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A B S T R A C T   

The brain extracellular space (ECS) is a vast interstitial reticulum of extreme morphological complexity, 
composed of narrow gaps separated by local expansions, enabling interconnected highways between neural cells. 
Constituting on average 20% of brain volume, the ECS is key for intercellular communication, and understanding 
its diffusional properties is of paramount importance for understanding the brain. Within the ECS, neuroactive 
substances travel predominantly by diffusion, spreading through the interstitial fluid and the extracellular matrix 
scaffold after being focally released. The nanoscale dimensions of the ECS render it unresolvable by conventional 
live tissue compatible imaging methods, and historically diffusion of tracers has been used to indirectly infer its 
structure. Novel nanoscopic imaging techniques now show that the ECS is a highly dynamic compartment, and 
that diffusivity in the ECS is more heterogeneous than anticipated, with great variability across brain regions and 
physiological states. Diffusion is defined primarily by the local ECS geometry, and secondarily by the viscosity of 
the interstitial fluid, including the obstructive and binding properties of the extracellular matrix. ECS volume 
fraction and tortuosity both strongly determine diffusivity, and each can be independently regulated e.g. through 
alterations in glial morphology and the extracellular matrix composition. Here we aim to provide an overview of 
our current understanding of the ECS and its diffusional properties. We highlight emerging technological ad
vances to respectively interrogate and model diffusion through the ECS, and point out how these may contribute 
in resolving the remaining enigmas of the ECS.   

1. The brain extracellular space is a dynamic microenvironment 

In aqueous medium, small particles move randomly by Brownian 
motion, as they collide with the water molecules surrounding them. This 
phenomenon is the basis of diffusion, which is the primary mechanism 
governing the movement of molecules over the short distances between 
cells. With the exception of ions or molecules moving through gap 
junctions, all intercellular signalling of the brain takes place through the 
narrow interconnected compartments that constitute the extracellular 
space (ECS). Diffusion within the ECS is therefore critical for neural 
function, and its study has captivated a niche of devoted researchers for 
>60 years. Along this journey, it has remained technically challenging 
to describe accurately the ECS structure. On one hand, the minute 
widths of the individual ECS channels –only a few tens of nanometres 
wide– defy the spatial resolution of conventional light microscopy, 

while on the other, standard sample preparation techniques for electron 
microscopy alter substantially ECS geometry and overall structure. 
Recent developments in light and electron microscopy provide nowa
days a clearer picture of the ECS, enabling a more precise assessment of 
its topology and diffusive properties (Soria et al., 2020a). 

As the ECS is confined by structurally dynamic cells, the ECS itself is 
an inherently dynamic compartment. ECS dynamics may result from the 
relatively fast protraction or retraction of microglial processes, struc
turally plastic myelin sheaths, or neuronal and astrocyte swelling, which 
are all commonly and constantly occurring phenomena. These structural 
dynamics span various timescales, ranging from hours, as in the case of 
sleep-wake cycle (Xie et al., 2013), to seconds in the case of epilepsy 
(Colbourn et al., 2021). The ECS channels, thus, increase and decrease in 
width, which conceivably toggle channels between open states and blind 
passages, so-called “dead-space microdomains”. These local ECS 
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changes transiently alter the molecular diffusion paths, with conse
quences for neuronal activity and information processing. 

The geometric structure of the ECS is not the only dynamic param
eter that may influence diffusion. A major interstitial fluid (ISF) con
stituent, the extracellular matrix (ECM), undergoes continuous turnover 
and acts as a plastic diffusional barrier that changes qualitatively and 
quantitatively, including under pathological conditions (Krishnaswamy 
et al., 2019; Lau et al., 2013; Vargová and Syková, 2014). The ECM is 
anchored to cellular membranes by a hyaluronan backbone interlaced 
by proteoglycans and linker proteins. It forms a hygroscopic gel-like 
meshwork that serves both as ECS scaffold and as signalling hub 
(Dityatev et al., 2010b; Gaudet and Popovich, 2014). The ISF, which is in 
essence cerebrospinal fluid modified by the signalling and metabolic 
processes of the neuropil, fills the ECS and serves as the transport me
dium for the solutes and metabolites essential for collective cell func
tion. These are transported within the narrow interstitial spaces, and 
through the larger perivascular space, which is basically an extension of 
the brain ECS. This perivascular ECS is associated with capillaries and 
other vessels, and is essential for diffusion between the brain inter
stitium and blood circulation (Pizzo and Thorne, 2017). 

With its system of interconnected compartments, the ECS is thus a 
never-ending reservoir for diffusing ions and signalling molecules and a 
conduit for waste products that reflects the metabolic and communica
tional status of the surrounding cells. This brain extracellular microenvi
ronment –i.e. the ECS and its constituent ISF and ECM– is, thus, a key 
component for brain function and its tight regulation. The ECS repre
sents, on average, 20% of total brain volume in adult mammals and 40% 
in the neonatal brain (Syková and Nicholson, 2008). Understanding its 
dynamics, and especially how they affect the diffusion of molecules, is 
critical to understand how the brain works, and therefore how can we 
solve its problems when pathology ensues. 

Here we aim to provide an overview of our current understanding of 
the ECS and its diffusional properties, highlighting recent advances in 
microscopy and mathematical diffusion models. We focus on local 
diffusion in interstitial spaces, across nano- to micrometers, as we 
consider it likely that these are the scales where the majority of sig
nalling molecules exert their effect. We will not address the movement 
of fluid by convective bulk flow, as the importance of this is still being 
debated and because it expectedly becomes less important on smaller 
spatial scales compared to diffusion. There is experimental support for 
bulk flow in periarterial spaces, though it remains unclear whether it 
contributes to the transport of substances through interstitial spaces. 
There is an opportunity for a new avenue of research that would address 
this question experimentally. Readers interested in bulk flow and the 
controversy about the glymphatic hypothesis and related concepts are 
referred to recent literature (Abbott et al., 2018; Bohr et al., 2022; 
Hladky and Barrand, 2022; Rasmussen et al., 2018), including a review 
article in this issue of Neurobiology of Disease. We conclude the review by 
identifying unsolved questions in the field, and suggesting how future 
developments may be implemented to tackle them. 

2. What does the brain ECS look like? 

It is understandable that simultaneously (or even prior) to the study 
of how molecules move through the ECS, researchers have also tried to 
image it and visualize its structure. As we mentioned earlier, the narrow 
dimensions of the ECS make them exceptionally difficult to study, and it 
is reasonable that the first technique used to explore it was electron 
microscopy (EM). It was later recognized that chemical fixation and 
conventional tissue processing techniques reduce the ECS volume 
considerably by tissue swelling and sample dehydration, and early on an 
ECS preservation technique was developed by Van Harreveld and col
leagues in California (Van Harreveld et al., 1965). In this pioneering 
work the sample was first stabilized by rapid freezing cryofixation, 
instead of chemical fixation by glutaraldehyde cross-linking, to prevent 
water loss and to immobilize structures in their hydrated state. By slowly 

substituting frozen water by resin, tissue blocks could be then sliced into 
ultrathin sections and contrasted for EM, while better preserving ECS 
geometry. The success of this approach relies on minimizing the time 
from euthanasia to cryofixation, and it works better in relatively thin 
tissue samples that can be rapidly frozen. An in vivo adaption has been 
reported, where − 193 ◦C isopentane–propane is poured directly onto 
the exposed mouse brain followed by immediate slicing (Zea-Aragón 
et al., 2004). This allows cryofixation of superficial layers of the brain. 
Still, perhaps the most interesting variant of the technique is the recent 
use of ultrarapid high-pressure freezing (HPF) followed by freeze sub
stitution embedding (McDonald and Auer, 2006; Sosinsky et al., 2008), a 
method that cryo-immobilize the parenchyma without the formation of 
ice crystals, therefore better preserving membranes and cellular struc
tures. This minimizes freezing artifacts, at least in the outermost layers 
of tissue (Studer et al., 2008), and renders possible accurate EM snap
shots of the neuropil in areas such as the mouse neocortex (Korogod 
et al., 2015) or the substantia nigra (Soria et al., 2020b). Beyond the 
outermost cortical areas, there are still no optimal approaches for fixing 
tissues without introducing structural artifacts. Some authors have 
argued, for instance, that certain cryofixation-EM estimations (e.g. 
astrocytic coverage of cerebral blood vessels) are in conflict with long- 
standing physiological data (Abbott et al., 2018). It seems plausible 
that the truth may therefore lie somewhere between the cryofix and 
chemical fixation methods. 

Analysis of EM images of cryofixed tissue, or alternative ECS pres
ervation methods that use membrane-impermeant buffers during fixa
tion (Cragg, 1980; Kasthuri et al., 2015; Pallotto et al., 2015), revealed 
that the ECS represents between 15 and 20% of the parenchyma 
(Fig. 1A, B), and it is inhomogeneous in terms of channel widths, dis
playing large variations across micrometre scales. These studies found 
that although the average ECS width is indeed around 40–80 nm, as 
predicted by Thorne and Nicholson (2006), the local geometry of the 
ECS is highly heterogeneous, with small gaps of 10–20 nm, but also 
many spaces in the range of 200–500 nm (Fig. 1C). The large, several 
tens of nm “pools” are scattered throughout the neuropil and predictably 
have profound implications for diffusion (Fig. 1D). For instance, large 
widths were found in perisynaptic spaces, suggesting that neurotrans
mitter spill over can diffuse into large volumes of interstitial fluid before 
running into other cell membranes (Korogod et al., 2015). Similarly, an 
increase in the number of large pools were found after neuro
degeneration (Soria et al., 2020b), suggesting that transit of small 
molecules is slowed down in certain areas after cell death. 

EM requires tissue fixation, and despite remarkable ECS preservation 
by the described cryofixation techniques, EM is limited to providing 
single snapshots of a highly dynamic neuropil. Furthermore, since the 
tissue is lifeless, no experimental intervention is possible after imaging, 
and no physiological diffusion can be measured. Here, live imaging 
using fluorescence microscopy comes to the rescue. Laser-scanning mi
croscopy modalities, such as confocal and 2-photon microscopy, provide 
high lateral resolution and good optical sectioning (although axial res
olution is significantly worse than in the x-y plane), and have been used 
to visualize the live ECS. However, extracting geometrical ECS data is 
still difficult because of the diffraction-limited resolution of these tech
niques, rooted in the diffraction of light (Abbe, 1882). At around 250 
nm, this limit prevents the vast majority of ECS channels from being 
resolved, and renders the ECS a largely homogenous blur. Still, by 
labelling the ISF with a membrane-impermeant fluorophore, researchers 
have been able to visualize in vivo the ECS with two-photon excitation 
(Iliff et al., 2013; Kitamura et al., 2008; Kuo et al., 2020; Xie et al., 
2013), even if fine ECS details cannot be resolved. The work of Kitamura 
is particularly interesting, as they used the ECS labelling to visualize 
somata as shadows, and target these for patch-clamp in vivo. Again, 
dendrites, spines, or glial processes appeared too blurry to be 
discernible. 

Super-resolution microscopy has proven critical to overcome this 
optical resolution limitation, and among the myriad of modalities that 
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have been developed in recent years, stimulated emission depletion 
(STED) microscopy is particularly well-suited to image fine structures in 
live neural tissue (Calovi et al., 2021). Tønnesen and colleagues adopted 
the ISF labelling approach, though instead of pairing it with 2-photon 
microscopy, they used 3D-STED that has nearly a thousand-fold better 
volume resolution. This allowed them to visualize the ECS geometry 
directly, and correspondingly the cellular constituents of the neuropil as 

dark shadows (Tønnesen et al., 2018). An added advantage of the ISF 
perfusion labelling scheme is that bleached fluorophores are continu
ously replenished from the practically infinite reservoir of the labelled 
perfusion solution, thereby nearly eliminating bleaching and phototox
icity. Tønnesen and colleagues were able to observe nanoscale changes 
in the structure of the ECS in response to 2-photon glutamate uncaging 
or local tissue laser lesioning in organotypic hippocampal slices. This so 

Fig. 1. Nanoscale imaging of the brain ECS. (A) Electron micrographs of high-pressure cryo-fixed vs. aldehyde-fixed mouse neocortex. Cryo-fixation allows for better 
preservation of ECS dimensions, since tissue structures retain their original hydrated positions. (B) The ECS volume fraction in cryo-fixed tissue is closer to phys
iological values (15–20%) than in chemical-fixed tissue, where the ECS shrinks. (C) Image analysis of cryofixation-EM images reveal heterogeneity of ECS dimensions 
in the midbrain, with a “channels” and “pools” appearance and dimensions up to 500 nm. These local ECS width maps are created from parkinsonian (Lewy Body- 
injected, or LB) and control (noLB) substantia nigra. Scale bar = 1 μm. (D) Pathology (in this case, neurodegeneration) can alter the balance of channels and pools, 
enlarging the ECS locally, and thereby effectively altering the ECS structure. (E) SUSHI image of the hippocampal neuropil (bright) and ECS (dark) in live tissue, 
revealing the complexity of the ECS compartments. Scale bar = 2 μm. (F) Intensity profile of the magenta line in (E). (G) Frequency distribution of ECS dimensions in 
live brain tissue, revealing a continuum of widths from 50 nm up to more than a micron. (A) and (B) are from Korogod et al., 2015, eLife. (C) and (D) are from Soria 
et al., 2020b, Nat Commun, both with permission (https://creativecommons.org/licenses/by/4.0/). (E) to (G) are from Tønnesen et al., 2018, Cell, with permission 
from Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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called super-resolution shadow imaging (SUSHI, Fig. 1E, F) approach 
offers around 50 nm lateral resolution, and has confirmed the complex 
organization and heterogeneous distribution of ECS geometries. Anal
ysis of SUSHI images suggest that, rather than a classification into 
discrete bins of “channels” and “pools”, the heterogeneity of ECS di
mensions is better represented by a continuous lognormal distribution 
(Fig. 1G), similar to recent data from cryofixation-EM images. Whereas 
EM still offers higher spatial resolution, a key advantage of SUSHI is that 
it allows monitoring of ECS geometry in real-time and at high temporal 
resolution. It has been applied recently to observe nanoscale ECS 
changes in response to local or global stimuli, such as remodelling of 
astrocytic microstructure and depletion of local ECS occurring upon 
hypo-osmotic challenge (Arizono et al., 2021). Ongoing developments 
in STED microscopy to improve imaging depth and correct aberrations 
will facilitate similar experiments in acute slices and in vivo (Calovi 
et al., 2021). 

3. Measuring diffusion in the brain ECS 

As we mentioned earlier, the submicron dimensions of the ECS make 
it exceptionally difficult to study, and this hurdle has only been sur
passed very recently by novel light and electron microscopy techniques 
(Soria et al., 2020a). Traditional methods, such as real-time iontopho
resis of tetramethylammonium (RTI-TMA) and derivatives, albeit 
providing lower spatial resolution and limited information on ECS to
pology, have been the workhorse of the field since its inception, deliv
ering a wealth of diffusional data across species, ages and experimental 
paradigms (Nicholson and Hrabětová, 2017; Syková and Nicholson, 
2008). Diffusion measurements can be performed in a wide array of 
preparations, ranging from classical brain slices and newly developed 
brain organoids to more complex in vivo setups. While measurements in 
intact animals provide information closer to the ground truth, acute 
slices continue to be the most used preparation for their versatility and 
ease of use. We have summarized the strengths and limitations of the 
different preparations in Table 1. 

It is interesting to note that some methods that measure diffusion 
also provide information about the ECS structure. They usually report 
what is known as ECS volume fraction, which is the ratio of ECS volume to 
total tissue volume within a chosen region of interest, and is often 
referred to as α. As we mentioned earlier, α is reportedly between 0.15 
and 0.2 depending on brain region, with a tendency to decrease with age 
and in certain pathological conditions (Syková and Nicholson, 2008). 
The other parameter that is frequently used to represent the ECS struc
ture in diffusion measurements is tortuosity (λ) (Nicholson, 2001), 
which is a measure of the hindrance that molecules experience while 
traversing the ECS. It is defined as the square root of the ratio of the free 
diffusion coefficient D and the effective diffusion coefficient D*, which 
changes with ECS geometry and ISF constituents. Tortuosity is higher 
when molecules diffuse more slowly than predicted from D alone, i.e. 
when D* is low: 

λ =
̅̅̅̅̅̅̅̅̅̅̅̅
D/D*

√
(1)  

while homogenous diffusion D remains constant for a molecule of a 
given radius R, at a certain temperature T and in a medium of viscosity η 
(k is the Boltzmann’s constant): 

D =
kT

6πηR
(2) 

Hindrance to molecular diffusion in the ECS can be also described by 
diffusion permeability θ (Hrabe et al., 2004), sometimes referred to as 
relative diffusivity, which is simply the ratio of D*/ D. This is a useful 
parameter that can be used for linear comparisons of diffusion in 
different media, and as shown in eq. (1), it is directly related to tortu
osity when the sample is brain tissue. It should be noted, though, that in 
most fields the measurement of tortuosity is not derived from diffusion 
measurements. It just so happens that this works well for the brain ECS. 

As derived from Eqs. (1) and (2), ECS tortuosity is not only deter
mined by the size and structure of the ECS, but also by the size of the 
diffusing molecule and by ISF viscosity. Hence, tortuosity, and therefore 
diffusion permeability, is affected by obstacles that the diffusing mole
cule might encounter in its journey. These obstacles are the molecular 
constituents of the ISF, such as the dense sugars and macromolecules of 
the extracellular matrix. Other hurdles such as extracellular protein 
aggregates or plaques, especially in pathological states, might also play a 
role (Syková, 2004). Tortuosity is about 1.6 in isotropic brain regions 
such as the majority of the cerebral cortex (Lehmenkühler et al., 1993; 
Syková and Nicholson, 2008). However, in brain regions predominantly 
composed of fiber tracts, molecules diffuse more readily along the fibres 
than across, resulting in different values of tortuosity in these directions 
(Rice et al., 1993; Syková and Nicholson, 2008). Classical example is 
diffusion in the corpus callosum, where λ is 1.46 along the fibres and 
1.72 across (Vorísek and Syková, 1997). 

To measure diffusion in the ECS, RTI-TMA uses a glass micropipette 
to inject a precise amount of an inert molecule (in this case TMA+) into 
the tissue by iontophoresis. An ion-selective microelectrode placed 
about 100 μm from the source micropipette measures the resulting ion 
concentration change as a function of time, providing a diffusion curve 
where the researcher can extract both α and λ by comparing the mea
surement to an identical measurement of free diffusion in aqueous so
lution (Nicholson and Phillips, 1981; Odackal et al., 2017). The ECS 
diffusional properties measured with the RTI method are the average 
volume fraction and the average tortuosity of the tissue volume that sur
rounds the respective source and recording electrode pair. It is, there
fore, a volume-averaging technique that describes the ECS at the tens to 
hundreds of microns scale. This technique is highly versatile and has 
been used in brain slices and in vivo to explore the ECS properties across 
brain regions in neonate and adult rodents, including cortex (Mazel 
et al., 2002; Voří̌sek and Syková, 1997; Yao et al., 2008), hippocampus 
(Hrabětová et al., 2009; Mazel et al., 1998; McBain et al., 1990), 
midbrain (Cragg et al., 2001), striatum (Reum et al., 2002), and white 
matter (Simonová et al., 1996; Vorísek and Syková, 1997), among 
others. 

While these studies have been conducted mostly in rodents, volume- 

Table 1 
Applicability, strengths and limitations of the different experimental paradigms used to measure ECS diffusivity in brain tissue, assessed at the date of manuscript 
preparation (December 2022). For instance, while a cultured slice allows for longer time-lapse and better optical resolution than an acute brain slice, the latter is closer 
to the physiological ground truth. In vivo paradigms represent the brain ECS more accurately, however electrophysiology or other concurrent techniques are more 
difficult to implement. Finally, while brain organoids are a highly versatile preparation, they are a relatively new model where the interstitial spaces grow without in 
situ patterning, and it remains unknown to what extent they recapitulate a physiological ECS as in in vivo or ex vivo brain tissue.  

Experimental 
preparation 

Physiological ground 
truth 

Local diffusion ECS 
data 

Achievable optical 
resolution 

Time-lapse 
recordings 

Ease & cost of 
application 

Concurrent 
techniques 

In vivo ++++ +++ +++ ++++ ++ ++

Acute slices +++ ++++ +++ +++ +++ ++++

Cultured slices ++ ++++ ++++ ++++ ++ ++++

Organoids + ++++ ++++ ++++ + ++++

(Best: ++++; Worst: +) 
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averaging methods have been used to extract ECS parameters from other 
species as well, first with radiotracers (1970’s) and later with RTI 
(1980’s onwards), allowing comparative studies. These other species 
include monkey (Blasberg et al., 1975), dog (Patlak and Fenstermacher, 
1975), frog (Prokopová-Kubinová and Syková, 2000) and turtle (Rice 
et al., 1993), although they are often limited to one or two selected brain 
regions only. While measurements in turtle reported higher α (0.35) and 
anisotropic λ (1.44 to 1.98) in the cerebellum, all other species returned 
values similar to those found in rodents. Interestingly, while Cragg et al. 
(2001) measured an α value of 0.3 in the guinea pig midbrain using RTI- 
TMA, work with cryofixation-EM and carbon nanotubes in the same 
region, but in the mouse, found a more conventional value of 0.2 (Soria 
et al., 2020b). 

Another point-source method, integrative optical imaging (IOI), uses 
a fluorophore as diffusing molecule and a widefield microscope with a 
fast CCD camera to visualize the diffusion gradient into the tissue from 
the tip of the pipette (Nicholson and Tao, 1993). This is also a volume- 
averaging method, and ECS geometric structure remains obscured. It 
enables the analysis of planar diffusion across areas defined by the 
effective field of view of the microscope, and it can be applied in brain 
slices ex vivo (Hrabetová et al., 2003) or in vivo (Thorne and Nicholson, 
2006). Time-resolved IOI is a recently developed variant of the tech
nique that improves ten-fold the measurement time resolution to around 
1 Hz, allowing detection of faster fluctuations in extracellular diffusion, 
e.g. in the context of cortical spreading depression (Hrabe and Hrabe
tova, 2019). An interesting variant of the RTI method provides faster 
measurements, by employing an oscillating concentration of TMA+

released at the point source in a sinusoidal time pattern. This creates 
diffusion waves with a particular frequency and amplitude, which are 
altered (delayed and attenuated) by the underlying ECS structure, 
providing also α and λ (Chen and Nicholson, 2002). Recent refinement in 
the data analysis of this technique facilitated ECS fluctuations to be 
resolved with high temporal resolution (Chen et al., 2019). 

Microfiber imaging is a technique that resembles the RTI-TMA 
method, in the sense that it measures an experimental diffusion 
gradient between two probes. In this case, the method uses light instead 
of electrical current, and a membrane-impermeant fluorophore as the 
diffusing agent. Two micro-optical fibres measure fluorescence intensity 
in the overlying solution and inside the tissue, where the fluorophore 
distributes in the ECS. Since a proportion of the fluorophore will be 
displaced by cellular structures, the difference in fluorescence intensity 
between the tissue and the exterior will scale with the ECS volume 
fraction α. Despite the apparent simplicity and low cost of the method, 
its use has been limited, and reported by a single lab (Zhang and 
Verkman, 2010). 

Two-photon microscopy has been used to visualize point-source 
diffusion of fluorescent molecules in live brain tissue. Stroh et al. 
(2003) calculated the diffusion parameters of a large macromolecule, 
nerve growth factor (NGF), by imaging rat brain slices pressure-injected 
with fluorophore-conjugated NGF. The researchers estimated a rather 
high tortuosity of 2.2 in striatum, which might be explained by the large 
size of NGF or by its binding to NGF receptors, which are highly 
expressed in the brain. The lab of Dmitri Rusakov used two-photon 
microscopy to measure diffusivity in acute slices in combination with 
electrophysiology, to address how variations in ECS diffusivity affect the 
activation of glutamate receptors (Savtchenko and Rusakov, 2005). In a 
more recent study, this team used two-photon microscopy not to 
investigate point-source diffusion, but instead to read out molecular 
rotations of a fluorophore homogenously dispersed in the ISF using 
polarization-sensitive optical filters. Observed variations in fluorescence 
polarization with respect to the polarization of the excitation laser can 
be attributed to differences in the ECS viscosity, and the approach can 
therefore be used to probe viscosity at the high spatial resolution of a 2- 
photon microscope. The technique, termed “time-resolved fluorescence 
anisotropy imaging” (TR-FAIM), is independent of fluorophore con
centration and has been used to measure nanoscale diffusivity in the 

extracellular compartment around synapses in rat hippocampal slices 
(Zheng et al., 2017). Here, the authors found that molecules move, on 
average, 30% slower in the ECS than in free medium, and up to 46% 
slower inside the synaptic cleft. 

Diffusion permeability inside and outside of the synaptic milieu has 
been a topic of great interest for years, due to its implications for syn
aptic transmission and neurotransmitter spillover and uptake (Barbour, 
2001; Rusakov et al., 2011). More recently, nanoscopic approaches, 
such as single-molecule tracking, have been used to provide maps of ECS 
diffusivity in local environments, for example in the vicinity of the 
synapse (Paviolo et al., 2022). Here, researchers determined that in the 
immediate area around the synaptic cleft, within 500 nm of the post- 
synaptic density (termed “juxta-synaptic” space), molecules diffuse 10 
times faster than outside this space. This study made use of carbon 
nanotubes as ECS fluorescent probes, tracked individually by near- 
infrared video microscopy, an approach pioneered by the lab of Lau
rent Cognet in Bordeaux that returns parallel diffusional and structural 
data of the ECS at super-resolution (Godin et al., 2017; Paviolo et al., 
2020). Greater diffusivity measured near the synapse correlated with 
increased ECS dimensions, suggesting that around the cleft, the ECS is 
wide and diffusion is less hindered (low tortuosity). This is in agreement 
with cryo-fixation based EM images that show large perisynaptic spaces 
with narrow channels in the vicinity (Kinney et al., 2013; Korogod et al., 
2015; Soria et al., 2020b). While the ECS is a perfect porous environ
ment for nanotubes to effectively reptate (Fakhri et al., 2010), diffusivity 
measurements inside the cleft could be confounded by the narrow and 
ultra-crowded microenvironment of the synaptic cleft (Dityatev et al., 
2010b), that may remain inaccessible to the nanotubes. 

The size of the fluorescent molecule in single-molecule tracking ap
proaches indeed represents a difficult conundrum for researchers. Using 
a smaller particle renders the fluorophore too fast and more difficult to 
track, whereas a more complex, larger particle, might get stuck in the 
narrow ECS compartments (Thorne and Nicholson, 2006). The lab of 
Elisabeth Nance reached a middle-ground by using 40 nm nanoparticles 
for multiple particle tracking in organotypic cortical slices (McKenna 
et al., 2021). Here, the authors examined the diffusion coefficients of 
nanoparticles in slices prepared from rats at different postnatal stage, 
and observed an inverse relationship between diffusivity and age, which 
the authors attributed to ECS reduction and changes in ECM composi
tion. Although the ability to track multiple particles in a single field of 
view provides an advantage over other single-molecule methods, the 
method remains to be tested in acute slices or in vivo, where brain tissue 
from adult and aged animals can be used. 

4. Modelling diffusion in the brain ECS 

As we have just described, local diffusion in the brain ECS can be 
measured using various techniques, which can be spatially resolving the 
ECS, such as TR-FAIM or nanotube tracking, or volume-averaging, such 
as RTI or IOI (Soria et al., 2020a). However, TR-FAIM and nanotube 
tracking are not trivial techniques and can be hard to apply over larger 
tissue volumes. On the other hand, the volume-averaging techniques 
may be technically easier to apply, though their potential for revealing 
local diffusion is hampered by their averaging nature. To bridge the gap 
between these and learn about the rules that govern local ECS diffusion 
across various brain regions, researchers have often resorted to 
computational and mathematical models. 

To get an intuitive understanding of extracellular diffusion and how 
to model it, it is helpful to consider Fick’s first and second laws of 
diffusion. The first law states that the diffusion flux goes from higher 
toward lower concentrations, and that it scales with the concentration 
gradient. For diffusion in a single spatial dimension it can be written as 

J = − D
dφ
dx

(3)  
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where J is the diffusional flux, D the substance diffusion coefficient, φ 
the substance concentration, and x the distance along the single spatial 
dimension. For more spatial dimensions the general formula is written as 

J = − D∇φ (4)  

where ∇ represents the gradient operator in multiple spatial dimensions. 
To further incorporate the temporal dimension we consider Fick’s sec
ond law, which is written generally for diffusion in a single spatial 
dimension as 

∂C
∂t

= D
∂2C
∂x2 (5)  

or for multiple spatial dimensions, as above, 

∂C
∂t

= − D∇2φ (6)  

and where C is the concentration at time-point t, and x is the distance 
considered, and it assumes free diffusion in a homogenous solution. 

Fick’s first and second laws allow mathematical modelling of diffu
sion over space and time, though under the assumption that diffusion is 
free. However, the ECS is very complex in terms of structure and likely 
also viscosity, and diffusion over distances of more than a few hundreds 
of nanometres, at the most, cannot be considered free. On the contrary, 
diffusion in the brain ECS will be restricted by cellular membranes and 
dead spaces, by putative extracellular matrix proteins and glycans, as 
well as by other molecular constituents of the interstitial fluid. As 
molecules are released into the ECS, they begin to encounter these ob
stacles, resulting in a transient phase of anomalous diffusion and grad
ually slowing down the progress of molecules through the extracellular 
environment. When molecules sample a sufficient volume to encounter 
all types of obstacles present in a particular brain region, a normal 
effective diffusion coefficient is reached. This is also observed in simple 
geometric diffusion models, where only after a given run-time does the 
model λ reach a steady state (Nicholson and Kamali-Zare, 2020; Xiao 
et al., 2015). In the brain, anomalous diffusion was reported in rat 
cerebellum, where it is thought to be caused by large and geometrically 
complex glomeruli that act like dead spaces (Xiao et al., 2015). Deter
mining the actual distances over which a molecular species diffuses 
anisotropically in other brain regions, and thereby exerts an ECS 
context-dependent physiological effect, will be an interesting advance
ment for the field. 

Fick’s second (and first) Law is usually modified in modelling to 
incorporate further spatial dimensions, geometric complexities, 
convective flow, cellular molecule-uptake mechanisms, space- 
dependency of D, and more. Experimental data on these variables is 
often scarce, though, and the challenge for modelers is to design the 
equation taking into account unknowns, while allowing a level of 
comparison to experimental data for model validation. Point-source 
diffusion in the ECS will likely always be anomalous within the first 
nanometres to few microns around the source point, where the hetero
geneity of ECS environment is manifested. Though on larger scales, 
across several microns, individual sub-micron scaled effectors causing 
anomalous diffusion may effectively blur out, and diffusion appears 
normal, though obviously slower than free diffusion as determined by λ. 
That is, whether point-source or distributed diffusion is anisotropic or 
not will depend on the spatial scales that is considered. 

In experimental studies that use volume-averaging RTI-TMA 
method, TMA diffusion curves recorded in brain are fitted with an 
appropriate solution of the diffusion equation to obtain effective diffu
sion coefficient of TMA and α (Nicholson and Phillips, 1981). Effective 
diffusion coefficient of TMA and free diffusion coefficient of TMA 
measured in a free medium are used to calculate λ (Eq. 1). Other volume 
averaging methods, such as IOI or TR-IOI, yield effective diffusion co
efficient for the molecules studied but α is not obtained (Hrabe and 
Hrabetova, 2019; Nicholson and Tao, 1993). On the other hand, 

modelling studies commonly build an artificial ECS delimited by 
geometrical elements that represent cells, with their convexities and 
concavities, and simulate diffusion through these. Usually, the modelled 
indicator will be λ, as this effectively bundles geometries and viscosities, 
while α will be kept around 0.2 that is accepted as the overall ECS 
average value. From eqs. (1) and (2) we see that λ is in effect a compound 
term that integrates not only geometry and viscosity, but all unknown 
physiological factors that affect measured diffusion. Accordingly, and 
importantly, similar λ values can result from different combinations of 
ECS structure and viscosity, and therefore similar λ values do not equal 
similar underlying ECS properties. Similarly, identical α values may 
reflect very different underlying ECS structure. Another important point 
is that α and λ are independent parameters. Regardless of these dis
claimers, it is extremely useful to know α and λ for given brain regions, 
to be able to compare these across experimental settings and over time. 
Several computational models have been put forward, trying to identify 
representative α and λ values for given artificial lattice structured ECS, 
with the aim of providing insights into the underlying ECS geometry. 

One of the early attempts to model diffusion in brain tissue, by 
Lipinski (1990), is notable in that it is among few models based on actual 
microscopy images of the ECS (Lipinski, 1990). Wide-field light micro
scopy images of hippocampus and cortical regions from guinea pig and 
rat were digitized, thresholded, and binarized so that pixels represented 
either cellular or extracellular space, respectively. Diffusion through the 
resulting ECS geometry of individual particles was Monte Carlo simu
lated by 50 to 1000 consecutive diffusion step repetitions per particle, 
and the mean square displacement (MSD) was calculated and compared 
to Monte Carlo simulated free diffusion to obtain λ. Notably, for α = 0.2 
the model yielded on average λ = 1.92 (Lipinski, 1990). While this is on 
the high end compared to reported experimental values (Syková and 
Nicholson, 2008), it is nevertheless in the physiological range for brain 
tissue. The problem with this approach is that the microscope providing 
the images used to create this model does not offer the spatial resolution 
to visualize the ECS structural details, therefore the resulting cell soma- 
like convex geometries obtained biases the ECS structure toward larger 
pools, leading to higher values of λ, independently of the presence of 
dead-spaces. 

Several models incorporate hypothetical structures representing 
cells arranged in lattice patterns (Fig. 2A) to explore whether ECS 
structural complexity is indeed sufficient to explain physiological λ 
values observed in brain tissue. They commonly have a high degree of 
structural symmetry, and therefore model a highly homogeneous tissue 
consisting of identical, or largely identical, cells arranged in a lattice 
manner. From these models it has emerged that lattices with a uniform 
inter-cellular distance, corresponding to a constant ECS channel width, 
do not readily suffice to delay diffusion to the extent observed in brain 
tissue (Chen and Nicholson, 2000; Hrabe et al., 2004; Tao and Nich
olson, 2004). However, incorporation of diffusional dead-ends or more 
voluminous basins between the particles, while maintaining α around 
0.2, will readily delay diffusion to the same extent as in brain tissue 
(Chen and Nicholson, 2000; Hrabe et al., 2004; Jin et al., 2008; Nan
digam and Kroll, 2007; Tao et al., 2005). This was further explored in the 
context of osmotic challenge, where it was proposed that cell shrinkage 
leads to formation of ECS basins and a correspondingly higher α, while λ 
does not decrease as expected from the anti-correlation to α, due to the 
retention effect of basins on diffusing molecules (Chen and Nicholson, 
2000). 

In an oversimplified sense, the above models demonstrate that a 
representative tissue model with a volume fraction and geometric 
components reminiscent of those observed in brain parenchyma can 
suffice to delay diffusion to an extent observed in live brain tissue. Thus, 
according to these models, tortuosity can readily be dictated by ECS 
geometry, and therefore variations in ISF viscosity are not necessarily a 
determinant of λ in live tissue. The disclaimer here is that the models are 
not based on actual ECS geometries, and these are in reality far more 
complex than the model lattice or lattice-like structures, so that in reality 

J. Tønnesen et al.                                                                                                                                                                                                                               



Neurobiology of Disease 177 (2023) 105981

7

the contribution of local variations in viscosity to λ remain largely un
known. Indeed, Rusakov and Kullmann (1998) used modelling to show 
that viscosity will impact diffusion of small molecules through the ECS, 
as the presence of macromolecules in the ISF pose mechanical obstacles 
to diffusion analogous to obstacles in the form of cellular membranes. 
They proposed that λ in fact is the product of two parts, namely λstructure 
and λviscosity (Rusakov and Kullmann, 1998). 

The models become extremely interesting when they are used to 
disclose local diffusional anisotropy or complex events that cannot (yet) 
be revealed through wet lab experiments. Kinney et al. modelled diffu
sion in 180 μm3 of hippocampal CA1 area neuropil 3D-reconstructed 
from electron microscopy images (Kinney et al., 2013). The measured 
α of the raw reconstruction was 0.08, which is lower than the predicted 
0.2 value. This is likely because chemical tissue fixation is associated 
with swelling of cellular components and a decrease in α, which con
founds ECS volume estimates in electron microscopy, as we mentioned 
further above (Korogod et al., 2015; Van Harreveld et al., 1965). To 
account for this, α was mathematically increased to produce a physio
logically realistic value around 0.2. The resulting ECS structure was 
reported as tunnels of 40–80 nm diameter, interconnected by sheets of 
10–40 nm width forming primarily between cell bodies. Monte Carlo 
simulations of point-source diffusion revealed that diffusion in sheets 
was slower than that observed in tunnels. The authors suggested, 
accordingly, that the specific ECS geometry in a given tissue volume may 
shape volume-signalling and diffusional events in general (Kinney et al., 
2013). 

The same 3D-reconstructed neuropil was used by others to determine 
tissue permeability, in order to assess whether molecular transport 
would occur more efficiently by diffusion or bulk flow (Holter et al., 
2017) (Fig. 2B, C). Modelling suggested that transport was unlikely to 
occur by bulk flow under assumptions of physiological hydrostatic 
pressure gradients, and therefore that diffusion was the main transport 
mechanism, at least for this specific CA1 tissue volume. Others have 
disputed this observation and argued, based on modelling in a synthetic 
3D ECS structure incorporating vasculature, that both diffusion and bulk 
flow are likely to contribute to molecular transport through the ECS (Ray 
et al., 2019). As these two studies apply different modelling strategies, it 
is difficult to accept or dismiss either of them, though we find it plausible 
that both bulk flow and diffusion occur, with the dominant transport 
mechanisms being highly dependent on the tissue volume under 
consideration, i.e. taking into account proximity to pulsating vessels, 
ECS geometry, and more. Here it is worth remembering that at least part 
of the brain ECS expand during sleep to facilitate metabolite clearance, 
which will alter tissue permeability and may transiently increase the 
ratio of bulk transport to diffusional transport, as shown by in vivo ex
periments (Xie et al., 2013). 

Point-source diffusion on local scales is particularly interesting in 
settings of synaptic transmitter release, where usually a considerable 
fraction of transmitter escapes the synaptic cleft and exerts effects at 
neighbouring synapses or via extrasynaptic receptors. This holds true for 
all synaptically released transmitters, including glutamate and GABA 
(Kullmann, 2000). This spillover of transmitters occurs on sub- 

millisecond time-scales, and is shaped by the sub-micron spatial scales 
of the perisynaptic ECS geometry. Additionally it is impacted by the 
composition of receptor and transporter binding sites on the peri
synaptic cellular structures, not least astrocytic membranes that are 
enriched in these (Papouin et al., 2017). As synapses are rarely sym
metric or structurally isotropic, they are not well modelled by lattice 
structures. They are commonly so small that they are difficult to resolve 
by live cell compatible imaging techniques, while at the same time their 
structure is easily distorted by tissue fixation. Savtchenko and colleagues 
have modelled the impact of perisynaptic ECS geometry and astrocytic 
processes around glutamatergic synapses on dendritic spines (Savtch
enko et al., 2021; Savtchenko and Rusakov, 2022). The model was based 
on spheroids randomly sized between 20 and 100 nm, which could be 
assigned glutamate-binding surface properties to model astrocytic 
glutamate transporter type 1 (GLT-1) transporters. The authors found 
that beyond perisynaptic ECS geometry, glutamate transporters would 
have a major impact on the number of glutamate molecules escaping the 
synapse and its immediate surroundings (Savtchenko et al., 2021; 
Savtchenko and Rusakov, 2022). This advanced modelling scheme 
contributes in understanding synapses as complex multipartite units, 
where signalling is moulded by a complex combination of ECS geometry, 
as well as local viscosities and active membrane properties. It further 
illustrates that modelling local diffusion in the ECS is not a straightfor
ward task, as time scales and molecule numbers and sizes depend on the 
context one seeks to model, as well as the specific cell types and cellular 
substructures present. 

Computational and mathematical modelling has highlighted con
cepts and plausible determinants of ECS diffusion at a broad range of 
scales, though the common underlying assumptions of largely homog
enous and/or isotropic ECS structure and viscosity are likely an im
pactful confounder. We know that cells in most brain regions are 
arranged in recognizable patterns that likely lead to specific diffusion 
patterns. We also know that the constituents of the extracellular matrix 
are highly heterogeneously distributed and viscosity likely varies with 
these. In addition, point source release of transmitters and metabolites 
occur continuously throughout the neuropil and these will interact by 
enhancing or distorting local diffusion gradients. The same holds true for 
fluxes of water and ions across membranes that continuously alter local 
viscosities of the interstitial fluid. The reality is therefore a highly 
complex, heterogeneous, and dynamic ECS environment. As we have 
described further above, experimental techniques are emerging that can 
provide better data on local ECS geometry and viscosity in live tissue, 
which will facilitate development of new and more accurate diffusion 
models with better spatiotemporal resolution. Indeed, it appears now 
feasible to attempt experiments to directly compare measured and 
modelled point-source diffusion in the resolved ECS geometries imaged 
by advanced fluorescence microscopy techniques. These will boost our 
efforts to understand key physiological processes unfolding in the ECS, 
such as extracellular synaptic crosstalk, volume transmission, and 
metabolite clearance pathways, which we currently understand only 
rudimentarily. 

Fig. 2. Mathematical models of diffusion. (A) 
Random 3D ECS geometry composed of polyhedrons 
representing cellular elements, with diffusion allowed 
only between them. Monte Carlo methods are used to 
simulate diffusion through these lattices. Such models 
do not fully reflect physiological diffusion since they 
display a uniform ECS width, without dead-spaces. 
(B) A more complex ECS model, incorporating ECS 
width variability, can be obtained from reconstructed 
EM images. Pools are depicted in cyan, and channels 
in red. (C) Sub-micron 3D reconstruction of the ECS 
based on EM images. (A) is from Hrabe et al., 2004, 

Biophys J, with permission from Elsevier. (B) and (C) are from Holter et al., 2017, PNAS. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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5. What affects diffusion in the brain ECS? 

Given the insights provided by both diffusion measurements and 
modelling described above, the current consensus is that local diffusion 
in the brain ECS is primarily governed by ECS geometric structure 
(Syková and Nicholson, 2008). Macromolecule movement is further 
modified by specific physicochemical characteristics, such as size or 
propensity for interaction with components of extracellular microenvi
ronment. The widths of the ECS channels has been a contentious ques
tion since the 1960’s when the first successful electron microscopy of the 
brain suggested there was exceedingly little ECS. The application of 
radiotracers, and today the RTI method based on volume averaging 
measurements have shown that the ECS occupies about 20% of brain 
tissue (Nicholson and Hrabětová, 2017). Estimates of ECS volume do 
not, however, indicate the physical dimensions and respective volume- 
averaging and super-resolution techniques complement each other to 
measure average ECS pore width in the living brain and reveal its or
ganization at a nanoscopic level. 

The complex extracellular microenvironment imposes hindrance to 
molecules diffusing through the ECS and therefore diffusion of sub
stances is always slower in ECS than in free solution. Four major factors 
may retard local diffusion of molecules through ECS (Fig. 3): 1) geo
metric complexity of the ECS pathways, 2) viscosity of the interstitial 
fluid, including interaction with the extracellular matrix, 3) binding to 
membrane-bound receptors and transporters, and 4) electrochemical 
gradients. Resolving the effective impact on diffusion of these factors is 
essential to understanding the transport of molecules through the ECS, 
including the spread of neurotransmitters, neuromodulators and bio
medically important proteins and therapeutics. We will now discuss 
these factors one at a time. 

We will begin by asking how much the geometry of ECS hinders 
diffusion of molecules. When looking at an electron micrograph of brain 
tissue, we observe round cell bodies and ovoid cross-sections of cellular 
processes interspersed with elongated dendritic shafts or axons. Overall, 
one is left with an impression that the tissue is composed of convex el
ements that are separated by exceedingly narrow pores of ECS. How
ever, recently formulated dwell-time diffusion theory (Hrabe et al., 
2004; Hrabetová et al., 2003) and Monte Carlo simulations of diffusion 
showed that an environment filled with uniformly-spaced convex cells, 

ranging from a simple model composed of cubes to a more realistic one 
with randomly shaped convex polyhedra can explain only a portion of 
diffusional hindrance typically measured in brain tissue. Clearly, some 
other factors contribute significantly to the hindrance measured in brain 
ECS. One possibility is that the geometry of ECS is more complex and 
includes a significant amount of concavities (e.g., spaces surrounded by 
glial wrappings) or distended spaces (e.g., lakes). Such spaces are called 
dead-space microdomains and they transiently retain molecules 
diffusing through ECS (Hrabetová et al., 2003; Xiao et al., 2015). In fact, 
as commented above, when dead-space microdomains were added to the 
mathematical models, hindrance to diffusion increased to physiological 
values obtained in brain ECS. Anatomical features consistent with dead- 
space microdomains were found in electron micrographs of fixed brain 
tissue (Cragg, 1979; Grosche et al., 1999; Korogod et al., 2015; Kosaka 
and Hama, 1986; Spacek, 1985; Van Harreveld et al., 1965) and more 
recently in living brain tissue with super-resolution shadow imaging 
(Arizono et al., 2021). Dwell-time diffusion theory postulates that the 
ECS hindrance is inversely proportional to the amount of ECS contained 
in dead-space microdomains and it predicts that about 40% of ECS 
volume resides in these compartments (Hrabe et al., 2004). Because the 
new super-resolution imaging techniques have a capability to resolve 
ECS structure and function at a nanoscopic level (Godin et al., 2017; 
Tønnesen et al., 2018), they have the potential to not only test these 
quantitative predictions, but also link dead-space microdomains to pu
tative specific cellular elements and discover the role of these in synaptic 
transmission and neuronal function in health and disease. 

The majority of signalling molecules in the brain have their target 
receptors or transporters expressed on the cell surface. High-affinity 
binding to such targets effectively delays diffusion, and thus is a direct 
aspect of diffusion (Nicholson, 1995). Additionally, electrochemical 
gradients and local electric fields may alter nanoscale electrodiffusion of 
charged molecules in the ECS (Savtchenko et al., 2017). While these 
elements might influence diffusion of molecules through ECS, they are 
less studied, and therefore its contribution is less clear than the viscosity 
of the ISF, which is any hindrance to diffusion that is based on molecular 
ISF constituents rather than ECS geometry. Quantification of the vis
cosity factor is of paramount importance, since it will not only influence 
diffusion of molecules over a few micrometers, as geometry does, but 
also diffusion of neurotransmitters in narrow compartments such as the 

Fig. 3. Determinants of diffusion in the brain ECS. 
Four major factors hinder diffusion of molecules 
through the ECS: 1) ECS geometry is directly linked to 
volume fraction and tortuosity. A molecule diffusing 
through the ECS encounters a continuum of shapes 
and sizes, with varying degrees of geometric 
complexity. For instance, while channels offer a direct 
pathway for movement, dead-end pores or pools 
retain molecules transiently. 2) The viscosity of the 
interstitial fluid (ISF) is the diffusional hindrance 
based on molecular ISF constituents rather than ge
ometry. The interactions with the hyaluronan and 
proteoglycan-rich extracellular matrix play a major 
part as a diffusion barrier, in particular to large 
molecules. 3) Binding to membrane receptors and 
transporters and 4) local electrochemical gradients also 
affect diffusion, of high-affinity ligands and charged 
molecules respectively. ECS diagram is a segmented 
image modified from Korogod et al., 2015, eLife 
(https://creativecommons.org/licenses/by/4.0/).   
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synaptic cleft. This will determine the timing of activation of appro
priate receptors in the cleft and influence synaptic transmission. Until 
recently, when neuroscientists considered the diffusion of a neuro
transmitter of interest, e.g. glutamate, they usually adopted one of two 
approaches: 1) use the D of glutamate (Longsworth, 1953) and lower its 
value by macroscopic hindrance value (Barbour, 2001), or 2) simply 
reduce the D of glutamate by about 50% (Franks et al., 2003; Nielsen 
et al., 2004; Rusakov, 2001; Zheng et al., 2008). However, when 
Rusakov’s team utilized TR-FAIM to measure ISF diffusivity in living 
brain tissue, they found that the ISF diffusivity in hippocampal CA1 
region is reduced by 30% compared to diffusivity in artificial cerebro
spinal fluid, which can be ascribed to viscosity differences between the 
two fluids (Zheng et al., 2017). This effect was even more pronounced 
inside the cleft of hippocampal mossy fiber synapses where diffusivity 
was reduced by 46%. This study, however, did not address the origin of 
these differences in ISF viscosity, which is a pending question in the 
field. 

When considering the nanoscale dimensions of the ECS, one can 
argue that ISF viscosity might not always be similar to the one from the 
cerebrospinal fluid. For instance, signalling or metabolic events such as 
local exocytosis of cytokines, (Stanley and Lacy, 2010) or in situ cleav
age of ECM glycans (Gaudet and Popovich, 2014), may transiently and 
locally alter the viscosity of the ISF. Its most abundant constituent, the 
sugar-rich brain ECM, is a cell-membrane anchored meshwork of gly
cosaminoglycans, primarily hyaluronan together with negatively 
charged heparan sulphate and chondroitin sulphate. These components 
are interconnected by small link proteins to assemble a complex matrix 
of yet unknown density. It is involved in many biological processes 
including brain development, growth factor signalling, cell prolifera
tion, migration, plasticity and homeostasis (Dityatev et al., 2010a; Lau 
et al., 2013; Smith et al., 2015; Yamaguchi, 2000). It is generally 
accepted that the interstitial matrix, which is the most abundant form of 
ECM in the brain, has the largest impact on ECS diffusivity (Nicholson 
and Hrabětová, 2017; Syková and Nicholson, 2008). On the other hand, 
specialized matrix structures such as the perineuronal nets (PNNs) or the 
perinodal ECM have been proposed to have also an impact on local 
diffusion of ions (Fawcett et al., 2019), since they contain an ultra-dense 
array of chondroitin sulphate residues. Despite much speculation about 
this subject, studies directly linking ECS diffusion and either PNNs 
(Sucha et al., 2020) or perinodal matrix (Bekku et al., 2010) are still 
scarce. Some studies have reported changes in ECS properties after ge
netic knock-out of structural components of both the interstitial and 
perineuronal matrix, such as link proteins Bral1 (Bekku et al., 2010) or 
Tenascin R (Syková et al., 2005b). However, deletion of HAS3, which 
synthesizes the main matrix scaffolding polymer hyaluronan, has a large 
impact on both interstitial matrix and ECS diffusivity, while not signif
icantly affecting PNNs (Arranz et al., 2014). 

Hyaluronan is anchored to cell membranes and forms large sugar 
chains that when released, increase the viscosity of the surrounding 
medium (Tian et al., 2013). While hyaluronan maintains the patency of 
the ECS thanks to its considerable hydration capacity (Arranz et al., 
2014; Toole, 2004), negatively charged glycosaminoglycans may 
interact with positively charged substances diffusing through ECS, 
although this effect might be relevant in large ECS spaces, away from 
high-density negative charges at cell membranes. It has been shown that 
fast-reversible binding between the protein lactoferrin and heparan 
sulphate slows its extracellular transport in neocortex in vivo (Thorne 
et al., 2008). Hindrance for lactoferrin was significantly higher than 
predicted for an inert macromolecule of the same size, but this differ
ence disappeared when co-injected glycomimetic heparin prevented an 
interaction between lactoferrin and heparan sulphate. By contrast, the 
increased hindrance was not seen with transferrin, a protein similar in 
structure to lactoferrin but lacking binding sites for heparan sulphate. In 
another example, calcium mobility was reduced by a charge-based 
interaction with chondroitin sulphate in acute brain slices (Hrabětová 
et al., 2009), since diffusion was enhanced when the tissue was treated 

with chondroitinase ABC. We note that the charge-based interaction was 
not observed for a diffusing monovalent cation TMA, suggesting that 
only strongly charged ions such as calcium can overcome screening of 
negative charges in the extracellular environment. These results suggest 
that chondroitin sulphate plays an important role in determining the 
local diffusion and concentration of calcium in brain tissue and may 
therefore impact synaptic transmission as well as other physiological 
processes. Functional coupling of calcium and chondroitin sulphate may 
be of significance in brain repair where both of these substances play 
distinct roles. 

Super-resolution single-particle tracking techniques have provided 
new and unique information about the nanostructure of ECS and the role 
of hyaluronan in local diffusion. Studies in acute brain slices from young 
rats (Godin et al., 2017) and adult mice (Soria et al., 2020b) showed a 
great deal of variation in an instantaneous diffusion coefficient extracted 
from individual trajectories of 500 nm-long carbon nanotubes, implying 
heterogeneity in ECS nanostructure as well as in local viscosity. Inter
estingly, modification of ECS structure, both by pretreatment with hy
aluronidase or inhibition of hyaluronan synthesis, did not impact 
heterogeneity of ECS parameters but carbon nanotubes explored larger 
areas of ECS with lower local viscosity and increased instantaneous 
diffusion coefficient. Another interesting study employed multiple par
ticle tracking of polystyrene nanoparticles to measure their diffusion 
through ECS of organotypic brain slices from rats aged from 2 weeks to 
2 months (McKenna et al., 2021). They reported that the effective 
diffusion coefficient of these 40 nm-wide particles significantly 
decreased as animals matured. This is likely due to a decrease of ECS 
volume (Lehmenkühler et al., 1993) as well as an increase in both 
interstitial hyaluronan (Reed et al., 2018) and the dense matrix of per
ineural nets (Pizzorusso et al., 2002) during maturation. Cleaving 
components of extracellular matrix with either chondroitinase ABC or 
hyaluronidase caused a significant two-fold increase of effective diffu
sion coefficient of nanoparticles. We cannot exclude that changes in ECS 
diffusivity after ECM manipulation may derive from alterations to cell- 
ECM attachment sites, which might alter tissue structure and therefore 
ECS width. Although these recent studies start to reveal the importance 
of the ECM on local transport through the ECS, it remains an under
studied component of this brain compartment. 

6. Diffusion in the brain ECS is altered in disease states 

Of particular interest for pathologists is the fact that the matrix is 
altered in disease states in a long-lasting manner (e.g. in the form of a 
glial scar), thus affecting ECS parameters enduringly. Changes in ECS 
geometry, on the contrary, can be fast and short-lived (e.g. transient 
astrocyte swelling), or long-term (e.g. new dendritic spine growth). We 
still do not fully grasp the dynamics of the myriad of matrix components, 
i.e. turnover rate. Thus, we cannot compare it with the quick impact of 
cell movement or cell death affecting ECS geometry. However, we do 
know that brain tissue undergoes considerable remodelling in pathology 
and, especially in chronic diseases, this structural rebuilding can be 
persistent. We will discuss in this section how these alterations affect 
ECS parameters both in acute or chronic disease states. 

Transient reductions in α and increases in λ have been reported, for 
instance, in brain ischemia/anoxia (Fig. 4A) (Hrabetová et al., 2003; 
Thorne and Nicholson, 2006; Voří̌sek and Syková, 1997), usually related 
to elevated extracellular K+ and glutamate concentrations. Although 
both glia and neurons swell under these conditions, it has been proposed 
that astrocytic volume changes caused by water influx, mediated either 
by aquaporin-4 (Shi et al., 2017) or the Na+/K+ ATPase (Walch et al., 
2020), are the main elements responsible for the ECS shrinkage. 
Furthermore, diffusion studies provide experimental evidence that dead- 
space microdomains, newly formed due to cell swelling, contribute to 
ECS hindrance in brain tissue under ischemic conditions (Hrabetová 
et al., 2003). Interestingly, cell death and inflammation following 
ischemia/reperfusion alters ECS differently, rendering a larger α, 
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probably caused by cell death, while counterintuitively increasing tor
tuosity, plausibly as a result of glial activation (Anderova et al., 2011). It 
should be noted that these observations were made in rats, and results 
may vary in other species. A fine example is the naked mole rat (Het
erocephalus glaber), an animal that shows remarkable resilience to 
extreme anoxic conditions (Kim et al., 2011) and produces supercoiled 
hyaluronan molecules of higher molecular weight than any other animal 
(Kulaberoglu et al., 2019; Tian et al., 2013). A recent study employing 
RTI and IOI showed that the brain ECS of the naked mole rat does not 
shrink under ischemia, preserving diffusivity across brain tissue in 
conditions where in the rat brain it would normally decrease (Theva
lingam et al., 2021). Since preserved diffusion permeability ensures 
nutrient transport even in these severe conditions, this unconventional 
ECS response is likely an adaptation to extreme environments. 

Similar ECS changes induced by alteration of local ion concentration 
and astrocyte swelling occur in gliomas and epilepsy. ECS shrinkage 
reaches 35% during epileptiform activity (Slais et al., 2008; Tønnesen 
et al., 2018), and the associated increase in local glutamate concentra
tion facilitates neuronal hyperexcitability (Murphy et al., 2017). 
Combining RTI-TMA and probe transients quantification (PTQ) methods 
showed that, in addition to the persistent reduction in α observed during 
epileptiform activity, the ECS volume also fluctuates rapidly, in an event 
termed rapid volume pulsation (Colbourn et al., 2021). This study also 
reported that both the persistent reduction of ECS and the rapid volume 
pulsation are eliminated by 4,4′-diisothiocyano-2,2′-stilbenedisulfonic 
acid (DIDS) that targets the electrogenic sodium/bicarbonate cotrans
porter NBCe1. Importantly, DIDS also stopped epileptiform activity. 

Although epileptic seizures also arise from hyperexcitability emerging 
from brain tumours, in human gliomas the ECS volume was reported to 
be increased, instead of shrunk, with a positive correlation between α 
and the malignancy grade (Vargová et al., 2003). This enlarged α was 
found mostly in the interface between astrocytomas and the surrounding 
tissue, and the authors explained it as the result of excitotoxic cell death, 
common in these tumours (Ye and Sontheimer, 1999). These larger ECS 
volumes, however, were not associated with a decrease in tortuosity, but 
a significant increase instead (Vargová et al., 2003). The overproduction 
of parenchymal matrix molecules by glioma cells (for a review, we refer 
to (Ferrer et al., 2018)), in particular hyaluronan, might create addi
tional diffusional barriers, increasing hindrance, and therefore λ. 

Another example of enlarged ECS volume fraction accompanied by 
increased tortuosity is found in APP23 mice (Syková et al., 2005a), 
which produces amyloid plaques extensively and is used to model Alz
heimer’s disease. Here, the authors used RTI-TMA and diffusion- 
weighted magnetic resonance imaging (DW-MRI) to measure and 
extract diffusivity from control and transgenic mice in vivo, and found 
that despite a larger ECS α, diffusivity was reduced (Fig. 4B). This un
usual relation between α and tortuosity was also observed in another 
Alzheimer’s disease model, the 3xTg mice (Tureckova et al., 2022). This 
discrepancy has been hypothesized to be the result of an enlarged ECS 
due to amyloid deposition, which would also create an additional 
diffusion barrier that increases tortuosity. Interestingly, the initial study 
by Syková and colleagues reported decreased ECS volume and diffusion 
permeability with age, more significant in females than in males (Syková 
et al., 2005a). The authors hypothesized that reduced ECS size in aging 

Fig. 4. Diffusion in the brain ECS is altered in pathology and aging. (A) IOI in vivo diffusion measurements revealed a several-fold increase in ECS tortuosity measure 
with dextran (3 kDa) in rat cortex after terminal ischemia. (B) RTI-TMA was used to measure diffusion in the cortex of aged APP23 mice, loaded with amyloid 
plaques. Diffusion curves showed that although ECS volume fraction was increased, diffusivity of TMA was reduced. (C) Single-nanotube tracking revealed that 
nanoscale diffusivity is augmented in the ECS of parkinsonian (LB) substantia nigra, compared to control (noLB) mice, where no dopaminergic neurodegeneration is 
present. Scale bar = 2 μm. (D) Multiple particle tracking revealed that diffusivity in the ECS decreases with developmental age, in the cortex of rats. (A) is from 
Thorne and Nicholson, 2006, PNAS. (B) is from Syková et al., 2005a, PNAS. (A) and (B) are Copyright (2008) National Academy of Sciences. (C) is from Soria et al., 
2020b, Nat Commun, with permission (https://creativecommons.org/licenses/by/4.0/). (D) is from McKenna et al., 2021, ACS Nano, with permission. 
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might be due to reduced content of proteoglycans, which has been found 
in aged mice (Foscarin et al., 2017), while some authors have reported, 
on the contrary, hyaluronan accumulation with age in cortex and cer
ebellum (Reed et al., 2018). This conundrum remains, since no detailed 
study to date has explored the interplay between ECS and ECM in aging 
or Alzheimer’s disease. 

One study that did address this ECS-ECM interaction in pathology 
used single-particle tracking of carbon nanotubes together with ECS- 
preserving electron microscopy to study the nanoscopic structure of 
ECS in a mouse model of α-synuclein-induced neurodegeneration (Soria 
et al., 2020b). The study reported three main changes in ECS nano
structure: locally enlarged ECS volume and channel widths, increased 
local diffusion of carbon nanotubes (Fig. 4C), and hyaluronan deficiency 
in areas where microglia were activated. In a next set of experiments, it 
was tested whether modification of ECS structure and hyaluronan, as 
done previously (Godin et al., 2017), would impact the pathology. It was 
found that supplying small segments of hyaluronan, either by acutely 
cleaving hyaluronan or by direct delivery, reduced α-synuclein and 
dopaminergic cell loss. Taken together, this work showed that not only 
diffusion through the ECS, but also microglia, play a role in the clearance 
of toxic molecules, and suggested matrix manipulation as a target for 
therapy. Since ECS diffusivity decreases with age (McKenna et al., 2021, 
Fig. 4D), enhancing diffusion through matrix modification might also be 
relevant for aging studies. 

Finally, we would like to address the glial scar, a physical and 
chemical barrier composed mostly of reactive astrocytes and a dense 
ECM that completely alters the local microenvironment in the border of 
brain injuries, ischemic cores or regions undergoing neurodegeneration 
(Adams and Gallo, 2018). Despite the importance of this fibrotic struc
ture in pathology, in particular for regeneration of the damaged CNS, 
diffusion along the glial scar has only been sparsely studied, with most 
insights obtained from models of spinal cord injury [for a recent review, 
please refer to (Bradbury and Burnside, 2019)]. Scar-forming astrocytes 
occupy the injury border and, as producers on brain ECM, upregulate 
matrisome genes and generate a fibrous matrix around the lesioned 
parenchyma (Didangelos et al., 2016). A study in mice subjected to 
experimental stroke suggested that, while a dense glial scar is present in 
the penumbra of the ischemic region, it is still permeable to neurotoxic 
substance diffusing through the ISF (Zbesko et al., 2018). While high- 
molecular weight hyaluronan has been reported to accumulate on the 
border of demyelinating lesions (Back et al., 2005; Haindl et al., 2019), 
no studies have reported ECS diffusional parameters in injured white 
matter. Additionally, it is uncertain how the glial scar surrounding 
invasive experimental or therapeutic probes might hinder diffusion in 
the vicinity of such probes. It is plausible that astrogliosis and ECM 
deposition around intracerebral probes, like the ones used clinically for 
deep brain stimulation or experimentally for microdialysis, affect con
centration measurements, especially when dealing with molecules of 
large size. 

7. Future perspectives and pending questions 

It may be argued that less is known about the extracellular space 
(ECS) than any other major compartment of the brain. However, the 
contribution of new technologies (e.g. superresolution imaging, time- 
resolved approaches), combined with a continuous improvement of 
proven paradigms (e.g. mathematical models, tissue-structure preser
ving fixation for EM), is constantly delivering increasingly valuable in
formation about how molecules diffuse locally and globally in the brain 
ECS, along with fine details of the ECS structure and topology. These 
techniques will predictably get even better in the coming years, for 
example with improvements in temporal timescale resolution for IOI, or 
the combination of SUSHI and TR-FAIM to provide super-resolution 
maps of diffusivity along with geometrical data. 

As the field continues to refine its methods and technologies, un
solved questions may become answerable. For instance, it is unknown 

whether highly motile microglia modulate ECS geometries locally, and 
what happens in pathological states where glia become reactive. We do 
not yet grasp the ranges of spatial and temporal scales on which ECS 
structural dynamics occur, or how to translate these dynamics into 
changes in local ECS diffusivity. Finally, the study of the dynamics of 
ECM composition, and how it shapes local diffusion and tortuosity in the 
ECS, is still in its infancy. It appears evident that the ongoing advances in 
live imaging techniques will help reveal these challenging enigmas, and 
it is already certain that ECS exploration in live tissue has entered the 
realm of the nanoworld. We now have, in nanoscale live imaging, an 
increasingly bright beacon to illuminate this final frontier of 
neuroscience. 
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Fässler, R., Ninomiya, Y., Syková, E., Oohashi, T., 2010. Bral1: its role in diffusion 
barrier formation and conduction velocity in the CNS. J. Neurosci. 30, 3113–3123. 
https://doi.org/10.1523/JNEUROSCI.5598-09.2010. 

Blasberg, R.G., Patlak, C., Fenstermacher, J.D., 1975. Intrathecal chemotherapy: brain 
tissue profiles after ventriculocisternal perfusion. J. Pharmacol. Exp. Ther. 195, 
73–83. 
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Simonová, Z., Svoboda, J., Orkand, P., Bernard, C.C., Lassmann, H., Syková, E., 1996. 
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Syková, E., 2004. Extrasynaptic volume transmission and diffusion parameters of the 
extracellular space. Neurosci. Brain Water Homeost. 129, 861–876. https://doi.org/ 
10.1016/j.neuroscience.2004.06.077. 
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