in humans than in rodents, and
human astrocytes are approximately 2.6 times larger in dia-
meter. In the rodent brain, pericytes around the microvascula-
ture appear to guide AQP-4 polarization, but this conclusion is
questionable in human.>®*® These disagreements may be
avoided using in vitro models (normally referred to as micro-
fluidic chips or brain-on-a-chip) employing human cell lines.
Thanks to three-dimensional (3D) cocultures of relevant cell
lines (astrocytes, endothelial cells, etc.), researchers recapitu-
late biological phenomena in a controlled environment and
perform real-time and high-resolution observations. Transport
across the BBB®” is one of the most common mechanism
studied on in vitro platforms, whereas solute transport through
the extracellular matrices (ECMs) appears to be quite out of
the conversation probably due to the difficulty in recreating
accurate brain ECM in vitro.

Many great reviews summarizing current brain solute trans-
port models and concepts have been published in the last
decade.'®*® However, not so many pursue the parametrical
analysis of such models considering the standardization of
measurements. By identifying parameters measurable in
various experimental setups, cross-study conclusion extraction
may become easier. Thus, this review summarizes recent
results of experiments on solute transport through the brain
parenchyma. We look at solute transport studies through the
whole brain parenchyma and transport studies at the cellular
scale, where in vitro models also provide interesting input.
Then, we briefly overview the attempts of computational mod-
eling to tie all previous studies together. Finally, we discuss
relevant biophysical parameters that could be used for vali-
dation purposes across all those approaches (Fig. 2).
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Fig. 2 Schematic of the general concept of this review paper. Blue text:
general advantage of the study/model. Red text: major disadvantage of
the study/model. General brain solute transport models should be vali-
dated by both large scale and microscopic scale observations, with the
help of both specific in vitro and in silico approximation to analyse and
understand and validate the brain solute transport models.

Brain-scale transport observations

To observe the fluid movement inside the brain, studies are
mainly conducted in vivo. Since transport through the brain
parenchyma was initially thought to be purely diffusive, experi-
ments over two decades quantitatively measured the apparent
diffusion coefficient (ADC) of tracers in the human brain to
distinguish the gray matter, white matter, and CSF. ADC is
commonly understood as the diffusion coefficient obtainable
from measurements such as magnetic resonance images, and
it was then used to indicate possible methodological uncer-
tainties that may influence the pure diffusion coefficient
measured value. Previously published values of ADC of water
in living humans are (2.9-3) x 10> mm? s~ for CSF, (0.75-1) x
107> mm? s™! for the gray matter, and (0.2-1) x 10> mm?” s™*
depending on which part of the white matter is measured.>**°
At baseline, the self-diffusion coefficient of water at 35 °C is
approximately 2.9 x 107> mm?® s7',>"** which is basically the
same value as the water ADC in the CSF. In a more recent
study, Valnes et al. used diffusion tensor images to determine
the ADCs of water in both gray and white matters, obtaining
1.1+ 0.3 x 107> mm?® s and 0.8 + 0.2 x 107> mm” s, respect-
ively, in the healthy human brain, which is still in the range of
previously mentioned records.*

In a more recent noninvasive study conducted in living
humans, Wu et al. observed complete contrast agent clearance
from the CSF in a span of 18 h maximum on 217 patients,
based on sequential magnetic resonance images after intrave-
nous administration of gadobutrol (Fig. 3A).>* The clearance
from the periarterial spaces to the perivenous spaces and lastly
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Fig. 3 Whole brain flow visualization. (A) Contrast enhanced gadoli-
nium (Gd) T2 FLAIR images. Perivenous enhancement and Gd leakage
are visible (arrows). Follow-up images 18 h after initial images present
no Gd signals.>* © 2020 American Neurological Association. (B)
Computational calculation of ICP variation (colormap) and CSF velocity
u (arrows) due to cardiac pulsations.>® The pulsation is divided in high
net blood inflow (phase 1), end of the net blood inflow (phase 1), inflow
and outflow equilibrium (phase Ill) and high blood net outflow (phase
|V).51

to the meningeal lymphatics was observed, which follows the
path predicted by the glymphatic theory. Other experiments in
the same line revealed that drainage of intrathecally injected
tracers to the lymphatic nodes in the skull base takes up to
24 h.*® These experiments are suitable for the evaluation of
the overall movement of the CSF and ISF inside the brain;
however, observations both in real time and at high resolution
are lacking, inhibiting us from observing brain waste removal
mechanisms in action.

Higher temporal and spatial resolutions can be achieved
while remaining in vivo in animal models using more invasive
observational procedures. A cranial opening is typically carved
in the skull of the test subjects, allowing for detailed obser-
vations of the outer brain layers.’®?” So far, however, these
studies have suffered from the critical issue associated to the
change in the intracranial pressure (ICP) to the atmospheric
pressure.’® Studies have proved that even small variations in
the ICP can significantly change the results of ISF transport
experiments.>**® Notably, increased ICP after intrathecal injec-
tion in the closed skull of mice was one of the controversial
points by which early glymphatic model experiments were cri-
ticized, although later low-flow injections in large brain cav-
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ities do not increase ICP significantly.*® Other factors, which
contribute to change the ICP, including the stage of develop-
ment and position of the subjects during the experiment, tend
to affect the consistency of results across experimental
setups.*™*?* Thus, recently, other techniques that enable the
monitoring of the ICP have been tested. Demeulenaere et al.
mapped the whole mouse brain vasculature by non-invasive
ultrafast ultrasound localization. This technique allowed the
imaging of 0.3 mm x 0.3 mm?® volumes 750 times per s.**
These are incredibly promising results for large-volume, highly
resolved, and non-invasive vasculature imaging that could be
applied to humans; although these types of studies, which
require acquisitions of several tens of seconds and a proces-
sing time of several hours, have not been published yet.

Experiments with living subjects also allow researchers to
monitor effects of the whole organism in brain solute transport,
such as the sleeping state, vascular pulsations, or disease. Studies
on the natural necessity for sleeping and its implications on brain
clearance show that during sleeping hours, brain permeability is
enhanced and the interstitial space volume is increased by up to
60%."** Demiral et al. studied variations in slow and fast ADC in
the sleeping human brain, showing an increase in the overall CSF
volume, but only localized changes in these coefficients in the
sleeping brain. Astrocytes may help regulate sleep homeostasis*®
through changes in their cell volume in favor of greater interstitial
space volume in the sleeping brain, facilitating CSF-ISF flux
throughout the brain."®"” Regarding vascular pulsations,’® a
study suggested the coexistence of different pulsations moving
CSF along perivascular spaces.”” Data from such studies has
recently motivated computational models that also show the
relationship between CSF displacement and ICP variations during
cardiac pulsation cycles (Fig. 3B).>*""

Related studies have shown general behaviors of brain fluid
dynamics, mostly ignoring how microscopic elements such as
the different cell barriers and astrocyte AQP-4 channels may
influence CFS-ISF movements through the brain parenchyma.
One way to identify the relevance on the fluid transport of
those microscopic elements in the brain is to have them be
altered artificially by drugs,'® due to disease or any other
special conditions in the subjects, and then compare them
with control subjects. This notably occurs in Alzheimer’s
disease, where AQP-4 depolarization and glymphatic impair-
ment take place.>® Disease-like effects are also seen in geneti-
cally mutated mice with non-expression of AQP-4.>*7>° To our
knowledge, only a few noninvasive studies on AQP-4-deficient
mice have been published, and some of them have reported a
significant decrease in the water exchange rate between the
brain vasculature and parenchyma through non-invasive
MRI.>* still, most of these studies conduct brain dissection for
microscopic observations.

Cellular-scale observations

For microscopic observations, biopsied brain tissue is usually
collected from animals, postmortem humans, or sometimes

This journal is © The Royal Society of Chemistry 2023
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from living humans as part of another surgical process. The
extracted tissue is then subjected to fixation that preserves it
ex vivo, or when taken from a living subject, it can be kept
alive inside a controlled in vitro microenvironment that pro-
vides it sufficient oxygen and nutrients for its survival. The
latter technique is still not widely used; however, the coupling
of in vitro devices with brain samples can produce very inter-
esting platforms.””*® Fixed brain tissue is much easier to
handle, although the combination of terminal ischemia and
the fixation process induce adverse effects on the cellular
structure of the tissue, up to reducing the ECM space in half.*®

D’Arceuil et al. compared the ADC of primate (macaque)
brains in vivo, postmortem ex vivo, and fixed samples. In vivo
ADC values are in the same range as those in humans, as
stated in the previous section. However, ADC values decrease
in the white matter to 48% =+ 20% and 20% + 16% of the
in vivo value in postmortem ex vivo and fixed brains, respect-
ively. A similar degree of variation was observed for the gray
matter.®” In another study, Thelwall et al. demonstrated that
fixation processes, specifically aldehyde-based fixation, irrever-
sibly reduce cell membrane permeation.®* A more recent study
showed relevant morphological differences in mouse brain
slices between chemical fixation and cryofixation. Specifically,
astrocyte endfeet vasculature coverage appears to rise from
62.9% in cryofixation to 94.4% in chemical fixation (Fig. 4A),
where the ECS has nearly completely collapsed (Fig. 4B).*!
Cryofixation is thought to preserve better the in vivo-like tissue
structure than chemical fixation, although the latter is the
most commonly used. Surprisingly, D’Arceuil et al also
showed that diffusion anisotropy, i.e., the diffusion coefficient
variation as a function of the direction inside the brain tissue,
present in in vivo brains is well preserved in ex vivo fixed
samples.®!

Despite these alterations, we cannot disregard the useful
information about the structure of the BBB and the parenchy-
mal astrocyte endfeet network provided by microscopic obser-
vations in biopsied tissue. Nuriya and Yasui et al. used mice
brain slices to show that astrocytic endfeet revolving around
the brain vasculature constitute a slow diffusive barrier that
may control solute concentrations around the BBB, whereas
the rest of the astrocytic processes present higher diffusion
rates. This local decrease in diffusion rates may allow astro-
cytes to regulate each region of the BBB.'*® Similarly, Ezan
et al. showed that the depletion of some gap junction proteins
present in astrocytic endfeet, which occurs under several neu-
ropathological conditions,®* weakens the BBB, making it leaky
under stress.®® Also, brain disease mice models have proven to
be clinically relevant tools, even showing perturbed patterns of
AQP-4 expression throughout the brain tissue similar to post-
mortem humans in Alzheimer’s disease studies.®®

Deep analysis of brain tissues reveals some differences in
AQP-4 distribution between human and rodent brains. Higher
contents of AQP-4 in human astrocyte’s parenchymal mem-
branes have been reported, whereas endfeet surrounding the
vasculature appear to have similar AQP-4 densities in both
cases.”® When working with AQP-4 null mice, Saadoun et al.
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Fig. 4 Chemically fixed and cryofixed brain tissue presents morphological differences. (A) Average vasculature coverage in cryo and chemically
fixed mouse brain tissue. (B) Electro micrograph images of transversal sections of cryo and chemically fixed cerebral tissue (astrocytic endfeet
colored). Chemically fixed samples present almost complete vasculature covering by the astrocytic endfeet while some uncovered areas can be

seen in cryo fixed samples.?

did not detect abnormalities in brain morphology nor BBB
integrity.®” Even so, under edema conditions, AQP-4 null mice
experience greater brain water accumulation than wild-type
mice,®® suggesting that AQP-4 not only participates in the
inflow of water into the brain (even during brain edema for-
mation),*® but also in the outflow of water from the brain.
However, these experiments are extremely difficult to replicate
in human brain tissues, leaving the door open for extrapol-
ation and interpretation of these results in humans. An
attempt to closing this gap is through engineered culture
systems using human cell lines to approximate the brain
anatomy in vitro or directly employing biopsied living human
tissues, even though the latter is harder to come by.

In vitro models

Brain in vitro models attempted to recapitulate the basic bio-
logical and physical elements of the brain, also known as
brain-on-a-chip (BoC). These models offer researchers con-
trolled; high-throughput systems where precise measurements
can be made. Standard 2D culture systems, which involve
endothelial cells interacting with other cell types through
porous membranes, are simple to reproduce and cost-effective
but lack physiological relevance.”® Instead, 3D engineered cul-
tures are built onto microfluidic devices with cell cultures of
endothelial cells, typically cocultured with pericytes and/or
astrocytes to recreate the structure of the 3D BBB and the
brain tissue as close as possible to the pathophysiological
conditions.”"”* The relevance of these systems would rely on
the correct representation of key characteristics such as engin-
eered ECM composition, endothelial BBB tightness, coculture
cellular interactions, selective permeability and diffusion rates
and pressure and stress responses, among others.”*
Unfortunately, the direct use of human brain cells or brain
tissue is not always possible because the cellular materials are
limited and endothelial brain cells tend to lose their pheno-

3454 | Biomater. Sci,, 2023, 11, 3450-3460

type during the cell handling process.”* Recent studies have
addressed this limitation using human-induced pluripotent
stem cells that differentiate into brain endothelial human
cells.”® This technique have also been implemented in pericyte
cells.”® It is also not uncommon to find in vitro assays using
animal cell lines instead of human cell lines.”>””’® In
addition, as the cell lines of choice for BoC models might vary,
BoC device design and measurement readout are also often
different among models. This variety of BoC platforms compli-
cates cross-model comparisons, which is the reason for the
requests for standardization of measurements on microfluidic
platforms in the last decade.””’®®° van der Helm et al
suggested the use of the measured permeability coefficient or
apparent permeability coefficient of multiple analytes, which
can be calculated in each device, to compare model results
with in vivo measurements. If the geometry of the device
allows for it, they also suggest placing electrodes for measuring
transendothelial electrical resistance (TEER) for barrier tight-
ness assessment.””

The geometrical disposition of the BoC model directly
affects BBB permeability measurements and requires cali-
bration to confirm physical relevance of the model.”” Non-
transwell microfluidic BoC devices (Fig. 5A) enable shear stress
and hydrodynamic pressure effects over the BBB to be con-
trolled by endothelial cells directly in contact with the ECM
that contains supporting cellular coculture. Cylindrical geome-
tries also influence the EC phenotype, morphology, and polar-
ization of key proteins.®’’ However, unlike in 2D and 2.5D,
TEER measurements in cylindrical 3D models are more
difficult and normally substituted by tracer permeability
studies modeled after radial diffusion of molecules from a
cylindrical source.®” In addition, most 3D cylindrical models
have much larger diameters (100-800 pm) than brain capil-
laries. Thus far, the only way to achieve diameters as low as
30 pm is through vasculogenesis; however, it is still in develop-
ment, and the measurement of BBB permeability is very
complicated.®

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Common geometric and cellular compositions of BoC systems.
(A) Schematic of typical setups of 2D, 2.5D, 3D, and vasculogenesis
brain-on-a-chip models. 2D model: EC culture is separated from the
supporting cell cocultures by a porous membrane. Shear stress effects
are hard to maintain, but transport observations and TEER measure-
ments are easy to perform. 2.5D model: non-cylindrical 3D EC culture in
contact with an external ECM containing supporting cell coculture by
one of its walls (2D cell interaction). Shear effects are maintained while
still easing transport observations and TEER measurements. 3D cylindri-
cal model: cylindrical vessel suspended in ECM containing coculture.
Great shear flow and geometrical effects in ECs, but TEER measure-
ments are more complex. 3D vasculogenesis model: ECs grow smaller
capillaries between two larger ones. This method requires specific ECM
compositions, but local measurements are hard to perform.® (B)
Confocal views of 3D BBB coculture models. Schematic, longitudinal
and cross-section views are presented. ECs are colored in pink, whereas
PC and astrocytes appear in green. Scale bar, 200 pm.8®
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An in vivo like BBB structure is achieved in BoC models
when endothelial cells create a continuous layer and present
junctions rich in tight junction proteins (occludin, claudin-5
and ZO0-1).**® The cellular response to shear stress and
pressure in a 3D matrix motivates the formation of these tight
cellular junctions and lowers cell barrier permeability.””’*®
Herland et al. also showed that the coculture of endothelial
cylindrical BBB with pericytes or astrocytes (Fig. 5B)%°
decreases the diffusive permeability of endothelial barriers,
which relates to the diffusive flux through the barrier, against
small molecules (3 kDa). The diffusive permeability values
measured in monoculture conditions were 4 x 107° cm s7%, 3 x
107% em 57" in pericyte coculture and 2 x 107® em s~ in astro-
cyte coculture. This may result from an increase in tight junc-
tion proteins induced by the presence of astrocytes and/or
pericytes. Some experiments use astrocyte-conditioned
medium instead of astrocytes because of its lower cost and
simple storage.’” However, results obtained in BoCs with astro-
cyte-conditioned medium are inconsistent, showing both an
increase and a decrease in BBB permeability.®**® Therefore,
the use of astrocytes is preferred. Other factors that may influ-
ence the BBB permeability are disease-related biochemical
compounds, such as pro-inflammatory cytokines, e.g., tumor
necrosis factor alpha (TNF-a), which decreased severely the
integrity of the cultured BBB.?*%¢

Similar to their in vivo counterparts, cases where in vitro
astrocyte AQP-4 polarization on the endfeet facing the cultured
endothelial barrier have been reported. This phenotype
appears to be specific to 3D cultures.®® Indeed, 2D-cultured
astrocytes become active, a process known as reactive gliosis,
and they present less AQP-4 polarization than when they are
cultured in a 3D hydrogel.”® Even more, the composition of
the hydrogel matrix plays a major role on in vitro astrocyte
development. Hydrogels such as collagen, commonly used
in vitro culture are far from the real brain ECM, where collagen
cannot be found.”® Astrocyte activation and morphology was
different in collagen hydrogels than hydrogels mixing other
components also present in the brain ECM, such as hyaluronic
acid and/or proteoglycan compounds by adding Matrigel.”*
Astrocytes branched much more in hydrogels containing those
three materials and remained unactive, much more like they
are found in vivo. These early approaches towards a more
physiologically relevant in vitro ECM are motivating the design
of glymphatic in vitro platforms focusing on the transport
across astrocyte cultured ECM. Using a 4:1:1 mixture of col-
lagen type 1, Matrigel and hyaluronic acid, a very recent glym-
phatics-on-a-chip was proposed.”® The chip consisted in two
parallel endothelial vessels passing through one common
chamber containing the astrocyte seeded hydrogel. Transport
of an amyloid-p solution from one vessel to the other was
observed but no control over the hydrostatic pressure gradient
between the vessels was incorporated in the design.

For future transport studies, as argued by Wan et al., the
use of relevant ex vivo samples into microfluidic devices and
the fine control of the hydrostatic pressure gradient across the
ECM in glymphatics-on-a-chip would be necessary for accurate
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transport studies through the parenchyma simulation.”
Since this pressure gradient is likely to determine the mecha-
nism of transport driven by diffusion or advection, recreating
the same range of pressure gradients present inside the
brain in vivo for accurate in vitro representation is strongly
advised. Development in this direction is being made: for
instance, Coloma et al studied reverse transport in the
perivascular spaces on in vitro platforms with quantified
fluid transport velocity and different boundary conditions.’®
Still, there is a severe lack of in vitro platforms where pressure
gradient and its consequences onto the brain tissue defor-
mation and permeability are taken into consideration. The
employment of engineered hydrogels, whose composition,
mechanical properties, and influence in cell cultures can be
very well characterized and tuned,”® may ease the future
design of these pressure-controlled glymphatics-on-a-chip
devices. For now, one way to study such effects are compu-
tational models.

View Article Online

Biomaterials Science

In silico models

To broaden our insight into brain solute transport, well known
aspects of brain physiology can be coupled with mathematical cal-
culations of the parenchymal flow in computational/mathematical
models, commonly known as in silico models. In silico models are
constructed to test the robustness of hypotheses extracted from
experimental observations, and they may also serve to find a hier-
archy between parameters that control the solute transport in the
brain.”” Normally, in silico models can be highly detailed but
focused in specific areas of the parenchymal flow phenomena or
broader in their modeling area but sacrificing fine details in favor
of computational viability.*®

Highly localized parenchymal transport in silico models are
capable to use finite-element or even analytical methods in
most cases. Under these settings, models isolate specific sec-
tions of the brain for study. Using a finite-element modeling of
poroelastic brain tissue around a penetrating arteriole,

Table 1 Summary of the parameters used by four selected in silico models and the conclusions extracted from them. Two models do not consider
astrocytes and/or AQP-4 as contributors to flow through the brain parenchyma, but all four conclude that diffusion should be the main transport

mechanism through the brain parenchyma

Model type Ref. Parameters and considerations Conclusions
Hydraulic resistance 102 M Distance between vessels = 300 pm B Whole astrocytes facilitate water exchange through AQP-4 in
model all the CNS tissue.
M Astrocyte domain diameter = 50 pum m Diffusion dominates in the parenchyma. Advection and
diffusion both occur in the PVS.
M Flow pathways: W AQP-4 depletion hinders the flow rate up to 46%.
(1) Endfeet AQP-4 only for water
(2) Inter-endfeet for solutes up to 20 nm
(3) Basement membrane contributions
B Gap junction resistance to water between
astrocytes (2.5-4.5 nm)
M Pressure gradient between consecutive PVS =
226 Pa
103 W Distance between vessels = 200 pm M Pulsation induces 0 net flow in PVS; dispersion might be a
better explanation of fluid movement.
M Vessel radius = 10 pm W Peak fluid velocity is small (<6 nm s™*) regardless of para-
meter change, indicative of mainly diffusion driven flow.
M Pulse frequency = 5 Hz
W Hydraulic conductivity = 5.63 x 107 m®pa~!
s
M Vessel porosity = 0.2
W Pore size = 60 nm
M Parenchyma as solid porous media
Tissue digital 104 M 3D model from the electron microscopy of rat M Extracellular flow velocity of 8.95-16 nm s™*.
reconstruction neuropil
W Pressure gradient =1 mmHg mm ™" B Solute movement is very constrained. Diffusion should be
the main mechanism.
W Diffusion coefficients: M Advection can take place only in the PVS.
(1) Potassium ion = 77 x 10~ cm? s~
(2) 3 kDa dextran = 5.3 x 10" cm?* s~*
(3) 70 kDa dextran = 0.84 x 10~ cm® ™"
B Permeability of the smallest element =
10.7 nm x 19 nm?
105 M 2D model from the primate cerebral cortex W AQP-4 affects only osmotically driven water transport.

W Effective hydraulic conductance of ECM =

x10~° em” per (dyne per s)

W Diffusion coefficients of solute A = 107" m?* s~

and solute B=0.2-5x 107" m”* s™*

B AC permeability = 0-0.4 cm s™"

M Pressure periarterial space = 0-10 mmHg
M Pressure amplitude of pulsation =

0-100 mmHg

3456 | Biomater. Sci, 2023, 1, 3450-3460

0.9 W Diffusion is sufficient to explain results.

! m Advection in the parenchyma is unlikely.

This journal is © The Royal Society of Chemistry 2023
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Kedarasetti et al. found that arterial pulsations could drive
convective flow through the ECM.% Transport through the
perivascular spaces is also a common topic of this kind of
models, either on idealized or image-based geometries.'%*"!
In their perivascular flow model, Vinje et al. found that geome-
try differences between periarterial and perivenous spaces
favor flow velocity in the first ones, which is in agreement with
some previous experimental data.

On the other hand, more complete parenchymal transport
in silico models brain fluid transport commonly consider the fol-
lowing basic elements: an influx source into the ECM (normally
the periarterial space), different transport channels through the
EC (AQP-4 channels, paracellular pathways, etc.), and an outflow
source from the ECM (normally the perivenous space). Flow calcu-
lation may be performed by translating the fluid movement into
an electric circuit based on hydraulic resistance paths'>'® or
simulating the biological tissue based on electron microscopy
images of brain tissue and then implementing Navier-
Stokes'**'®®> and/or Darcy model'**'” calculations on them.

In these hydrodynamic or poromechanic models, parameters
such as the scale, ECM geometry, flow-driving forces, and astro-
cyte contributions, among others, may be implemented differ-
ently,”” which leads to slight differences in their conclusions.
Table 1 shows the parameters and general conclusions of four
example parenchymal flow models. Regardless of small devi-
ations, these four models agree that diffusion through the ECM is
the principal mechanism of transport, as the majority of in silico
brain clearance models do.'®%> However, only two of them
pointed out that astrocytic AQP-4 channels may be a major facili-
tator of ISF flow.'*>'** Meanwhile, more recent general models
describe fluid movement in the brain as the composition of
diffusion with net zero mean flow induced by the cyclic arterial
pulsation, i.e., dispersion,'®” which also substitutes the need for
advective flow to explain brain clearance.'%®

Some issues arise with the use of in silico models when
trying to approach specific experimental conditions, for
example, AQP-4 depletion in the brain or disease-like con-
ditions. Models tend to represent such states as a variation of
some of their computational variables, such as trans-mem-
brane water resistance or a decrease in the interfeet gaps of
astrocytes.'®'1® Meanwhile, in vivo experiments have shown
that, in the case of AQP-4 depletion for example, the ECM
volume fraction and diffusivity throughout the brain is also
altered.™" This issue is less severe in localized in silico models,
which can portray a more accurate representation of those
phenomena thanks to being focused on a relatively small area
of the brain physiology. Therefore, it should be of great interest
to build computationally viable models that can incorporate
the findings of both in vivo studies and other specific in silico
models into a generalized parenchymal transport model.

Conclusions and future perspectives

In this review, we have summarized the scale and limitations
of current solute brain transport studies, considering their

This journal is © The Royal Society of Chemistry 2023
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reach and relevant parameters that can be obtained from
them. Undoubtedly, in vivo studies are the most relevant of the
brain clearance phenomena. However, studies in living
humans fail to provide macroscopic readouts that definitely
clarify the physical mechanisms of transport and clearance,
although projects toward this goal are ongoing.''> There is a
lack of sensitivity for probing interstitial flow. Therefore, other
studies should support and seek an explanation of such beha-
viors at a smaller scale with high-resolution observations. To
confirm the results of different models efficiently, several steps
toward the standardization of measurements should be taken.

On this review, we saw through the different sections how
important correct brain tissue representation is when evaluat-
ing experimental results. Employment of ex vivo samples runs
into the disadvantage of substantially modifying the brain
tissue properties, due to terminal ischemia and fixation. In
vitro models suffer of inaccurate ECM representation and poor
control of the periodic gradients applied to the brain tissue by
cardiac pulsations. In silico models lose detail when englobing
different areas of the brain. The common issue among these is
being distant from brain tissue physiology or the inaccurate
representation of it in the case of in silico models. We think
that relevant progress on the matter would be possible by
including soft material physics into the equation, both on
in vitro and in silico models.

When it comes to transport across the brain tissue, we
propose diffusion coefficients as good standardizing candi-
dates. Most in silico brain transport models include the
diffusion coefficients of the solutes that they simulate as
general calculation parameters. Similarly, ADCs or diffusive
permeability englobe microscopic effects such as AC AQP-4
contributions to diffusive flow macroscopically. They can be
calculated from MR images of living brains®® and in ex vivo
tissue, even though the values obtained ex vivo are typically
lower than that obtained from in vivo measurements.®""%* It
would be interesting if the lowering ratio between in vivo and
ex vivo ADCs remains in the same range in every direction of
the brain tissue due to the conservation of diffusion an-
isotropy.®! This would allow the ex vivo ADC values to be taken
more quantitatively. The measurement of effective diffusion
coefficients in vitro (especially from 3D microfluidic cylindrical
models) can also be a relatively simple task. Unfortunately, as
discussed previously transport through the ECM is still not the
main topic of brain in vitro models. Improving the in vitro
ECM physiological relevance and allowing pressure control
would be major milestones in the development of relevant
glymphatics-on-a-chip models.

Because the flux by diffusion is conservative, brain-scale
measurements can be connected to local insights on the BBB.
In this context, the porosity of the barrier, or equivalently the
diffusive permeability, are relevant to standardized validation.
In vitro models allow BBB permeability measurement relatively
easily through TEER measurements and tracer transport
studies; however, most studies do not provide such measure-
ments in their publications. On the other hand, BBB per-
meability measurement in vivo is yet a challenging task.
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Without observing the flow through the BBB at the micro-
scopic scale in humans, only general fluid movement inside
the brain can be used to infer BBB permeability. This could be
solved with measurements on biopsied in vivo tissue in plat-
forms such as BoC devices, and computational models can
implement BBB permeability as one of their variables as the
validation test for the permeability values obtained from other
experiments.

In summary we discuss the necessity for cross-model vali-
dation parameters for brain clearance and solute transport
studies. This review compiled the outputs from different tech-
niques used to examine brain solute transport mechanisms.
This is a complex process, involving the transport across the
BBB, diffusion, and periodic pressure actuation by the cardiac
pulses. A lack of attention to the coupling of the periodic
pressure actuation and the soft, elastic brain tissue was
observed. Interest in this matter is starting to rise, which can
be seen in the depiction of dispersion fluid movements or por-
oelastic properties of the brain tissue implemented in some
mathematical models. However, in vitro platforms are still
behind and need to incorporate pressure controlling elements
for a precise glymphatics-on-a-chip model development. We
believe that this type of device would become a powerful tool
in brain disease drug assessment and overall brain research.
Finally, regarding the questions of data integration, we suggest
that it is possible by defining simple and multiscale readouts
such as ADCs when regarding parenchymal transport and cell
barrier permeability in the case transport across the BBB, both
representative of the overall brain tissue. However, we think
that this analysis will be even more powerful after the effect of
periodic pressure and ECM permeability/mechanical pro-
perties in the context of dispersion of fluid in the brain tissue
are clarified first.
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