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SUMMARY

The diffusion of neuroactive substances in the extracellular space (ECS) plays an important
role in short- and long-distance communication between nerve cells and is the underlying
mechanism of extrasynaptic (volume) transmission. The diffusion properties of the ECS are
described by three parameters: 1. ECS volume fraction o (oo = ECS volume/ total tissue volume), 2.
tortuosity A (A* = free /apparent diffusion coefficient), reflecting the presence of diffusion barriers
represented by, e.g., fine neuronal and glial processes or extracellular matrix molecules and 3.
nonspecific uptake k’. These diffusion parameters differ in various brain regions, and diffusion in
the CNS is therefore inhomogeneous. Moreover, diffusion barriers may channel the migration of
molecules in the ECS, so that diffusion is facilitated in a certain direction, i.e. diffusion in certain
brain regions is anisotropic. Changes in the diffusion parameters have been found in many
physiological and pathological states in which cell swelling, glial remodeling and extracellular
matrix changes are key factors influencing diffusion. Changes in ECS volume, tortuosity and
anisotropy significantly affect the accumulation and diffusion of neuroactive substances in the CNS
and thus extrasynaptic transmission, neuron-glia communication, transmitter ,spillover and

synaptic cross-talk as well as cell migration, drug delivery and treatment.



INTRODUCTION

The correct transfer of neuroactive substances and ions between nerve cells is fundamental
for signal transmission in the central nervous system (CNS). Besides the classical synaptic
transmission resulting from the activation of receptors located on the postsynaptic membrane,
extrasynaptic transmission, based on the diffusion of neuroactive substances through the volume of
the extracellular space (ECS), represents an alternative and less specific mode of signal transfer,
which may in turn modulate signal transmission via synapses.

Strictly speaking, synaptic transmission itself requires the diffusion of neuroactive
substances over short distances (across the synaptic cleft and in the close vicinity of the synapse),
which allows communication between pre- and postsynaptic terminals and the astrocytic processes
enwrapping the synapse (Fig. 1A). Due to transport mechanisms on astrocytic processes, astrocytes
may suppress or facilitate neuronal activity by neurotransmitter uptake or release (for review see
Haydon 2001). The importance of glial cells for synaptic transmission was reflected in the model of
a ,tripartite synapse” (Araque et al. 1999). The recent model of a ,,quadripartite synapse* adds a
fourth important element - the extracellular space with its dynamically changing content and its
diffusion properties (Sykova 2004a, Fig. 1A).

The existence of extrasynaptic communication between cells over longer distances, several
tens or hundreds of micrometers (Fig. 1B), was hypothesized in the second half of the 20" century
because of frequent functional interactions between nerve cells without any morphological
(synaptic) contacts, “mismatches” between release sites and the locations of receptors and the
existence of abundant high-affinity extrasynaptic receptors (Herkenham 1987). Early studies by
Vizi showed an indirect influence between sympathetic and parasympathetic activity without any
obvious synaptic contact (Vizi 1974). Later, it was found that extrasynaptic communication is a
general feature of the central nervous system, contributing to the synchronizing of neuronal activity

in many complex functions such as sleep and vigilance, lactation, chronic pain, depression, memory



formation and other plastic functions of the brain (for review see (Sykova 2004b; Sykova 2004a;
Vizi et al. 2004). The phenomena was named extrasynaptic or volume transmission (Fuxe and
Agnati 1991), since its underlying mechanism is the diffusion of neuroactive substances through the
volume of the ECS, which therefore serves not only as the microenvironment of nerve cells but also
as a communication channel. Volume transmission has been intensively studied during the last few
decades, however, its importance in modulating and mediating various functions is still not
completely recognized (Sykova 1997; Sykova 2004a; Sykova 2004b; Vizi et al. 2004).

Volume transmission is also necessary for an important phenomena called “synaptic
crosstalk” (Kullmann et al. 1996; Asztely et al. 1997). This heterosynaptic communication,
whereby synapses of independent pathways may influence each other and modulate one other’s
activity, plays a role, for example, during long-term potentiation (LTP) and depression (LTD),
during lactation or dehydration, where it can potentiate hormonal release (Oliet et al. 2001; Piet et
al. 2004), or in the indirect modulation of the dopaminergic system by excitatory input (Kiss et al.
2004). This synaptic crosstalk requires the escape of neurotransmitters from the synaptic cleft
(called synaptic spillover), prevented in so-called “private” synapses by the ensheathing of these
synapses by glial processes and the extracellular matrix (ECM), which contributes to high
selectivity and signal-to-noise ratio of synaptic transmission (Fig. 1A). During certain conditions,
e.g. lactation (Theodosis and Poulain 1993), or in “open” synapses, this insulation is missing and
synaptic spillover occurs especialy during repetitive stimulation. Via diffusion, neurotransmitters
such as glutamate or GABA can thus reach extrasynaptic receptors in a neighbouring synapse.

Besides synaptic spillover, neuroactive substances and ions may be released into the ECS by
various mechanisms, including extrasynaptic vesicular release from neurons or axonal varicosities
(neuropeptides or catecholamines), the reversal action of glial transporters for transmitters
(glutamate, GABA, dopamine), ionic shifts from the intercellular to the extracellular compartment

or by the release of gaseous transmitters such as nitric oxide (Zoli et al. 1999). The diffusion of



neurotransmitters in the ECS and the accumulation of ions in the ECS is important for neuron-glia
communication. While neurons can interact by both synaptic and extrasynaptic (volume)
transmission, communication between neurons and glial cells is limited to the extrasynaptic type.
Information about ongoing neuronal activity and the current state of the neurons is crucial for the
glial cells’ maintenance of ionic, pH and volume homeostasis and their modulation of synaptic

transmission efficacy.

Extracellular space and its diffusion parameters

Diffusion is characterized by the random Brownian motion of molecules and in a free
medium is described by Fick’s laws. According to Kuffler and Potter (1964), brain tissue resembles
a foam, in which the cells correspond to the gaseous phase and the ECS represents the water phase.
For substances that do not cross the cell membranes, the brain acts as a porous medium, in which
diffusion in the ECS is restricted by its geometry and composition. To describe diffusion in the
ECS, we must take into account the size of the extracellular pores, the diffusion barriers represented
by neuronal and glial processes and ECM molecules and cellular uptake. Therefore, Nicholson and
Phillips in 1981 modified Fick’s original diffusion equations by introducing three diffusion
parameters: extracellular volume fraction (o), tortuosity (A) and non-specific concentration
dependent or independent uptake (k") (Fig 1B). ECS volume fraction a is a dimensionless quantity
defined as the ratio between the volume of the ECS and the total tissue volume. Early studies with
electron microscopy determined the volume of the ECS to be as low as 5% of total tissue volume
with cells spaced 10-20 nm apart on average (Van Harreveld ef al. 1971). However, animal death
almost certainly causes ischemia and cell swelling concomitant with ECS shrinkage, and the
classical methods used for the fixation and embedding of the tissue cause dehydration, thus leading
to a diminished ECS volume. Now it is evident that the ECS represents about 20-25% of the adult

healthy brain tissue, so o = 0.20-0.25. ECS tortuosity A is defined as the square root of D/ADC,
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where D is the free diffusion coefficient and ADC is the apparent diffusion coefficient of a
substance in the nervous tissue. The tortuosity value reflects the number and extent of diffusion
barriers and in healthy tissue is about 1.5, which means that diffusion in the brain is about 2.5x
slower than in a free medium. Tortuosity is a tensor and in anisotropic regions has different values
in different directions. Besides non-specific, concentration dependent uptake (k”), in many cases
substances such as glutamate are transported by energy-dependent uptake systems that obey non-
linear kinetics.

Currently, the best method for measuring the absolute values of the ECS diffusion
parameters is the real-time iontophoretic method, developed by Nicholson and Phillips (Nicholson
and Phillips 1981, Fig.1C). This method allows us to determine the absolute values of all three
diffusion parameters and their dynamic changes in nervous tissue in vitro as well as in vivo. The
method is based on the iontophoretic application of ions to which cell membranes are relatively
impermeable (tetramethyl- or tetracthylammonium — TMA" or TEA") into the ECS. The
concentration of the ions is determined by an ion-selective microelectrode fixed at a known distance
(100-200 wm) from the iontophoretic micropipette. The resulting diffusion curve (Fig. 1D) is
mathematically analyzed, and the values of o, ADCrma, A and k™ are extracted by a non-linear
curve-fitting simplex algorithm operating on the diffusion curve.

The other methods used to study ECS volume fraction and tortuosity are less comprehensive
(Nicholson and Sykova 1998; Sykova 2004b). These methods can either measure only one of the
parameters, follow only relative changes in the ECS volume fraction, or detect changes that are only
partially related to ECS volume changes. The methods include the measurement of tissue resistance,
changes in light transmittance and/or scattering, the measurement of the ADCs of fluorescent-
labeled large molecules, polymers and quantum dots by integrative optical imaging, and the
measurement of the ADC of water (ADCy) by diffusion-weighted MRI (DW-MRI). DW-MRI

reveals the inhomogeneous and anisotropic diffusion of water, similar to the diffusion of TMA"



(Vorisek et al. 2002). In comparative studies in which measurements were first done using DW-
MRI and then in the same animal or experimental model using the real-time iontophoretic method,
we have found that under some experimental conditions, a decrease in ADCy, i.e. lower
diffusibility, can be related either to a decrease in o, typically during fast acute changes such as
ischemia (Van der Toorn et al. 1996), or to an increase in the number of diffusion barriers,
represented as an increase in A, without substantial changes in o, such as occur during chronic

states post-injury (Vorisek et al. 2002).

Heterogeneity and anisotropy in the ECS

The ECS is heterogeneous, which means that its properties differ over microscopic, e.g.
around different types of cells, as well as over macroscopic scales, in different brain regions. An
analysis of glial cell tail currents showed that the ECS volume in the vicinity of oligodendrocytes is
smaller than that around astrocytes (Vargova et al. 2001a; Chvatal et al. 2004). Moreover, the
structure of cell aggregates, the organization of myelin sheaths, glial processes and the ECM may
create a preferential channel for the diffusion of molecules in a certain direction, such as along
myelinated axons (Prokopova et al. 1997; Vorisek and Sykova 1997a), so that diffusion is
anisotropic. In anisotropic regions, nonsynaptic transmission gains a certain degree of specificity.
Anisotropy has been found also in grey matter - in the molecular layer of the cerebellum (Rice ef al.
1993), in the grey matter of the hippocampus (Mazel et al. 1998) and in the hypothalamic
supraoptic nucleus (SON) (Piet et al. 2004). The appearance and disappearance of diffusion
anisotropy reflects persistent or plastic tissue remodeling, for example myelination during
development, the loss of the typical organization of astrocytic processes in the hippocampus during

aging or structural changes of astrocytes in the SON during lactation or dehydration.



ECS diffusion parameters and glial cells

Glial cells play an important role in different brain functions. Voltage- and ligand-activated
channels and a number of transport mechanisms on the glial membrane allow neuron-glia
communication and the maintainance of ionic and volume homeostasis, which is crucial for proper
neuronal function. The activation of glial cells leads to the activation of ion channels, second
messengers and intercellular metabolic pathways and subsequently to changes in glial volume,
accompanied by dynamic variations in o, structural changes of astrocytic processes and, eventually,
the production of extracellular matrix. Astrocyte swelling is an early event in numerous
pathological states, accompanied by an elevation of [K']., a decrease of extracellular osmolality and
increased concentration of excitatory amino acids. Under experimental conditions, all of these
manipulations evoked a decrease in extracellular volume and an increase in tortuosity, which
corresponded histologically with a significant increase in glial fibrillary acidic protein (GFAP)
staining and changes in astrocytic morphology, typical of astrogliosis (Sykova et al. 1999; Vargova
et al. 2001b). Even if further study did not confirm a true astrogliosis, since the total GFAP content
was not increased (Neprasova et al. 2007), substantial changes in astrocyte morphology and the
rearrangement of astrocytic processes have been found in hypotonic medium using 3D
reconstruction of confocal images (Chvatal ef al. 2007).

Reactive gliosis, including hypertrophy, hyperplasia and morphological remodeling of
astrocytes and nerve cell loss are typical features of damaged tissue. Qualitative and quantitative
changes were detected in the production of extracellular matrix (ECM) molecules in active
astrocytes. Changes in the ECS diffusion parameters related to glial maturation, swelling and/or
remodeling have been studied under physiological and pathological conditions (for review see

(Sykova 2004b; Sykova 2005) — a few of which are described below in more detail.



ECS diffusion parameter changes during physiological states

The ECS diffusion parameters are not stable but in fact change significantly even in
physiological states such as development, aging, neuronal activity or during specific physiological
conditions, e.g. lactation. The volume fraction decreases throughout the entire postnatal life in rats,
with the steepest fall in the first three weeks (Lehmenkuhler et al. 1993; Prokopova et al. 1997;
Vorisek and Sykova 1997a); a remarkable difference was also found between adult and aged tissue
(Sykova et al. 1998). This long-term decrease in volume fraction can be attributed to changes in
ECM composition, neuronal migration, the development of dendritic arborization, rapid
myelination and the proliferation of glia. The connection between gliogenesis and ECS diffusion
parameters is probably most evident in the white matter, where the period of the gradual
myelination of the corpus callosum closely corresponds with a decrease in extracellular volume
fraction and the appearance of anisotropy (Vorisek and Sykova 1997a). The almost doubled volume
fraction (0.35-0.40) observed in immature tissue is a protective factor that slows down any increase
in the concentration of neuroactive substances to neurotoxic levels during pathological states such
as ischemia (Vorisek and Sykova 1997b) or epilepsy (Kilb et al. 2006).

Ions crossing the cell membrane during neuronal activity are in a hydrated state and
therefore their movement is accompanied by water molecules, which leads to cell swelling and
compensatory ECS shrinkage (Fig. 2A, B). Repetitive electrical stimulation of the dorsal root of the
rat or frog spinal cord causes a substantial increase in [K']. and a decrease in o from about 0.24 to
0.17 - 0.12, i.e. of 30-50% (Svoboda and Sykova 1991). The changes in ECS diffusion parameters,
however, persist after stimulation ends (30 min after 1 min of electrical stimulation or even 120 min
after 3 min of stimulation, Fig. 2C). A connection between ionic and volume changes has been
proposed in a model of a nonspecific feedback mechanism suppressing neuronal activity (Fig. 2D).
In this model, depolarization of astrocytic membranes due to an activity-related increase in
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extracellular potassium ions ([K'].) activates transport mechanisms, resulting in the acidification of
the ECS which in turn suppresses neuronal firing since an acid shift can change the conformation of
receptor proteins (Sykova 1997). The increase in [K']. activates glial homeostatic mechanisms for
extracellular potassium, which leads to glial uptake of K from the ECS and specific Na'-HCO3
cotransport, leading to an intracellular alkaline shift in glia and a compensatory extracellular acid
shift. Acidification, glial swelling and compensatory ECS shrinkage result in a further increase in
[K']. in the ECS until the neuronal activity eventually stops.

More persistent, however, but still recoverable changes in the diffusion parameters are
evoked by the rebuilding of glial cell structure in the hypothalamic SON during lactation or
dehydration. In rat males and virgin females, the SON is an anisotropic structure with a relatively
large extracellular volume (a0 = 0.32) and preferential diffusion along the ventrodorsal axis (Piet et
al. 2004). This anisotropy is in agreement with the orientation of the majority of astrocytic
processes, which separate magnocellular neurons and their dendrites and prevent them from direct
contact. During lactation, glial processes are retracted towards the basal lamina, which leads to a
significant reduction in the astrocytic coverage of the magnocellular neurons (Theodosis and
Poulain 1993), the disappearance of anisotropy and facilitated diffusion (Piet ez al. 2004). A relative
absence of glial processes around glutamatergic synapses results in the insufficient clearance of
glutamate and thus increases its level in the ECS (Oliet et al. 2001). Glutamate spillover and
crosstalk between glutamate and GABA-ergic pathways are greatly enhanced due to the facilitated
diffusion, as was confirmed by the increased depression of GABA-ergic transmission mediated by
metabotropic glutamate receptors (Piet ef al. 2004). Modulation of the strengh of excitatory and
inhibitory pathways by heterosynaptic crosstalk may represent one of the mechanisms regulating

oxytocin production, milk ejection and water homeostasis in the rat supraoptic nucleus.
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ECS diffusion parameter changes during pathological states

Almost all CNS pathologies are connected with pronounced changes in the ECS diffusion
properties with obvious consequences for extrasynaptic transmission. The way in which the ECS
volume fraction and tortuosity change depends not only on the character of the evoking stimulus,
but also on how rapidly these changes occur (Fig. 3). Acute states such as ischemia/anoxia are
accompanied by dramatic cell swelling leading to ECS shrinkage of about 60-75%, to as little as o
= 0.05 (Van der Toorn et al. 1996; Vorisek and Sykova 1997b; Homola et al. 2006). Tortuosity is
increased above 2.0 concomitantly with the reduction of a, since the concentration of the existing
diffusion barriers is higher in the smaller space (Fig. 3A). Interestingly, the same ultimate changes
have been found in neonatal, adult and aged rats, in grey as well as in white matter and in different
brain regions (cortex, corpus callosum and spinal cord). However, the initial values of o are higher
and the time course of ischemia/anoxia-evoked changes slower in immature tissue and white matter,
which corresponds with their well-known greater resistance to anoxia/ischemia in comparison with
adult or even aged tissue.

If the onset of a pathological state is less rapid or in its chronic phase, the extracellular
volume fraction and tortuosity may change independently from each other. For example, in a
pilocarpine-induced status epilepticus (SE) model, only a decrease in the ECS volume of about 30%
was detected with no significant changes in tortuosity (Slais et al. 2007). The decrease in o began
concurrently with an increase in [K']. within the first minutes after pilocarpine injection. The onset
of the first ictal discharges came 30 minutes later, and the maximum discharge amplitudes was
reached in 40-50 min after pilocarpine injection, corresponding to a maximum decrease in o of
about 30 % from its initial value. This correlation suggests the possible contribution of an ECS
volume reduction to the initiation of SE and shows the effect of changes in ECS volume on
neuronal activity. Indeed, in the immature hippocampus, the large extracellular space represents a

protective mechanism counteracting the greater susceptibility of immature tissue to excitatory
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stimuli. Hypoosmolar conditions, which lead to a reduction in ECS volume in immature tissue to
similar values as seen in adults, also result in increased frequency of epileptiform discharges, while
hyperosmolar conditions reduce neuronal excitability (Kilb et al. 2006).

Typicaly, ECS volume and tortuosity behave independently in chronic pathological states,
especially in those accompanied by tissue damage and subsequent astrogliosis (Fig. 3B). The value
of o reflects the actual situation resulting from cell death and astrocytic hyperplasia, while
tortuosity is increased in almost all cases due to additional diffusion barriers formed by astrocytic
hyperplasia, hypertrophy, the rebuilding of fine processes and the production of extracellular
matrix. A stab wound of the rodent brain is a well-characterized and commonly used model of
reactive gliosis (Norton et al. 1992). In the close vicinity (300-1000 pum) of the wound, the ECS
volume fraction initially increased and then returned to control values, apparently due to cell loss in
the area followed by the replacement of damaged tissue by a gliotic scar (Roitbak and Sykova
1999). Tortuosity values reached a maximum at 7 days post-wounding (Fig. 3B). In the ipsilateral
cortex at a greater distance from the wound (1500-2000 pum), an increase of tortuosity was found,
accompanied by no increase in GFAP staining but with an increase in chondroitin-sulphate
proteoglycan (CSPQG) expression. Diffusion measurements using DW-MRI showed an increase in
ADC,, in the close vicinity of the wound, i.e. in the region of cell death, while otherwise ADC,,
decreased throughout the whole ipsilateral hemisphere, related to the additional diffusion barriers
caused by deposits of ECM molecules (Vorisek et al. 2002). The formation of gliotic tissue and
ECM production not only in the wounded area, but also in a rather large area of adjacent tissue, is
thus responsible for a long-lasting increase of diffusion barriers in the ECS, preventing or slowing
down the diffusion of neuroactive substances and growth factors and leading to impaired
extrasynaptic transmission, cell-to-cell communication and regenerative processes and possibly to

functional deficits even in areas remote from the injury site.
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Independent changes of ECS volume and tortuosity were also found in two pathologies
connecting with tissue remodeling — in dysplastic cortical tissue and in brain tumors. The studies
were performed in human tissue slices obtained from surgically treated patients. In humans,
malformations of cortical development, including focal cortical dysplasias, represent a prominent
cause of medically intractable epilepsy. Most hypotheses concerning the mechanisms of seizure
activity in the dysplastic cortex are based on alterations in synaptic transmission and glial
dysfunction (Najm et al. 2004). Recent measurements in human epileptic tissue slices, however,
showed that the diffusion properties of dysplastic areas are altered and may represent another factor
contributing to epileptogenicity (Vargova et al. 2006). Diffusion in dysplastic cortical areas is
compromised by increased diffusion barriers, leading to a rise in tortuosity, arising from several
causes: loss of cortical stratification, deposits of extracellular matrix molecules such as tenascin and
an increased number of astrocytic processes (Vargova et al. 2006). Impaired diffusion thus may
contribute to the greater local accumulation of neuroactive substances and facilitate the
development of epileptic seizures.

Our studies of human glioma samples showed that the migratory abilities of tumor cells and
the malignant potential of the tumors might be strongly affected by changes in ECS volume fraction
and ECM molecule content (Vargova et al. 2003; Zamecnik et al. 2004). As a control, cortical
tissue that did not exhibit any histological signs of pathological changes, resected during the
surgical treatment of intractable epilepsy, was used.

The measurements in human brain tumors showed that the malignancy grade of
astrocytomas and their proliferative activity assessed by the labeling indices MIB-1 and anti-topo-
Ila, are directly proportional to increasing values of a and A (Vargova et al. 2003). The increase in
o and A in high-grade tumors strongly correlated with an increased accumulation of ECM

molecules, particularly of tenascin and vitronectin (Zamecnik et al. 2004), which have been shown
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to correspond with tumor malignancy (Zhang et al. 1998). This can serve to improve the

preoperative prediction of tumor malignancy and therefore affect the extent of surgery.

Role of the extracellular matrix (ECM)

The ECM is one of the factors that create diffusion barriers and affect tortuosity (see above).
Generally, the structural net of the ECM constitutes three different types of macromolecules:
gylycosaminoglycans represented by hyaluronic acid, chondroitinsulphate proteoglycans (CSPG),
especially their lectican family and oligomeric glycoproteins tenascins. Hyaluronan is highly
hydrated, so it is suspected to play a role in regulating the width of the ECS, especially in the
developing brain where an abundance of massively hydrated hyaluronan has been reported
(Bignami and Asher 1992). A role in the regulation of extracellular space volume has also been
demonstrated for tenascins, which are expressed during various pathological states, e.g. tumors
(Zamecnik et al. 2004).

ECM content changes dynamically during development, aging, wound healing and various
pathological states. The functions of ECM molecules are numerous: together with fine astrocytic
processes, they form perineuronal nets around synapses (Celio et al. 1998) and they are also
involved in cell migration, proliferation and differentiation during the development of the CNS
(Sobeih and Corfas 2002), oriented axonal growth, synapse and memory formation (Wright et al.
2002; Dityatev and Schachner 2003) and in remodeling the adult CNS after injury, where ECM
molecules create additional diffusion barriers and contribute, together with astrogliosis, to an
increase in tortuosity.

ECM molecules also play a role in tissue cytoarchitecture by maintaining the optimal size
of intercellular pores. A significant decrease in ECS volume was found in genetically modified,
tenascin-R negative mice (Sykova ef al. 2005). On the other hand, an increase in o has been found

in pathological states with an overproduction of ECM: during astrogliosis (Roitbak and Sykova
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1999) or in the tissue of primary brain tumors (Zamecnik et al. 2004). The role of the ECM in
determining the ECS volume can also be demonstrated by the changes seen during aging, where a
decrease in the amount of CSPG and fibronectin seen in the hippocampus of old rats with severe
learning disability coincided with a decrease in the ECS volume (Sykova et al. 2002). Our study
also revealed that the degree of learning impairment during aging closely correlates with a loss of
anisotropy in the hippocampal CAl region and the dentate gyrus due to a loss of the typical
organization of glial processes. In comparison with rats that showed a prominent learning deficit in
a Morris water maze task, a significant decrease in o and a complete loss of anisotropy in the
hippocampus, aged rats with a milder learning impairment showed a smaller o decrease and a
substantial degree of anisotropy still present. DW-MRI measurements confirmed impaired diffusion
in the hippocampus as well as in the cortex of aged animals. It is therefore reasonable to assume
that diffusion anisotropy, which leads to a certain degree of specificity in extrasynaptic
communication by channeling the flux of substances in a preferential direction, may play an

important role in memory formation (Sykova et al. 2002).

CONCLUSIONS

The movement of neuroactive substances through the extracellular space of the CNS is the
basic mechanism of extrasynaptic or volume transmission. In acute physiological as well as
pathological states, diffusionin the ECS is affected by cell (especially glial) swelling, resulting from
ionic and water shifts between intra- and extracellular compartments. In more slowly developing or
chronic states, diffusion is affected mostly by structural changes of the tissue related to myelination
and the rebuilding of fine astrocytic processes during development, lactation, aging, injury and
degenerative diseases, accompanied by astrogliosis and the production of extracellular matrix.
Changes in the diffusion parameters influence both synaptic and extrasynaptic transmission; they

may enhance or, conversely, suppress neuronal activity, and the accumulation of neuroactive
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substances (e.g., glutamate) due to a decrease in ECS volume and the loss of diffusion anisotropy
may contribute to functional deficits. The diffusion properties of the tissue may play a role in the
pathogenesis of brain tumors or intractable epilepsy, are important for considering therapeutic drug
application and, last but not least, they may be a valuable source of information for diagnostic

purposes.
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Fig. 1. A: Scheme of short-distance communication between cells and a quadripartite synapse, in
which signal transmission is affected by four important elements: presynaptic and postsynaptic
terminals, glial processes closely ensheathing the synapse and the extracelluar space (ECS) with its
content, particularly the extracellular matrix. B: Long-distance communication between nerve cells
via diffusion is critically dependent on three ECS diffusion parameters: volume fraction o,
tortuosity A and non-specific uptake k’. C: Scheme of the experimental arrangement for measuring
the ECS diffusion parameters by the tetramethyammonium (TMA") real-time iontophoretic
method. TMA" is iontophoretically released into the tissue; changes in its concentration over time
are followed by an ion-selective microelectrode (ISM), glued to an iontophoretic micropipette at a
known distance. D: Representative diffusion curves recorded during an iontophoretic pulse in agar
and in the brain cortex with the corresponding values of o, A and k" obtained by curve fitting.
Diffusion in diluted agar is free and by definition, a=1=A and k£'=0. The higher amplitude and the
different shape of the curve recorded in the brain reflect the fact that diffusion in the tissue is

restricted by the pore size between the cells and hindered by diffusion barriers.
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Fig. 2. A, B: Experimental set-up and examples of diffusion curves, along with the corresponding
values of the ECS diffusion parameters, recorded in the rat brain during a resting state and during
physiological neuronal activity. C: Effect of repetitive stimulation (30 Hz/1 min) of the dorsal roots
on TEA" diffusion curves, extracellular K ([K'].) and pH (pH.) in the dorsal horns of the isolated
frog spinal cord. Stimulation evoked an increase in [K']. and an acid shift in the extracellular space.
The time course of the acid shift correlates with a decrease in the ECS volume, manifested as an
increase in the amplitude of the diffusion curves; these changes outlasted the stimulation for 30
min. D: Model of a nonspecific feedback mechanism suppressing neuronal activity due to the
acidification of the extracellular space and glial swelling. For a detailed description, see text. From

Sykova 2003.
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Fig. 3. Typical TMA" diffusion curves measured with the real-time iontophoretic method and maps
of the apparent diffusion of water (ADCyw) measured by diffusion-weighted MRI in the rat cortex
during acute and chronic pathological states represented by anoxia (A) and traumatic injury (B),
respectively. During anoxia, a dramatic shrinkage of the ECS volume fraction a due to cell swelling
is accompanied by a marked increase in toruosity A. In the tissue 7 days after a stab wound injury, o
and A behave independently and are both increased. Maps of the ADCy (bottom part of the figure)

show that the diffusion of water is slowed down in both pathological states.
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