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Abstract: Brain interstitial system (ISS) is a nanoscale
network of continuously connected tubes and sheets
surrounding each neural cell in the central nervous sys-
tem. ISS usually accounts for ~20% of the brain volume,
far more than the cerebral blood vessels, which account
for 3%. The neuronal function, signaling pathways, and
drug delivery are all closely related to the microenviron-
ment provided by ISS. The objective of this paper is to give
the readers a clear outline of detection, anatomy, func-
tion, and applications of ISS. This review describes the
techniques propelling the exploration for ISS in chrono-
logical order, physiological function and pathological
dysfunction of ISS, and strategies for drug delivery based
on ISS. Biophysical features are the focus of ISS research,
in which the diffusion characteristics have dominated.
The various techniques that explore ISS take advantage of
this feature. ISS provides an essential microenvironment
for the health of cells and brain homeostasis, which plays
an important functional role in brain health and disease.
Direct intracranial administration allows the diffusion of
drugs directly through ISS to successfully bypass the
blood-brain barrier that prevents most drugs from
reaching the brain. With the deepening of understanding
of the brain ISS, the new research model that takes into
account brain cells, cerebral vessels, and ISS will provide
a new perspective and direction for understanding, uti-
lizing, and protecting the brain.
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Introduction

Brain interstitial system (ISS) is a nanoscale network of
continuously connected tubes and sheets surrounding each
brain cell; the space between adjacent neural cells is also
known as extracellular space (ECS), filled with mesen-
chymal fluid (ISF) and extracellular matrix (ECM), which
dissolves a variety of the substances needed for brain cell
function, including metal ions, nutrients, hormones, and
neurotransmitters (Figure 1). Meanwhile, the ISS is also a
key microenvironment for the removal of toxic metabolites.
Despite being only 20-60 nm in width, the ISS typically
occupies 15-30% of the brain volume (Lehmenkuhler et al.
1993; Sykova and Nicholson 2008; Van Harreveld and
Steiner 1970). Therefore, the ISS should not be neglected,
due to its important contents and its considerable volume
fraction (@) in the brain. Over the last 60 years, as some
important functions of the extracellular space continue to be
discovered, the ISS has been in the center of the researchers’
interest. One of the most exciting findings was that the @ and
the metabolic clearance of ISS changed dramatically during
the sleep-wake cycle (Ding et al. 2016), suggesting its active
regulatory role in brain physiology. We know far less about
ISS than we do about the two main compartments of the
brain, neurons, and glial cells, which is largely limited by
research techniques. These channels’ width is estimated at a
scale of tens of nanometers which is smaller than an optical
microscope’s resolution; however, it is eliminated by most
traditional electron microscope procedures. As a result, the
limited knowledge regarding the ISS has urged experts of
the field to investigate it, thus emerging new research
methods. Therefore, this article will review the arduous
process of exploring ISS.

With the advent of new research
techniques, the mystery of ISS is
being revealed

The exploration of the ISS focuses on two aspects: geo-
metric structure imaging and the estimation of physical

parameters related to the structural characteristics under
physiological and pathological conditions. Most of our
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Figure 1: Diagram of ISS. (A) The geometry
of ISS in a typical brain section. Yellow
marks the ISS between the gray brain cell
processes. The volume fraction of the ISS

extracellular; /.
matrix §

ey i is roughly 20% under physiological
M/ &S conditions. (B) Enlarged image of the
% &5 black box areas in (A). Highlights physical

parameters contributing to ISS diffusion
characteristics, including brain cell
geometry (gray) and ECM (diagramed as a
mesh of multicolored
glycosaminoglycans and proteoglycans).

understanding of ISS in brain tissue is derived from
molecular diffusion studies, which infer the structural
parameters of ISS through the diffusion of extracellular
probe molecules (Saghyan et al. 2012). At each stage of
technological development, multiple methods exist
simultaneously. Therefore, this review will cover only the
representative ones.

The beginning of ISS exploration

Prior to the imaging of the brain’s ultrastructure, mea-
surements of diffused ion concentration had shown that
ISS accounted for approximately 20% of the total volume of
brain tissue. The method of direct diffusion measurements
is to introduce detectable substances into ISS and measure
the distribution of their concentrations in space and time
(Sykova and Nicholson 2008). As far back as the 1950s,
Allen estimated the ISS of rat brain through an in vitro
diffusion technique with the use of sodium ferrocyanide
and inulin, which does not penetrate the living cells of the
nerve tissue. In the experiment, acute slices of rat brains
were incubated in an isotonic solution containing the two
compounds. Following the allowance for diffusion and
equilibration, the concentration of the test substance was
determined in both brain slices and the external medium.
The space of diffusion could then be calculated. The values
obtained are 17 and 14.5 ml per 100 gm, respectively (Allen
1955). The tissue distribution space was calculated by the
equation

C;(mg/gm)

1
Cn(mg/mi) " 1%

Space (ml/100gm) =
where C; is the equilibrium concentration in tissue and C,,
is the concentration in the medium. Today, the volume
fraction is denoted by a. This experiment solved a rather

Figure modified from Odackal et al. (2017).

complex problem in a pretty simple way. Furthermore, the
results were confirmed by various in vivo experiments us-
ing subsequently developed resistivity measurements and
diffusion analysis.

More than a decade later, Fenstermacher and col-
leagues established the workable in vivo radiotracer tech-
nique. In short, the method was to stereotaxically perfuse
the subarachnoid space of an anesthetized animal with a
radiotracer, PH]-inulin and [**C]-sucrose, for 2-3 h. After
perfusion, the brain was rapidly removed, frozen, and cut
into a series of coronal sections. Rectangular strips of
cortical tissue were cut perpendicular to the surface and
then serially sectioned into either 0.5 or 1.0 mm thick slices
by a single stroke of a special multibladed knife (Figure 2).
Each section was weighed and the radioactivity measured
to obtain a profile of the concentration of the radiotracer at
different distances from the surface at the time the animal
was sacrificed. The tissue distribution space was calculated
by the equation similar to Allen’s

C
Space (%) = ?0 x 100%
1

\
cerebral cortex

Figure 2: Drawing of a coronal section of one of the cerebral
hemispheres. The strips of brain tissue used for analysis were cut
from the coronal section. The parallel lines running across strip
illustrate the subsequent serial sectioning of this strip into 0.5 mm
thick slices. Figure modified from Levin et al. (1970).
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where Cy, is the equilibrium tissue concentration and C; is
the inflow solution concentration. The experiment
concluded that the ISS space in the larger animals,
i.e., rabbit, cat, dog, and monkey, is about 17-20%. In
addition, the physical parameters of diffusion were
measured, which are the effective diffusion coefficient (D*)
and the free diffusion coefficient (D), respectively (Levin
et al. 1970). The technique was refined over the next few
years. The value of D* was estimated by the following
equation

& = erfc< X>

Co 2vDxt
where erfc stands for the complementary error function. C,
stands for concentration at distance x from the ventricular
border of the caudate nucleus (the detected brain region),
where concentration is C, (Patlak and Fenstermacher
1975).

In the analysis of the brain ISS, the tortuosity A is a
common calculation parameter that characterizes the
hindrance to diffusion in the tested tissue compared to that
in a free medium, which is calculated from the ratio of the
two experimental measurements as:

A=+D/D"

The radiotracer data indicated a A between 1.4 and 1.7
(Blasberg et al. 1975; Fenstermacher and Kaye 1988;
Fenstermacher et al. 1974; Rosenberg et al. 1980). While the
technique was effective, it relied on postmortem mea-
surements of concentration in fixed and sectioned tissue
and therefore did not provide spatial and dynamic infor-
mation. These limitations have largely eliminated the use
of the method.

Since the width of ISS is nanoscale, its ultrastructure
should only be monitored by electron microscopy (EM),
which is the only imaging method capable of providing a
detailed structure of the nervous system. However, the
traditional EM using chemical fixation showed a space of
less than 5%, which is due to the significant shrinkage and
distortion of the tissue (Karlsson and Schultz 1964;
Katzman 1961). During this stage, researchers had been
trying to explore new fixation methods to overcome the
failure of chemical fixation. Anton Van Harreveld intro-
duced a method of rapidly freezing exposed living brains at
a temperature of about —207 °C, followed by substitution
fixation in acetone containing 2 percent 0sO, at -85 °C.
Instantaneous freezing preserved the distribution of water.
However, as the tissue slowly freezes, the formation of pure
ice crystals condensed the solute. Freeze-substitution
revealed a distinct extracellular space in the central
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nervous system (Vanharreveld et al. 1965). However, only
the outer 20 pm tissue is free from ice crystal damage, and
the method is not widely used. The improvement of fixed
methods has never stopped. Based on the viewpoint that
the loss of ISS during traditional fixation was caused by the
cell swelling to replace the ISS due to ingestion of water,
Cragg attempted to perfuse the brain from the aorta with
isotonic sucrose (0.28 M) solution sequentially under high-
pressure (300 mm Hg) and physiological pressure; this
opened the blood-brain barrier and washing out the
extracellular fluid with isotonic sucrose without changing
the size of the cell. It was then fixed with a 1:1 mixture of
isotonic solution of 1% glutaraldehyde with 1% formalde-
hyde in phosphate buffer and isotonic sucrose. This
method succeeded in preserving ISS (Cragg 1979).
Recently, Korogod and colleagues used rapid, high-
pressure freezing on adult mouse neocortex. The tissue
was cut into approximately 200 pm thick and was then
high-pressure frozen. Subsequent procedures, including
staining, dehydration, and embedding, were performed at
a low temperature. The physical parameters of ISS were
quantified by 3D reconstruction and measurement of the
electron microscope images by using image analysis soft-
ware, e.g., FIJI software. Compared with chemical fixation,
cryogenic fixation not only retained a physiological
extracellular space, but also revealed larger numbers of
docked synaptic vesicles, a smaller glial volume, and a less
intimate glial coverage of synapses and blood vessels
(Figure 3) (Korogod et al. 2015).

The establishment of the gold standard

This period began with the emergence of the real-time
detection of living tissue. Still, based on the biophysics of
diffusion, the “point source paradigm” theory was applied
to ISS exploration. The realization of this theory depends on
the use of specific small monovalent ions and micropipettes
or microelectrodes for both releasing ions and sensing the
concentration of the ions. The probe ions were released in
the form of a point source into the brain ISS by a constant
current pulse to the glass micropipette with a tip diameter of
a few micrometers and freely diffused away from the point
source along random paths. Ion-selective microelectrodes
(ISMs) positioned roughly 100 pm away from the release
point determined transient concentration changes of the
probe ion. The voltage on the ISM represented the number of
molecules, i.e., concentration (Nicholson 1993; Nicholson
and Phillips 1981). From those measurements, a and the A
can be calculated. The real-time iontophoresis (RTI)
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Figure3: Chemicalfixation reduces cortical
volume and extracellular space. (A) The

EM of cryofixed neuropil. (B) The EM of
conventional chemically fixed neuropil.
The volume fraction of ISS (pseudo-
colored in blue) decreases after chemical
fixation. Figure modified from Korogod

et al. (2015).

method, based on the “point source paradigm” theory, had real-time. The most commonly used exogenous probe ion
become the gold standard for quantifying the ISS of the for the RTI is the small monovalent cation tetramethy-
brain, and been used extensively (Figure 4). The method can lammonium (TMA) with M, = 74. Moreover, cation tetrae-
track any changes in the diffusion properties of brain tissue thylammonium and the anions a-naphthalene sulfonate
in both physiological and pathological conditions in

iontophoretic

temperature
probe

indifferent electrode

ACSF at 2 mL/min

«a—

outlet inlet

a

and hexafluoroarsenate have also been used (Nicholson and

Figure 4: Setup for RTl experiments in agar.
(A) Setup for the experiment in dilute
agar. A small porous container containing
diluted agar gel is placed in a flow
perfusion chamber. An iontophoresis
microelectrode (left side) and an ISM
(right side) are held by microelectrode
holders. A temperature probe is placed in
the agar gel and an indifferent grounding
electrode is placed in the immersion
chamber. (B) Enlarged image of
microelectrodes in agar gel.
Microelectrodes are positioned to a depth
of 1000 pm. The distance between the
microelectrodes is 120 pm.

Figure modified from Odackal et al. (2017).
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Phillips 1981). The RTI-TMA data has determined that « is
~0.2 in most adult brain tissues, and the A is generally ~1.6,
confirming the earlier research results.

Although the implementation of RTI is an outstanding
advance in ISS research methods, there are several limi-
tations. This method’s utilization precondition is tissue
homogeneity and isotropy. However, the cells in different
brain regions are arranged in very distinct ways, which is
why the distance between a point source and the ISM is not
too large, usually roughly 80—-130 pm. Moreover, when less
than 50 pm, the ISM response may not be fast enough to
record concentration changes in probe molecules (Odackal
et al. 2017). Saghyan and colleagues, in their study of
laminar brain structures exemplified by the hippocampus,
derived a generalized diffusion equation for inhomoge-
neous environments and confined numerical solution for
layered structures (Saghyan et al. 2012).

By this time, techniques were developed to precisely
measure the diffusion characteristics of small molecules/
ionsinlocal regions of the brain. However, many candidate
molecules as extracellular signals, trophic factors, or
protein-based drugs can be large, and the previous
research methods were no longer applicable. Nicholson
and colleagues developed an optical technique, known as
integrative optical imaging (IOI), which enabled precise
determination of the diffusion properties of fluorescently
labeled macromolecules of different sizes and also
revealed the ISS’s typical width. Macromolecules labeled
with a fluorophore were releases from a micropipette and
then imaged by using a fluorescence microscope. The
method was based on a re-evaluation of the theory of
out-of-focus images without the need to optically section
the tissue; therefore, the resulting image was not in the
conventional sense, but a cloud of photons mapped onto
the memory of a computer. The recorded image was fitted
with a theoretical expression. From this fitting, the diffu-
sion parameters were obtained (Hrabetova and Nicholson
2007; Nicholson and Tao 1993).

Quantitative visualization of dynamics in the
ISS

Previous studies were unable to establish the true shape of
the ISS. The advent of powerful imaging technologies is
beginning to assist in its imaging, adding in the bibliog-
raphy relevant to ISS exploration. This section will present
three recent visualization approaches based on magnetic
resonance imaging (MRI) (tracer-based MRI) and super-
resolution microscopy [single-molecule imaging of single-
walled carbon nanotubes (SWCNTs)] and super-resolution
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shadow imaging (SUSHI) that can visualize the ISS and
extract information about its local viscosity, A or a in living
brain tissue.

Han et al. investigated the ISS in vivo animal models
using the tracer-based MRI technique which can not only
globally visualize the dynamic transportation of tracers in the
ISS of deep brain regions, but also quantifies diffusion
parameters in tracer transportation and ISS structure.
Gadolinium-diethylene triamine pentaacetic acid (Gd-DTPA),
as a tracer, was stereotaxically injected into the ISS of the
animal’s target brain regions. Gd-DTPA is commonly used as
a positive contrast agent to enhance MR image signal in-
tensity (SI) (Ibrahim et al. 2020), which can be weakened due
to the time-dependent diffusion and elimination of tracer in
ISS (Figure 5). The change of Sl is a linear function of the local
Gd-DTPA concentration. Therefore, by measuring the SI
shown on the MR image, the dynamic process involved in
Gd-DTPA in ISS can be tracked in real-time, and the bio-
physical properties conform to the classical diffusion equa-
tion. The advantage of Gd-DTPA as a tracer of ISS lies in its
biological inertness, thermal stability, and few translocations
to the nerve cells (Caravan et al. 1999; Han et al. 2012).
Compared with the difficult operation of RTI and the limited
imaging thickness of I0I, tracer-based MRI is easier to achieve
imaging of deeper tissues in vivo (Hou et al. 2017; Teng et al.
2018; Wang et al. 2019). It is beneficial for us to explore ISS in
any brain region. A breakthrough was that ISS was proven to
be a physiologically partitioned system that varies between
different brain regions and, even within the same brain re-
gion, between different cortical laminae. Its division was
characterized by the unique distribution territory and trans-
portation ability of substances located in it, based on the
experimental fact that although the caudate nucleus was
adjacent to the thalamus, no tracer transport was observed
between regions. Moreover, the effective diffusion coefficient
D* and A were statistically significant (Hou et al. 2017).

Super-resolution microscopy in living brain tissue
broke new ground in studying brain ISS. It is believed that
the single-molecule tracking technique should be suitable
for revealing the ISS nanometric environment in living
brain tissue. In single-molecule microscopy, the highly
luminescent probes that can be efficiently individually
detected by an optical microscope is usually used.
SWCNTSs, a near-infrared nanoprobe, were considered to be
the most suitable candidate probes. SWCNTSs have a higher
spatial and temporal resolution and higher optical tissue
penetration depth due to its long emission wavelength, less
light scattering, and tissue spontaneous fluorescence
interference. In 2009, Welsher and coworkers prepared a
new type of SWCNTSs by coating the surface with a layer of
phospholipid-polyethylene glycol (PL-PEG) molecules to
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Figure 5: Transportation of Gd-DTPA and
Lucifer Yellow in rat brain ISS. Gd-DTPA
and Lucifer Yellow were injected into the
caudate nucleus and transferred from the
injection site to the ipsilateral frontal and
temporal cortex, while both of them
injected into the thalamus only stayed
near the injection site. Although the
caudate nucleus is close to the thalamus,
Gd-DTPA and Lucifer Yellow did not
transport between them. C-Gd, Gd-DTPA
in the caudate nucleus; C-LY, Lucifer Yel-
low in the caudate nucleus; T-Gd, Gd-
DTPA in the thalamus; T-LY, Lucifer Yellow
in the thalamus. Figure modified from Hou
et al. (2017).

improve their water solubility and biocompatibility and level to be imaged at video rate for an extended period
achieved the first whole animal imaging (Welsher et al. (Fakhri et al. 2010), which is almost impossible for spher-
2009). Moreover, the high aspect ratio and the rigidity of ical nanoparticles. Godin et al. combined super-resolution
the SWCNTSs with a length of 500-1000 nm and a diameter imaging with SWCNTs to directly observe the local ISS
of 1-5 nm can moderate their diffusion rates at a fairly low structures and rheology in brain tissue (Figure 6). PL-PEG

B Acute brain slice imaging

Brain extraction
and slice preparation

Invivo SWCNT
injection

986 nm

Figure 6: Single-molecule tracking of luminescent SWCNTSs in ISS in living neonatal rat brain. (A) SWCNTs were injected into the lateral
ventricles of living rats. (B) Luminescent SWCNTs were imaged in brain slices. (C) Color-coded trajectory of a single SWCNT diffusing in ISS in

living cortical slice (20,000 data points). Figure modified from Godin et al. (2017).
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SWCNT solutions were delivered into lateral cerebroven-
tricles of young rat brains. The snake slithering-like
movements of individual SWCNT exploring the ISS could
be resolved with video rate fluorescence imaging. The
location of the nanotube center extracted from each film
frame in the imaging plane was obtained by a two-
dimensional asymmetric Gaussian fitting analysis of the
recorded long movies of a single SWCNT diffusion occur-
ring over more than 20,000 frames. A large number of
nanotube localization coordinates were pooled to create a
super-resolution image of the ISS that directly unveiled the
spatial, nanoscale, and structural A of acute brain slices
which were very similar with those obtained by cryo-EM
(Korogod et al. 2015; Van Harreveld and Steiner 1970). The
SWCNT super-resolution imaging was also used to reveal a
diverse ECS in both healthy and neurodegenerative
context. Quantitative analysis detected that SWCNTs
exploration covered a significantly broader ECS area in the
brain of synucleinopathy mice (Soria et al. 2020). In sum,
this optical approach revealed that the ISS is a maze of
interconnected polymorphic compartments that are struc-
tured down to the nanoscale and bear specific diffusive
properties (Godin et al. 2017).

The research by Tgnnesen and colleagues yielded
surprising outcomes. They combined three dimensional-
stimulated emission depletion (3D-STED) microscopy and
fluorescent labeling of the extracellular fluid with a
diffusible fluorophore to develop SUSHI of brain ISS.
SUSHI enables quantitative analysis of ISS spatial topology
revealing dynamics. STED microscopy is a volumetric
super-resolution imaging technique. In the standard STED
approach, by silencing the peripheral fluorophores of the
excited spot, leaving only the very center zone vigorous for
fluorescence, the effective point spread function could be
immensely squeezed, thus greatly improving the resolu-
tion (Li et al. 2018). This technique has been successfully
applied to the real-time analysis of nanoscale neural
morphology of living tissue. The 3D-STED can improve the
spatial resolution in the z-direction by distributing the
STED light intensity more isotropically around the excita-
tion focus (Lenz et al. 2014; Wildanger et al. 2009). In
SUSHLI, the extracellular fluid was labeled with a diffusible
biology fluorescent dyes, such as calcein and Alexa Fluor
488, which stayed outside of the cells. The labeling strategy
enabled visualization of the ISS, and the cell bodies and
their processes appeared to be dark voids resembling
shadows embedded in the surrounding fluorescent. Dark-
ness and brightness were exchanged through the image’s
inverted grayscale lookup table. That is, cellular structures
were inversely labeled and stand out, enabling detailed 3D
reconstructions of unlabeled cells (Figure 7). Based on the
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high-contrast images provided by SUSHI, the authors
estimated the ISS a by binarizing the images. « was then
simply the ratio of the number of above-threshold pixels to
the total number of pixels for a given region of interest,
ranging from 5 to 36%, with a mean of 19 + 10% in orga-
notypic brain slices, and showing wide regional variations
across different layers of the hippocampus and a relatively
spacious distribution of the extracellular space around
dendritic spines (Arizono et al. 2020). The width of the ISS
was also quantified by analyzing intensity peaks in line
profiles measured across the neuropil. Their widths ranged
from around 50 nm to well above 1 um (Tonnesen et al.
2018). With SUSHI imaging, the synaptic clefts can be
identified and the gap between pre- and postsynaptic
contacts can be measured (Inavalli et al. 2019).

So far, although SUSHI provided unprecedented opti-
cal access to the structure and dynamics of the ISS, they
were still only applied to brain slices. In theory, SUSHI is
feasible in vivo using cranial windows, but craniectomy
reduces arterial pulsatility and decreases glymphatic flow
(Plog et al. 2019), which can cause some distortion in fluid
dynamics and likely in drug distribution.

Physiological function and
pathological dysfunction of ISS

Physiological function

ISS provides an essential microenvironment for the health of
cells and brain homeostasis, which plays an important
functional role in brain health and disease. The development
of ISS studying methods has enabled the exploration of its
functions. ECM is an important component of the ISS. The
adult brain has a unique ECM composition with almost
negligible presence of collagen and other fibrillar ECM pro-
teins (Zimmermann and Dours-Zimmermann 2008). The ECM
of the brain is enriched with proteoglycans, glycoproteins,
small linker proteins, matricellular proteins, and important
enzymes that regulate the ECM deposition and degradation. A
large portion of the proteoglycans in the central nervous
system (CNS) consists of chondroitin sulfate proteoglycans,
including aggrecan, versican, neurocan, and brevican,
collectively termed lecticans (Yamaguchi 2000). They are also
known as hyalectans for their ability to bind to hyaluronic
acid (HA; hyaluronan) (lozzo 1998; Krishnaswamy et al.
2019), which are instrumental regarding the maintenance of
ISS volume and normal brain activity (Perkins et al. 2017). A
lack of HA leads to a reduction in the volume of ISS in the
brain, which in turn either triggers or intensifies epileptic
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activity (Arranz et al. 2014). Its geometry constitutes a corridor
for diffusion-mediated transport and clearance of substances,
covering both relatively short distances (tens to hundreds of
nanometers), such as chemical synapses and extrasynaptic
receptors, and significantly longer distances (micrometers to
centimeters), just like volume transmission and metabolite
removal, where bulk flow may play a role (Hrabetova et al.
2018).

Compared to adults, ISS volume significantly increases
during postnatal development, while A significantly de-
creases. Additionally, the effective diffusion coefficient in
the first days of postnatal development was significantly
lower than that of adults, and the clearance rate constant

Super-resolution shadow imaging (SUSHI)

Shadow image

Live-tissue
nanoscope

Figure 7: Super-resolution shadow

imaging (SUSHI) of the ISS in living brain
tissue. (A) Super-resolution 3D-STED mi-
croscopy combined with fluorescence la-

£ 50- beling of the interstitial fluid reveals the

g complex spatial structure of the ISS in

% 40+ o living brain tissue. (B) The overview of the
S 30+ hippocampal CA1 area, illustrating the

g 20- different ISS volume fractions in the ori-

(_3) ens (OR), stratum pyramidale (PYR), and

</>) 101 stratum radiatum (RAD). (C) Statistical

8 0- analysis of hippocampal volume fraction.

Figure modified from Tonnesen et al.
(2018).

(k’) was greater than that of adults (Yang et al. 2016). Larger
ISS channels during development facilitate the transport of
large molecules, such as growth factors, providing better
conditions for cell migration (Sykova 2004).

ISS stores all of the extracellular ions that are neces-
sary to maintain the resting and action potential of cells
and to allow the release of transmitter molecules on
synapses. Compared with other ions, K* is a relatively more
noteworthy signaling agent in the ISS. Fluctuations in local
K" concentration are more likely to cause changes in
membrane potential as extracellular Na* and CI~ concen-
trations are too high to be effectively regulated. During the
neuronal action potential, the release of K' into the
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restrictive ISS results in transient increases in [K'], and
associated glial cell swelling, which further induces the ISS
shrinkage (Ballanyi et al. 1987). ISS and glial cells act as a
buffer system for K" during neuronal activity.

In addition to the involvement of ion channel transport
and intracellular signaling pathways in the homeostatic
plasticity of neural networks, the importance of ECM mole-
cules cannot be ignored. Emerging evidence suggests a syn-
ergistic interplay between ECM and metabotropic receptors in
homeostatic plasticity. Several studies have revealed that the
interaction between metabotropic glutamate receptors
(mGluRs) and cell adhesion molecules (CAMs) plays a crucial
role in regulating the localization and signaling of the
mGluRs. ELFN1 [extracellular leucine-rich repeat (LRR) and
fibronectin type Il domain-containing 1] which is a member
of the family of LRR CAMs, interacts trans-synaptically with
class III mGluRs (Stachniak et al. 2019; Wang et al. 2017),
thereby retaining mGluRs selectively at synapses between
certain neurons. The enrichment of mGluRs reduces neuro-
transmitter release probability and endow these synapses
with their distinctive short-term facilitation properties by
negative feedback mechanisms (Tomioka et al. 2014). Not
only can the extracellular environment control mGluRs, but
the signal transduction of mGluRs can also regulate the
extracellular environment. Stimulation of mGluRs activates
the tumor necrosis factor-a-converting enzyme (TACE).
TACE-induced extracellular proteolysis involves in down-
regulation of excitatory transmission (Cho et al. 2008).
Dopaminergic and serotonergic neuromodulation control the
activity of disintegrin and metalloprotease with thrombo-
spondin motifs (ADAMTS). ADAMTS-mediated proteolytic
modifications of ECM are associated with inactivity-induced
homeostatic synaptic upscaling (Valenzuela et al. 2014).

The transport through the ISS in the brain is involved in
the “glymphatic” flow of cerebrospinal fluid from the para-
arterial to the para-venous spaces, known as perivascular
space (PVS) defined as the space between the penetrating
arteries of the brain and the layer of pia mater that is carried
inward with the developing vessels. The brain lacks the
traditional lymphatic drainage system. Instead, glial cells
act as a major part of the lymphatic pathway, known as the
“glymphatic” pathway. Glymphatic transport occurs
extensively in brain physiological and pathological pro-
cesses, including clearance of proteins (B-amyloid) linked to
neurodegenerative diseases (Iliff et al. 2012) and toxic me-
tabolites, and removal of excess fluid brain edema. Over
short distances, most substances move through the narrow
and tortuous ISS in brain parenchyma by a diffusive
mechanism. Three kilodalton dextran molecules injected
into the cisterna magna moved into the perivascular spaces
around brain capillaries and then spread through the ISS

Y. Sun and X. Sun: Demystifing the brain extracellular space —— 371

before apparently leaving the brain via deep perivenous
pathways. According to this result, it is believed that a
bulk flow containing macromolecules performs this trans-
port rather than diffusion. It was therefore proposed that
the paravascular glymphatic pathway driven by bulk
flow constitutes a major clearance pathway of interstitial
fluid solutes from the brain’s parenchyma (Iliff and
Nedergaard 2013). But the glymphatic mechanism and
role of aquaporin-4 (AQP4) has been questioned (Hladky
and Barrand 2014; Spector et al. 2015). The efficiency of
glymphatic transport increases significantly during sleep
and is associated with an increase in a in the cortex, sug-
gesting that this was a mechanism for removing metabolic
waste from the brain (Xie et al. 2013). Furthermore, the
sleeping brain shows cerebrospinal fluid (CSF) flow on a
macroscopic scale, which is expected to alter waste removal
because pulsating fluid dynamics can increase mixing and
diffusion (Fultz et al. 2019).

Pathological dysfunction

Alterations in the physical and physiological parameters of
ISS, including a, A, and extracellular matrix components
have been linked to brain development, aging, trauma, and
many other fundamental processes and diseases of the
brain. The changes in these parameters may serve as
important indicators of pathological processes and post-
treatment recovery.

Edema under various pathological conditions, usually
accompanied by the swelling of astrocytes, is believed to be
the major cause of changes in the ISS diffusion parameters.
Recent studies suggest that neurons also contribute to
edema formation (Murphy et al. 2017; Rungta et al. 2015).
The used models of cytotoxic edema included: anoxia,
oxygen-glucose deprivation, ischemia, hypotonic stress,
and hypoxia (Chmelova et al. 2019). Both neuron and glia
swelling during hypoxia and energy substrate deprivation
are caused by large ionic shifts in the ISS. [K']., extracel-
lular acidification, and excitatory amino acids, particularly
glutamate, significantly increase, together with an intra-
cellular Na" and CI™ accumulation (Hansen 1985; Sykova
1983, 2004). Transmembrane ion transfer leads to an
osmotically forced water influx and the development of
cytotoxic edema, profoundly impacting brain cell function.
Due to the limitations of the skull, the cell swelling inevi-
tably leads to a reduction in ISS volume, followed by the
decrease of a from about 0.20 to about 0.05 and the in-
crease of the A from 1.5 to 2.1 (Lundbaek and Hansen 1992;
Sykova et al. 1994). After an ischemic stroke, CSF flowed
rapidly into brain tissue along perivascular spaces,
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causing swelling (Mestre et al. 2020). The swelling after
stroke leads to an increase in the area of dead space in ISS,
block the drainage pathway of ISF, and eventually delay
the diffusion (Arbel-Ornath et al. 2013; Zoremba et al.
2007).

Due to the biophysical changes in the ISS, the
impaired ability of substance transportation has contrib-
uted to a series of brain diseases, especially neurode-
generative. It is plausible that either the causality is
reversed or the two are mutually reinforcing. Research on
ISS diffusion parameters of neurodegenerative diseases
mainly focuses on Alzheimer’s and Parkinson’s disease
(AD and PD, respectively). A core feature of AD is the
increase in amyloid-p (AB) peptide synthesis by neurons
and aggregates of AP which form plaques in the ISS,
which worsens with advancing age. AD model mice
exhibited a marked decrease in ISF flow and an increase
in ISS volume (Sykova et al. 2005). There is evidence to
support that Ap deposition in the ISS directly blocked ISF
flow from the superficial cortex-caudate nucleus into the
deep brain to the third ventricle and then disturbed the
ISF-CSF cycle between the cortex and hippocampus in AD
mice. This suggests that Ap-blocked ISF flow contributes
to the onset of AD (Yue et al. 2019). Brain ISS disturbances
have been implicated in PD pathogenesis. The MRI tracer-
based method demonstrated the change of ISS diffusion
parameters in a PD model, including a decrease in A and
an increase in D* in the 6-OHDA-lesioned substantia
nigra; however, k’ was inconsistent (Fang et al. 2017; Ren
et al. 2016). PD is accompanied by astrogliosis and
changes in the extracellular matrix, which in principle
can cause the increase in A and the decrease in k’ (Roitbak
and Sykova 1999; Sykova et al. 1998). A possible expla-
nation is that dopamine neurons are approximately five
times longer than astrocytes; thus, the progressive loss of
more than 75% of the neurons in the SN was the primary
contributor to the reduction in A and an increase in D*
(Reum et al. 2002).

The growth of brain tumors, especially gliomas, can
destroy the normal structure of the brain tissue. The ISS
volume fraction has therefore been recognized as a strong
biomarker for tumor response and treatment efficacy (Jain
1987). Cell migration may depend largely on the size and
geometry of the ISS. Compared to the average values of a
(0.24) and A (1.55) in normal brain tissue, the average a was
as large as ~50% in anaplastic astrocytomas and glio-
blastomas, and the increase in A to 1.67-1.77 can be
attributed to astrogliosis (Han et al. 2014; Li et al. 2013;
Reynaud et al. 2016; Vargova et al. 2003; Zamecnik et al.
2004). The lower D* and k’, and a longer half-life were also
found in gliomas. The mechanisms behind the altered
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diffusion parameters are associated with distinct glioma
ECM components. ECM components such as chondroitin
sulfate proteoglycan, tenascin C, and type IV collagen were
elevated in glioma (Song et al. 2017).

Detailed knowledge of the ISS
network foster new strategies for
drug delivery

New CNS medications have been suffering from the poorest
success rates compared to other therapeutic areas. The main
challenge is that numerous lipid-insoluble small molecules
and most macromolecules drugs are largely unable to ach-
ieve sustained and targeted CNS delivery. The greatest
hurdle for effective CNS delivery is the blood-brain barrier
(BBB), which limits the transfer of substances between the
plasma and the interstitial of the CNS. Various new drug
delivery strategies based on overcoming the BBB have been
explored, including drug delivery carriers (e.g., viral vec-
tors, nanoparticles, and exosomes), active transporters,
brain permeability enhancers (e.g., mannitol, and puerarin
with borneol), non-invasive techniques (e.g., microbubble-
enhanced diagnostic ultrasound), and alteration of admin-
istration routes (e.g., intranasal delivery) (Dong 2018). Direct
intracranial delivery would eliminate the need for drugs to
cross the BBB. The discovery of a subdivision drainage
system in the brain opens up the possibility of ISS as a new
approach to drug delivery, which can succeed in bypassing
the BBB that prevents most drugs from reaching the brain.
Most drugs that have failed to be developed orally or intra-
venously can be revived. This review describes three of the
promising approaches for direct intracranial delivery of
agents: polymeric-controlled release, convection-enhanced
delivery, and simple diffusion delivery.

Polymeric-controlled release system

The polymeric-controlled release provides a way for local
delivery of tumor chemotherapy to circumvent the BBB,
allowing delivery of chemotherapy drugs directly to ma-
lignant cells in the brain. Controlled release systems are
designed from both degradable and nondegradable poly-
mers as carriers of chemotherapy, which are implanted at
the time of tumor removal or biopsy, and therefore not
requiring additional invasive procedures (Saini et al. 2004)
(Figure 8). Polymers introduce a sustained drug-source
for up to months after one single treatment and maximize
local concentration while minimizing systemic toxicity.
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Figure 8: Intracranial placement of Gliadel® wafer. The wafer is
implanted into a human brain following surgical resection of the
tumor. Each wafer is 14 mm in diameter, 1 mm in thickness.
Figure modified from Fleming and Saltzman (2002).

Biodegradable polymers are more common as controlled-
release carriers than nondegradable systems. The common
copolymer systems used intracranially include polybis
(p-carboxyphenoxy) propane-sebacic acid (DiMeco et al.
2002; Hsu et al. 2005), fatty acid dimer (Lin et al. 2005),
polylactic acid, polyglycolic acid, and their copolymer
polylactic-co-glycolic acid (PLGA) (Mu and Feng 2003).
More recently, N-(2-hydroxypropyl) methacrylamide
(HPMA) copolymer biomaterials, a water-soluble synthetic
polymer carrier is studied in-depth, which has excellent
water solubility, biocompatibility, and non-immunogenic
properties. The high molecular-weight star-like polymeric
materials based on HPMA copolymers show superior effi-
cacy and tumor accumulation (Kostka et al. 2020). The
diffusion distance of the controlled-release system and
local drug concentration is limited by the diffusion char-
acteristics of ISS. Low diffusion coefficients and a high rate
of elimination result in drug delivery distance limited to
millimeters (Haller and Saltzman 1998). Therefore,
considering poor drug penetration and limited drug dosage
by the implant size, one of the research directions of
polymer drug delivery systems should increase the size or
be used in enough amount to deliver clinically relevant
drug dosage (Sawyer et al. 2006).

Convection-enhanced delivery

Convection-enhanced delivery (CED) makes up for the
defects of polymeric-controlled release systems to some
extent. CED was first proposed and introduced by Bobo
and coworkers in 1994 (Bobo et al. 1994) to facilitate the
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delivery of drugs that are too large to effectively diffuse
over required distances and bypass BBB. In CED, an
infusion catheter is connected to a syringe pump, which
maintains the desired pressure gradient, to deliver ther-
apeutics directly through the interstitial spaces of the
brain (Figure 9). It can achieve an infusion distance of
more than 1 cm from the site of injection and large vol-
umes of high drug concentrations with minimum systemic
toxicity (Garg et al. 2015). Polymeric nanocarrier for the
delivery of medications by CED can further improve the
antitumor efficacy. The PLGA nanoparticle vector (Arshad
et al. 2015), polyethylene glycol dimethacrylate injectable
hydrogel (Fourniols et al. 2015), and liposomes (Nordling-
David et al. 2017; Shi et al. 2018) demonstrated various
antitumor degrees, increased distribution, reduced
clearance, and decreased neuronal toxicity. The main
challenge for CED is to achieve an optimal infusion rate to
avoid backflow along the cannula track. In principle, it is
considered the optimal infusion rate when the therapeutic
volume is delivered in the least amount of time without
any reflux (Garg et al. 2015). CED has been a powerful tool
for drug delivery used to deliver a variety of therapeutic
compounds (neurotrophic factors, antibodies, growth
factors, genetic vectors, and enzymes) for a diversity of
neurodegenerative diseases, such as Alzheimer’s disease
and Parkinson’s disease, and glioblastoma tumors.

Simple diffusion delivery

Han et al. (2011) proposed a novel technique for delivering
drugs into the brain, named the simple diffusion delivery

CED catheters

Peritumoral

edema

Figure 9: Process and characteristics of convection-enhanced de-
livery. One or more catheters are inserted into the interstitial spaces
of the brain. A consistent, pressure-gradient, generated using an
infusion pump, deliver therapeutic agents homogeneously into
clinically significant volumes of distribution. CED: convection-
enhanced delivery; GBM: glioblastoma multiforme. Figure modified
from Reardon et al. (2006).
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(SDD). It is based on the findings of the brain ISS divisions
and the properties of substance transport in each division by
tracer-based MRI technique. SDD has shown outstanding
advantages in the treatment of stroke models, based on the
fact that in the absence of recanalization of blood vessels
following ischemia, the traditional administration methods,
such as oral and intravenous administration, provide lower
volumes of drugs into brain tissue. The upstream of the ISF
drainage area in the ISS partition of the middle cerebral
artery blood supply zone was used as a drug import point,
where cytidine diphosphate choline (CDPC) was stereotax-
ically delivered. Drug molecules can travel to brain regions
by diffusion without the aid of external pressure. According
to the diffusion rate of water-soluble small molecules, the
distribution of drug molecules in ISS and the time and
concentration range of reaching the proposed protection
zone were estimated, and the prophylactic administration
was finally determined. Only 1/800 conventional dose of
CDPC achieved six times the neuroprotective effect, better
than the conventional route (Xu et al. 2011). Compared with
CED, the SDD process without continuous pressure avoids
unwanted backflow, uncontrollable distribution, and tissue
damage.

Summary and future prospects

With the deepening of understanding of the brain ISS, the
study of the CNS is expected to upgrade from two di-
mensions only considering brain cells and blood vessels to
three. The new research model that takes into account
brain cells, cerebral vessels, and ISS will provide a new
perspective and direction for understanding, utilizing, and
protecting the brain (Lei et al. 2017). From the biophysical
perspective, the diffusion properties of ISS can be used
both to detect its elusive structure and to reveal the major
mechanisms for the transportation of molecular signals
and neuromodulators (Nicholson and Hrabetova 2017).
From the perspective of drug delivery strategies, ISS will
need to be further developed as an important conduit to
bypass the BBB for intracranially local drug delivery. On
the contrary, its diffusion properties also affect the distri-
bution and clearance of drug molecules, so changing the
diffusion properties may improve the therapeutic effect of
medication.
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