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Abstract

Brain function is based on communication between individual cells, neurons and glia. From a
traditional point of view, neurons play a central role in the fast transfer of information in the
central nervous system while astrocytes, major type of glia, serve as housekeeping elements
maintaining homeostasis of the extracellular microenvironment. This view has dramatically
changed in recent years as many findings ascribe new roles to astrocytes. It is becoming evident
that astrocytes communicate with neurons via chemical signals released to the extracellular space
(ECS). Astrocytes also have communication systems of their own, such as calcium waves that
use gap junctions in combination with purinergic signaling through the ECS. Here we discuss yet
another important role for astrocytes: that they regulate diffusion of signaling molecules and
therapeutic agents in the extracellular microenvironment by contributing to the structural
properties of ECS. There is a wealth of morphological data showing that each astrocyte is an
exclusive occupant of a small volume of brain tissue, and that many fine astrocytic processes
ensheathe neuronal processes and bodies. The functional significance of these unique
morphological features is largely unknown with the exception of astrocytic coverage of synaptic
formations. At the synapses, astrocytic processes play an active role by restricting
neurotransmitter diffusion to the synaptic cleft and its immediate vicinity. Recent work suggests
that astrocytic processes work in a similar fashion throughout the ECS and thus control the
diffusive spread of substances over both short and long distances.
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1. Introduction

Astrocytes are a major type of glial cell in the central nervous system (CNS). They maintain
homeostatic levels of extracellular ions, pH, and express a variety of channels and transporters,
most notably potassium channels, water channel aquaporin-4 (AQP4) and glutamate transporters.
A wealth of new data suggests that astrocytes should not be viewed as passive elements. Indeed,
astrocytes form a distinct network where individual cells interconnected via gap junctions
propagate calcium waves and they also release a number of neuroactive substances to signal to
neurons and to modulate neuronal transmission.

To fulfill such diverse functions, astrocytes need to be uniformly distributed throughout
the neuropil in order to sustain their homeostatic functions, but at the same time their processes
need to be present at specific locations within the neuropil (e.g. close to the neuronal synapses) in
order to actively modulate synaptic transmission. This is accomplished through a particular
distribution of astrocytes within the underlying neuropil and through complex geometry of
astrocytic processes. It has been reported that each astrocyte occupies a separate anatomical
domain resulting in a non-overlapping tiled layout [1, 2, 3] in the neuropil. It has also been
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shown that astrocyte morphology is very complex. Specifically, fine astrocyte processes, which
account for about 85% of astrocyte volume [1], wrap neuronal synapses and insert themselves
between the dendrites and somata of neurons [4, 5, 6].

Here we discuss yet another important role for astrocytes: that they regulate extracellular
diffusion by contributing to the structural properties of the ECS. Brain ECS surrounds individual
cells in the CNS. It facilitates the diffusion-mediated transport of ions, neurotransmitters,
metabolites, and it is also the final route for drug delivery to the brain cells. The distribution of
substance in the ECS is regulated by the two macroscopic parameters of ECS — tortuosity and
volume fraction [7]. This review will focus on the contribution of astrocytes to diffusion
hindrance in brain ECS and extracellular volume regulation during physiological and pathological
conditions.

2. Brain extracellular space

The ECS can be imagined as a system of contiguous narrow spaces demarcated by cellular
membranes (Figure 1). The geometry of the ECS is defined by the shape of brain cells and the
width of the pores between the cells. The ECS is filled with ionic solution and macromolecules
of the extracellular matrix (ECM), predominantly proteoglycans and glycosaminoglycans. The
width of individual interstitial spaces in the live brain tissue is estimated at 30-60 nm [8, 9]. The
ECS serves as an important functional counterpart of neuronal and glia networks; it facilitates
diffusion of neurotransmitters, neuromodulators, nutrients, metabolites, and therapeutic agents.
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Figure 1. Brain extracellular space. A. Photograph of a rat brain. White line shows a plane of cutting for
coronal brain slices. B. Schematic of a coronal brain slice. Diffusion studies are often carried out in the
neocortex (labeled). C. Left: Schematic of microscopic architecture; cells are gray, ECS is red. Right:
The ECS is filled with ionic solution and macromolecules of extracellular matrix (green, orange and
blue).

Diffusion can be exploited experimentally to quantify macroscopic properties of the ECS
in a live brain tissue. Diffusion experiments employing small extracellular probe molecules
quantify two parameters of the ECS structure: the volume fraction and the tortuosity. The volume
fraction () represents the proportion of tissue volume occupied by the ECS. The tortuosity (1)
quantifies the hindrance imposed on the diffusion process by the tissue relative to an obstacle-free
medium. Tortuosity is defined as (D/D*)"?, where D and D" are the free diffusion coefficient in a
free medium and effective diffusion coefficients in brain, respectively [10, 7]. Alternatively,
diffusion hindrance can be also defined as diffusion permeability (&), which is a ratio of the
effective diffusion coefficient in the brain tissue and the free diffusion coefficient [11]. In
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isotropic healthy brain, « is about 0.2 (i.e., about 20% of brain tissue volume resides in the ECS)
and A is about 1.6 (i.e, diffusion of a small extracellular probe molecule in brain tissue is slowed
down about 2.5 times) [7, 12].

The structure of brain ECS dynamically changes during various physiological conditions
such as neuronal activation and osmotic challenge [13, 12]. Recent study from Nedergaard’s
group [14] put ECS research in the limelight when it reported that « constricts during an awake
state and widens during the sleep state, and that the enlargement during sleep is necessary for
removal of toxins and metabolites from brain tissue. The ECS structure also changes, often
permanently, during pathological conditions, brain trauma and disease. For example, diffusion is
significantly hindered and the volume of the ECS is reduced in many neuropathological states
associated with cellular edema [13, 15, 16]. Among the many consequences of the impaired
transport is the disruption of nutrient and metabolic trafficking, which augments brain
dysfunction and prevents recovery.

3. Methods to study extracellular space

Many fundamental studies exploring ECS structure [12] utilized the diffusion-based Real-Time
Iontophoretic (RTI) method [10]. The original study [10] employed four different small
extracellular probe molecules, two cations and two anions, to measure « and A in rat cerebellum
in vivo. Because all four ions gave very similar results, later studies predominantly employed
tetramethyammonium (TMA", MW 74) for its relative ease of use, and the RTI method was called
the TMA method in some studies.

The RTI method (Figure 2) uses the distribution of extracellular probe molecules released
from a point source to quantify the aggregate parameters of the ECS, « and A, from a large
region, typically containing hundreds of cells. In the RTI method, charged extracellular probe
molecules are iontophoretically-delivered from a micropipette, and they are detected by an ion-
selective microelectrode (ISM) positioned about 100-200 um away from the source.
Concentration profiles recorded at the ISM are analyzed using the appropriate solution of the
diffusion equation [7, 17].

In its early days, results obtained with the RTI method had been compared with the
values of ECS parameters obtained by different methods, specifically radiotracer and
morphometric methods. The radiotracer method pioneered by groups around Fenstermacher and
Patlak [18, 19] utilized radioactive sucrose or inulin which were delivered into the ventricle and
their distributions were obtained postmortem from sections of the caudate nucleus, the region
adjacent to ventricles. The parameters measured in several species were in the range 15-20% for
o and 1.52-1.64 for A [20]. Results obtained with the RTI and the radiotracer methods were in a
good agreement.

The morphometric method relies on electron micrographs, which directly visualize the
interstitial channels in a small region of fixed tissue, typically containing a few cells.
Unfortunately, conventional fixation procedures cause water redistribution and they significantly
distort ECS parameters [21, 8, 9, 22]. Studies employing freeze substitution, which to some
extent remedies the shortcomings of conventional fixation, arrived at values of « ranging from
0.15 to 0.20 [21], closer to the values typically obtained with diffusion methods [20, 23].

Diffusion method RTI offers two important advantages over the morphometric method.
It yields both « and A, while the morphometric method quantifies only «. In addition, the RTI
can be used in live tissue and thus can be exploited to study dynamic changes of the ECS during
various physiological and pathological conditions [23, 13, 7, 12, 14, 24, 25]. It is beyond the
scope of this review to provide further details on diffusion methods and their theoretical
underpinning. We refer reader to published articles and reviews on this topic [10, 7, 17, 26].
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Figure 2. Real-Time Iontophoretic method. A. Point source is used to release extracellular marker
molecule. Detector could be another micropipette (as shown here) or a CCD camera when fluorescently
labeled marker molecules are used (as in Intergrative Optical Imaging method [67], not shown). B.
Setup used for RTI measurements. C. A typical time line of an RTI experiment. Diffusion measurements
in brain tissue are preceded and followed up by diffusion measurement in dilute agarose to determine
transport number of iontophoretic microelectrode (n;) and a spacing between the ion-selective
microelectrode and the iontophoretic microelectrode (). Measurements in brain tissue quatify o, 4, and a
non-specific clearance £’ (s™) [17]. (Modified from [68])

4. Astrocytes

Astrocytes (Figure 3) are one type of glial cell that are the most plentiful of the brain cells in the
central nervous system. The other glial cells are microglia and oligodendrocytes. Astrocytes
have a small cell body with a few major processes containing the intermediate protein glial
fibrillary acidic proteins (GFAP). The major processes extend into morphologically complex fine
processes devoid of GFAP. The thin and thread-like fine processes, which account for about 85%
of an astrocyte’s volume and insert themselves between the dendrites and somata of neurons, line
the pia mater as glial limitans, and form glial end-feet on blood vessels [5, 6]. Each individual
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astrocyte establishes its own exclusive microdomain by avoiding interdigitations with processes
from neighboring astrocytes, while ensheathing numerous dendrites and somas in the neuropile
[1, 2, 3]. This arrangement allows astrocytes to function as a diffusion barrier for the signaling
molecules and ions released in the ECS synaptically and extrasynaptically, thereby contributing
to the structural properties of ECS.

Astrocytes take part in various functions that are important for normal functioning of
neurons. Astrocytes have the major Na'- dependent glutamate transporter GLT-1 and GLAST
that removes the excess glutamate released during synaptic transmission. Once accumulated
inside astrocytes, glutamate is converted to glutamine with the enzyme glutamine synthetase and
transported back to neurons. Astrocytes are also involved in the homeostasis of extracellular
potassium. During neuronal activity, the extracellular concentration of potassium increases from
5 to 10-12 mM. Astrocytes remove excess potassium through a passive mechanism called
“spatial buffering” facilitated by inward rectifier K* channels, and through a Na'/K'-ATPase
pump that pumps K' along with water molecules inside astrocytes [27]. The plasticity of
morphology of astrocytes can be induced by neuronal activity and neuromodulators, and
depending on the signal, the fine astrocytic processes may retract or extend in the neuropil [27,
28].

A

[=] [m]
(=] [m]
[=!,5]

. Gap
junction

Synapse

‘ CapiIIary'

Figure 3. Astrocytes in brain tissue. A. Astrocytes have a small cell body with a few major proximal
processes. About 85% of astrocyte volume resides in fine distal processes [1], which wrap around
neuronal cell bodies, synapses and form end feet on blood vessels. Astrocytes are connected with each
other by membrane adhesions called gap junctions. B. Concave astrocytic wrappings were proposed to
form dead space microdomains in brain ECS [58].

5. Astrocytes and extracellular space under physiological conditions
Values of ECS parameters reviewed in this section are summarized in Table 1.
5.1. ECS in a sleep-wake cycle

The ECS occupies about 20% of the total tissue volume (a ~ 0.20) and the tortuosity is about 1.6.
Recent work from Maiken Nedergaard’s group suggested that the traditionally reported value of o
corresponds to the ECS volume during a sleep state, and that during an awake state, the ECS
volume dramatically decreases [14]. The study utilized the RTI method in the cortex of mice
during naturally occurring sleep, when awake and during anesthesia. For RTI measurements
performed in sleeping animals at midday, the value of a averaged at 0.234 but when the RTI
records were taken in awake animals in the evening, o was only about 0.141. A similar result was



obtained when the sleep state was induced pharmacologically: a = 0.136 increased to 0.227 after
animals were anesthetized with a ketamine-xylazine mixture. Interestingly, values of tortuosity
remained similar in these two brain states.

The study by Xie and co-workers [14] has fundamental implications for brain function
and it raises many interesting questions. As the ECS volume transitions from the sleep state to
the awake state and back, volume of some other compartment or compartments must cycle in a
reciprocal manner. Maintenance of a reduced ECS volume in the awake state appears to be
driven by noradrenergic afferents, diffusely innervating the neocortex, which is known to cause
wakefulness and vigilance [29, 30]. Xie and co-workers [14] reported that a cocktail of
adrenergic antagonists applied on the cortical surface of an awake animal increased ECS volume
from 0.143 to 0.226, implicating the adrenergic system in reversal of the ECS volume fraction
from the “awake” state to the “sleep” state. It remains to be determined which compartment is
involved in the ECS volume changes during the sleep-wake cycle. Astrocytes are one of the
possible candidates because they are well-suited for water uptake and transport and they express
adrenergic receptors [31].

5.2. Structural plasticity of astrocytes during lactation and dehydration

There is a wealth of evidence to suggest that the ECS is a dynamic structure and that its properties
change during various physiological and pathological conditions [23, 13]. Is there also evidence
for dynamic changes of astrocyte shape and volume under physiological conditions? Indeed,
there is a classic example where structural plasticity of astrocytes occurs physiologically. In the
hypothalamo-neurohypophysial system, cellular architecture undergoes remarkable reversible
structural changes in dehydration [32, 33] and lactation [34]. Astrocytic processes play a primary
role in this phenomenon.

In the supraoptic nucleus of hypothalamo-neurohypophysial system, astrocytes form a
thin layer called the ventral glial zone that lies between the magnocellular neurons and pia mater.
Some processes of these astrocytes extend to the somatodendritic zone where they cover soma
and dendrites of magnocellular neurons in the basal state. During dehydration or lactation, the
astrocytic processes retract from the somatodendritic zone while somata of magnocellular
neurons enlarge and form neuron-neuron appositions [35, 36]. Functionally, the withdrawal is
interpreted as a removal of diffusion barriers from the somatodendritic zone, which in turn
enhances the excitation of neurons and thus hormonal release from axon terminals of
magnocellular neurons located in the neurohypophysis [35, 36].

This interpretation was tested in a study combining electrophysiology with diffusion
analysis in rat hypothalamic slices from virgin and lactating female rats [37]. These workers
found that synaptic crosstalk was enhanced in the somatodendritic zone of the supraoptic nuclei
from lactating female rats. Using diffusion analysis, they reported significant changes in the ECS
structure in lactating animals. In the somatodendritic zone of virgin rats, extracellular diffusion
of TMA was anisotropic (A, = 1.39, A4, = 1.48 and A, = 1.50) and a was 0.32. During lactation
when astrocytic processes retracted from the somatodendritic zone, extracellular diffusion of
TMA was less hindered and isotropic (A = 1.34, A4, = 1.39 and A, = 1.36) while ECS volume
significantly decreased to a value of 0.20. In summary, withdrawal of astrocytic processes led to
a removal of some diffusion barriers, which was detected as a decrease of extracellular hindrance
to diffusion, while the decrease in ECS volume is likely attributed to enlargement of neuronal cell
bodies.

5.3. Role of AQP4 and alpha-syntrophin in ECS volume maintenance

Values of a and A are fairly constant among different brain regions but they reversibly change
during neuronal activity [12] and one wonders how the ECS volume and tortuosity are maintained



and regulated. Studies in AQP4-deficient mice and alpha-syntrophin-deficient mice brought
some answers to these questions.

Astrocytes express aquaporin-4 (AQP4) water channels. These channels are
predominantly expressed on the membranes of astrocytic endfeet facing perivascular spaces and
on glia limitans adjacent to the sub-arachnoid spaces, but they are also expressed on the astrocytic
membranes in the neuropil [38, 39]. The function of AQP4 channels was studied in transgenic
mice where the AQP4 gene was knocked-out. It was shown that the expression of AQP4
channels on the astrocytic membranes was significantly reduced in AQP4 knock out mice [40]
and it was proposed that water compartmentalization might be altered.

Table 1. ECS parameters measured with RTI method under physiological conditions and during
genetic manipulations.

Condition Region Species Prep a A Ref #

Sleep Cortex Mouse in vivo 0.23 1.3-1.8 14

Awake Cortex Mouse in vivo 0.14 1.3-1.8 14

Virgin Supraoptic Rat slice 032 (1.39,1.48,1.50)" 37
nucleus

Lactation Supraoptic Rat slice 020  (1.34,1.39,1.36)" 37
nucleus

AQP4+/+ Somatosensory y\roice invive 018 1.6l 41
cortex

AQP4-/- Somatosensory y\roice imvive 023 1.62 41
cortex

AQP4+/+ Somatosensory y\roice inviro 019 1.61 41
cortex

AQP4-/- Somatosensory \roice inviro 023 1.64 41
cortex

o-syn+/+ Cortex Mouse in vivo 0.20 1.60 43

a-syn-/- Cortex Mouse in vivo 0.23 1.60 43

a-syn-+/+ Cortex Mouse invitro  0.19 1.50 43

a-syn-/- Cortex Mouse invitro  0.21 1.50 43

! Anisotropy tensor (1, 4y, 4,), AQP4: aquaporin 4, o-syn: alpha-syntrophin. (Modified from [12])

Yao and co-workers [41] showed that ECS volume was significantly larger in the
somatosensory neocortex of AQP4-deficient mice. In WT mice, ECS volume was 0.18 and 0.19
in in vivo preparation and in vitro preparation, respectively, but it increased by about 25% (to
0.23) in the AQP4-deficient mice. There were no significant differences in A values measured in
these two genotypes suggesting the extracellular hindrance for small ions remains unaltered.
Study by Yao and co-workers [41] provided direct evidence for the role of AQP4 channels in



homeostasis of the ECS volume fraction, and it was argued that enlarged ECS volume may
account for lower susceptibility of AQP4 mice to seizure [42] either because of lower
accumulation of potassium or because of reduced ephaptic interactions in the enlarged ECS of
AQP4-deficient mice.

Findings of Yao and co-workers [41] in AQP4-deficient mice were further supported by a
study in alpha-syntrophin-deficient mice [43]. Alpha-syntrophin (a-syn) is an intracellular
adapter protein which anchors AQP4 channels in specific areas of astrocytic membrane. Deletion
of alpha-syntrophin reduces the amount of AQP4 in perivascular and subpial membranes,
although the total AQP4 protein content in the brain remains constant. Using RTI method,
Dmytrenko and co-workers [43] reported an enlargement of the ECS volume but no change in the
tortuosity in in vivo and in vitro neocortex of the alpha-syntropin-deficient mice. In WT mice,
ECS volume was 0.20 and 0.19 in in vivo preparation and in vitro preparation, respectively, but it
increased to 0.23 and 0.21 in in vivo preparation and in vitro preparation, respectively, in the
alpha-syntrophin-deficient mice.

Taken together, studies in AQP4- and alpha-syntrophin-deficient mice revealed that
astrocytes participate in water compartmentalization in brain tissue for under resting conditions.
Furthermore, AQP4 and alpha-syntropin contribute to capacity for water transport across
astrocytic membranes during a reversible challenge.

6. Astrocytes and extracellular spaces under pathological conditions
Values of ECS parameters reviewed in this section are summarized in Table 2.
6.1. Response of astrocytes and ECS to ischemic conditions and osmotic stress

Astrocytes are the major cell type to swell and to exhibit reactive astrogliosis under many
pathological conditions, such as ischemia, traumatic brain injury, hepatic encephalopathy,
hyponatremia, and status epilepticus [44, 45, 46]. Cellular edema accompanies various brain
diseases, and it occurs when water moves from the ECS into the brain cells. Various mechanisms
of astrocytic swelling have been proposed. Most notably, intracellular accumulation of
electrolytes and uptake of glutamate are believed to cause astrocytic swelling in ischemia and
traumatic brain injury [46]. The pathological consequences of astrocyte swelling include
compression of blood vessels, release of excitatory amino acids, activation of volume-dependent
anion channels, and alteration in the structural parameters of ECS [46, 12].

Structural parameters of ECS have been studied in vitro and in vivo in pathologies
accompanied by cell swelling. Generally, 4 increases and a decreases in an in vitro model of
ischemia and during anoxia in vivo [23]. Rice and Nicholson [47] measured A and a during
hypoxia mimicked by superfusing rat striatal slices with the ACSF containing 95% N,-5% CO,
for 10-30 minutes. They found no significant change in 4, but saw a significant decrease in a
from 0.21 to 0.13. Later, Perez-Pinzon and co-workers [48] induced an in vitro ischemic
condition for 10-30 minutes in rat brain slices by oxygen-glucose deprivation that included
maintaining the same anoxic condition above the slice. ECS parameters were measured in the
stratum pyramidale of CA1 and CA3 hippocampal region and neocortex. The control values of 4
were 1.50, 1.57, and 1.62 and a were 0.14, 0.20, and 0.18 in CA1, CA3, and cortex, respectively.
During anoxic depolarization, a decreased to 0.05, 0.13, and 0.09 in CAl, CA3, and cortex,
respectively. The only significant change in A occurred in CA3, where it increased to 1.73 during
anoxic depolarization. Significant changes in the ECS parameters were also reported in the study
employing an in vitro thick-slice (1000 um) model of ischemia [49]. This preparation is a better
approximation of the in vivo ischemia because the clearance of ions and neurotransmitters to the
ACSF superfusing the tissue is hindered by the slice thickness, in addition to depriving the tissue



of oxygen and glucose. Hrabetova and Nicholson [50] reported 4 = 1.99 and @ = 0.12 in the rat
neocortex of 1000 pm slices.

ECS parameters were also studied during ischemia and terminal anoxia in vivo. Sykova
and co-workers [51] measured [K Jgcs, 4, and a in vivo in the dorsal horn of rat spinal cord during
progressive ischemia induced by exsanguinations, and terminal anoxia induced either by
respiratory arrest or by cardiac arrest. During progressive ischemia the blood pressure fell to 50-
60 mm Hg, [KJgcs increased to 6-12 mM, A remained constant but o decreased from 0.20 to 0.16.
During severe ischemia when the blood pressure fell to 20-30 mm Hg, [K ]gcs increased to 60-70
mM, 4 increased to 2.00 and « decreased to 0.05. Similar results were obtained by Vorisek and
Sykova [52] during in vivo ischemia in rat neocortex and corpus callosum where 4 increased to
2.00-2.10 while a decreased to 0.05-0.06. It is interesting to note that even in the most extreme
conditions of cellular swelling, such as during terminal anoxia, the ECS never becomes
completely obliterated. This might be due to presence of the ECM, which keeps the interstitial
spaces accessible even in the most extreme conditions.

6.2. Dead space hypothesis

Diffusion studies discussed above show that the structural parameters of the ECS change
dramatically in pathologies accompanied by cell swelling. How can we interpret these findings?
It is plausible that during these pathologies, brain cells swell and the ECS volume decreases as
water shifts between these two compartments. It has been hypothesized that the swelling of brain
cells creates dead space (DS) microdomains in the ECS that transiently trap diffusing molecules
and slow down their travel through the ECS thereby increasing the tortuosity [16] (Figure 4).
Electron micrographs obtained from ischemic neocortex show occlusion of the gaps between cells
[53]; such dead-end pores may form the DS microdomains. It has been also shown that when
macromolecules, such as 70 kDa dextran, were applied to the ischemic tissue, 1 decreased from
2.00 to 1.54 and a decreased from 0.12 to 0.10 [50]. It had been hypothesized that dextran
macromolecules eliminated the DS microdomains by occluding them. Hrabetova and co-workers
[16] went on to show that an apparent diffusion coefficient of 70 kDa dextran in ischemic tissue
decreases over time, which was consistent with the idea that 70 kDa dextran gets trapped in the
DS microdomains. Taken together, cell swelling and changes in cell shape correlate with
profound changes in the ECS parameters during ischemic conditions and these findings can be
explained by DS hypothesis.

Simulation and theoretical work have also provided support for the DS hypothesis
(Figure 4). Researchers have used MCell (Monte Carlo Simulator of Cellular Microphysiology)
software [54] to simulate diffusion in virtual models of ECS and to test how geometry of cell
contributes to 4. Theoretical work and simulations of diffusion in model media composed of
convex cellular elements revealed an upper limit of 1.225 for A [55, 16, 56, 11]. This value of 1 is
significantly lower than the hindrance measured in the brain under control conditions (about 1.6)
and during ischemia (about 2.0). The DS hypothesis proposed that a more complex geometry of
ECS containing dead-end pores or voids could explain 4 measured in brain tissue [16, 11].
Mathematical modeling studies supported prediction of the DS microdomain hypothesis when
simulations showed that 4 increased to and above the values typically measured in brain when the
DS microdomains are modeled as dead-end pores or voids [11, 57].

6.3. ECS parameters during astrocyte-selective manipulation

Because of morphological complexity, astrocytic fine processes were proposed to be implicated
in the formation of dead-space microdomains [11, 58, 16] (Figure 3). To further test this idea,
Sherpa and co-workers [25] applied a gliotoxin DL-a-Aminoadipic Acid (DL-AA) to selectively
and reversibly swell astrocytes in the somatosensory neocortex of rat brain slices and measured A
and a. It was expected that swollen astrocytic processes would create additional dead spaces.
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The authors reported that 4 increased from 1.63 to 1.71 while o decreased from 0.22 to 0.14
during DL-AA application. During recovery, /4 remained elevated at 1.73 while a recovered to a
control value of 0.20. Persistent increase in A during the application of DL-AA and during the
recovery suggested that the geometry of astrocytic processes was altered as the astrocytes swelled
in DL-AA, and that this modified geometry of astrocytic processes persisted even during the
recovery when shrinking astrocytic processes recovered the ECS volume. These observations led
authors to conclude that the increased extracellular hindrance to diffusion was mediated via
formation of additional dead-spaces in the ECS by astrocytic processes (Figure 5).

AQP4, a major water channel in the brain, is exclusive to astrocytes and it is anchored in
the astrocytic end-feet and subpial surface. Because no physiologically compatible blockers of
AQP4 are currently available, function of AQP4 in the neuropil is studied in transgenic animals
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Figure 4. Dead space hypothesis. A. Extracellular diffusion during ischemia hindered by dead space
microdomains. B. Dwell-time diffusion model in tandem with Monte Carlo simulations of diffusion
[16, 11] show that dead spaces hypothesis can explain extracellular hindrance observed in brain under
control conditions and in disease associate with cell swelling, such as ischemia. (Modified from [16,
17])
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where AQP4 or its anchoring adapter protein alpha-syntrophin is removed. Deletion of AQP4
channels was shown to reduce astrocytic swelling and brain edema in water-intoxicated mice,
ischemic stroke and transient focal cerebral ischemia [59, 60], suggesting its important role in
water movement. Dmytrenko and co-workers [43] studied the impact of alpha-syntrophin
deletion on ECS parameters in the cortex of mice during hypotonic stress and elevated potassium
in vitro, and during severe pathological conditions in vivo. During exposure of brain slices to a
severe form of hypotonic stress (-100 mOsmol/L) and an elevated level of extracellular K (10
mM; normal is 3-5 mM), a significant but small decrease in @ was observed in the alpha-
syntrophin-deficient mice compared to the wild-type mice; a mild form of hypotonic stress (-50
mOsmol/L) was ineffective in changing a. Severe forms of pathological condition such as
terminal anoxia/ischemia led to a smaller decrease in a in the alpha-syntrophin-deficient mice
(0.14) compared to the wild-type mice (0.10) in vivo while 1 attained a significantly high value of
2.25. In summary, Dmytrenko and co-workers [43] inferred that water transport through the
AQP4 channel is more critical during pathological condition than during physiological condition.

Control DL-AA Recovery

Astrocyte

. DS model Prediction Experimental Values
Conditions
A « A o
Control CTRL CTRL 1.63 0.22
DL-AA i i) 1.71 0.14
Recovery i CTRL 173 0.20

Figure 5. A schematic diagram showing that the DS hypothesis predicts the increase in extracellular
hindrance seen during DL-AA application in rat somatosensory neocortex. (Modified from [25])

Taken together, multiple studies indicate that the ECS parameters are significantly altered
during ischemic conditions and in anoxia [51, 50, 15]. Astrocytic swelling is a hallmark of these
pathologies and it significantly contributes to the changes in ECS parameters. Altered 4 and o
impair diffusion of metabolites, therapeutic agents, and affect neuron-neuron and neuron-glia
communication. In addition, accumulation of potassium ions, excitatory amino acids such as
glutamate, and acidosis in the reduced ECS volume is likely to intensify insult. AQP4 channels
play a crucial role in maintenance of ECS volume and they mediate, in part, water redistribution
during conditions mimicking intense neuronal activity, cell swelling and ischemic conditions.
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Table 2. Values of ECS parameters measured with RTI method under pathological conditions.

Pathology Region Species Prep a A Ref #
Ischemia Cortex Rat thick-slice 0.1-0.15 1.79-1.99 50,15,16
Ischemia Cortex Rat slice 0.09 1.74 48
Ischemia CAl Rat slice 0.05 1.73 48
Ischemia CA3 Rat slice 0.13 1.73 48
Hypoxia Neostriatum  Rat slice 0.13 1.53 47
Ischemia/Anoxia Spinal cord, dh Rat in vivo 0.05 2.00 51
Ischemia Cortex Rat in vivo 0.06 2.00 52
Ischemia Corpus Rat in vivo 0.05 2.10 52
callosum

Gliotoxin Som. cortex Rat in vitro 0.14 1.71 25
Pilocytic Astrocyt. GR 1 Cortex Human slice 0.37 1.50 62
Diffuse Astrocyt. GR 11 Cortex Human slice 0.29 1.81 62
Anaplastic Astrocyt. GR III Cortex Human slice 0.44 1.78 62
Glioblastoma GR IV Cortex Human slice 0.58 1.35-1.83 62
Oligodendrogliomas GR II  Cortex Human slice 0.23 1.50 62
Ependymomas GR 11 Cortex Human slice 0.39 1.55 62
Medulloblastomas Cortex Human slice 0.38 1.57 62

dh: dorsal horn, Som: somatosensory, o-syn: alpha-syntrophin, GR: Grade, Astrocyt: Astrocytomas.
(Modified from [12])

6.4. Gliomas

Gliomas are brain tumors that are derived from glial cells or their precursors. Malignancy grades
of gliomas are graded according to neuropathological criteria developed by World Health
Organization (WHO) [61]. Glioma cells proliferate and migrate through interaction with the
ECM molecules, and this behavior of glioma cells could potentially be affected by the size and
contents of the ECS [62]. Earlier electron microscopy studies [63] and radioactively labeled
sucrose [64] suggested an enlarged ECS volume in human gliomas. Vargova and co-workers
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[62] measured A and a in human brain tumors of various malignancy grades using the RTI
method. The control group comprised of brain tissue samples from patients undergoing treatment
for temporal lobe epilepsy.

Analysis of TMA" diffusion measurements in control slices from human temporal cortex
(layers III and 1V) revealed 4 = 1.55 and a = 0.24. Tortuosity remained in a range 1.50 — 1.55, but
volume fraction increased to 0.37 in pilocytic astrocytomas (WHO grade I) and 0.39 in
ependymomas (WHO Grade II). Tortuosity and volume fraction were significantly higher in
diffuse fibrillary astrocytomas (WHO grade II) and they further increased in anaplastic
astrocytoma (WHO grade 111), where A = 1.78 and o = 0.44. In glioblastoma (WHO grade IV), a
was 0.58 while 4 ranged from 1.35 to 1.83. Measurements in oligodendrogliomas (WHO grade II)
showed that A = 1.50 and a = 0.23, similar to the control values. Medulloblastomas revealed a
high o (0.38) and a constant 4 (1.57). Taken together, the authors found that ECS volume
increases in all gliomas except oligodendrogliomas. In addition, the authors also investigated the
relationship between ECS parameters of gliomas and their proliferative activity, and they found a
positive correlation.

There was a significant increase in A along with an increase in ¢, especially in high-grade
gliomas (III and IV). Such an increase in A in high-grade glioma tissues was thought to be a
consequence of remodeling of the ECM composition through overproduction of tenascin-R [65].
Increased hindrance to diffusion in gliomas presents a challenge for the diffusion of therapeutic
agents. Therefore, studies of ECS parameters are not only important for understanding migratory
behavior of glioma cells through an enlarged ECS but also for designing effective strategies for
delivering therapeutic agents [66].

7. Conclusions

Brain ECS serves as an import functional counterpart of neuronal and glia networks, and it
facilitates diffusion of neurotransmitters, neuromodulators, nutrients, metabolites and therapeutic
agents. Recent studies suggest that astrocytes play a significant role in regulating macroscopic
parameters of brain extracellular space. Using diffusion analysis as an experimental tool in these
studies, researchers characterized the ECS structure under physiological conditions, and they also
used models of neurological diseases to study how it changes during pathological conditions.
This work has demonstrated that astrocytes contribute to diffusion hindrance in brain extracellular
space and that they are also involved in the regulation of brain extracellular space volume under
resting conditions and during brain activity. Moreover, the ECS structure was found to change,
often dramatically and permanently, during pathological conditions, brain trauma and disease.
These novel findings have important implications for physiology of the CNS, drug delivery
strategies, and they significantly contribute to understanding the mechanisms and progression of
multiple neurological and mental disorders.
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