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Abstract

Extrasynaptic transmission between neurons and communication between neurons and glia are mediated by the diffusion of neuroactive
substances in the extracellular space (ECS)—volume transmission. Diffusion in the CNS is inhomogeneous and often not uniform in all
directions (anisotropic). lonic changes and amino acid release result in cellular (particularly glial) swelling, compensated for by ECS
shrinkage and a decrease in the apparent diffusion coefficients of neuroactive substances or watgr (ABdiffusion parameters of
the CNS in adult mammals (including humans), ECS volume fractiGn = ECS volume/total tissue volume; normally 0.20-0.25) and
tortuosityx (A2 = D/ADC; normally 1.5-1.6), hinder the diffusion of neuroactive substances and water. A significant decrease in ECS
volume and an increase in diffusion barriers (tortuosity) and anisoptropy have been observed during stimulation, lactation or learning
deficits during aging, due to structural changes such as astrogliosis, the re-arrangement of astrocytic processes and a loss of extracellula
matrix. Decreases in the apparent diffusion coefficient of tetramethylammonium-{a)@nd ADGy due to astrogliosis and increased
proteoglycan expression were found in the brain after injury and in grafts of fetal tissue. Tenascin-R and tenascin C-deficient mice also
showed significant changes in AR and ADGy, suggesting an important role for extracellular matrix molecules in ECS diffusion.
Changes in ECS volume, tortuosity and anisotropy significantly affect neuron-glia communication, the spatial relation of glial processes
towards synapses, the efficacy of glutamate or GABA ‘spillover’ and synaptic crosstalk, the migration of cells, the action of hormones and
the toxic effects of neuroactive substances and can be important for diagnosis, drug delivery and new treatment strategies.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction fore involve the diffusion of a transmitter and ions released
by the neuron to the synaptic cleft via the nearby ECS
The efficacy of diffusion of many neuroactive substances (Fig. 1). Both neurons and glia release ions, transmitters
in the CNS extracellular space (ECS) is dependent on theand various other neuroactive substances that diffuse be-
size, electrical charge, shape and structure of the respectivejond a 5ing|e synpase, to greater distances from the release
substance, as well as on the physico-chemical proper-site (Fig. 1). Substances diffuse through the ECS and bind
ties of the ECS. ECS diffusion properties differ with the o extrasynaptic, usually high-affinity, binding sites located
anatomical structure of a particular brain region, during on neurons, axons and glial cells. This type of nonsynaptic
CNS development, neural activity, hormonal release (e.g. transmission is also called extrasynaptic transmission or
during lactation), aging, and in many pathological states yolume transmission (neuroactive substances move through
(Nicholson and Sykova, 1998; Sykova and Chvatal, 2000; the volume of the ECS)Fuxe and Agnati, 1991; Agnati
Sykova et al., 2000; Sykové, 2001a, 2002 et al., 1995; Sykova, 1997; Nicholson and Sykova, 1998;
Neurons interact both by synapses and by the diffusion zojj et al., 1999. Synaptic communication is typically one
of neuroactive substances in the extracellular space (ECS)to one communication, while volume transmission is com-
Glial cells do not have synapses and therefore, communica-munication of one to many others. This mode of communi-
tion with neurons is achieved only by the diffusion of ions  cation without synapses provides a possible mechanism for
and neuroactive substances in the ECS. Even the intel’actior}synchronizing neuronal activity and long-range information
of a neuron with glial cells at a single synapse must there- processing in functions such as vigilance, sleep, lactation,
chronic pain, hunger, depression, LTP, LTD, memory forma-
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Fig. 1. Closed synapses are typical of synaptic transmission. These synapses are often ensheathed by glial processes and by the extracellular matt
forming perineuronal or perisynaptic nets. The extracellular space (ECS) changes its diffusion parameters in response to neuronal actality and gli
cell re-arrangement. In short-distance communication by diffusion, presynaptic terminals, postsynaptic terminals, glial cell process&Cantbiime

a “plastic” quadrupartite synapse. Long-distance communication: The CNS architecture is composed of neurons (N), axons, glial cells (gtia), cellu
processes (G), molecules of the extracellular matrix and intercellular channels between the cells. This architecture slows down the mousioet (diff

of substances in the brain, which is critically dependent on the ECS diffusion parameters volume fegcttortosity ¢.) and nonspecific uptake'.

The diffusion properties of the ECS vary around each cell neuronal signaling, neuron-glia communication and ex-
and in different brain regions. Certain synapses (“private trasynaptic transmission. Besides their changes during brain
synapses”) or even whole neurons are clearly tightly en- development, glial cell maturation, lactation and aging,
sheathed by glial processes and by the extracellular matrix,diffusion parameters are changed due to cell proliferation,
so-called perineuronal net€¢lio et al., 1998 others are hypertrophy, cell swelling and neuronal loss. They are
left more “naked”. Many synapses, together with glial pro- substantially altered during CNS injury, anoxia/ischemia,
cesses, form a complex that can be called a “quadrupartite”spreading depression, epileptic seizures, inflammation and
synapse, which is formed by a presynpatic terminal of a neu- demyelination, in grafted tissue and tumors, and dur-
ron, a postsynaptic cell membrane, an astrocyte process andhg many other brain pathological stateSykova et al.,
the ECS Fig. 1). In fact, transmitters such as glutamate or 2000; Sykova and Chvéatal, 2000; Sykovéa, 1997, 2001a,
GABA can escape from the synaptic cleft (especially during 2002.
repetitive stimulation and/or the massive release of a trans-
mitter) and affect extrasynaptic receptors on glia or neu- 1.1. ECS diffusion parameters: volume fraction
rons or reach a neighboring synapse. These phenomena havend tortuosity
been called “transmitter spillover” and “synaptic cross-talk”

(Kullmann et al., 1996; Asztely et al., 199'Recently, we The diffusion of substances in a free medium is described
found that the size of the ECS differs around certain cell by Fick’s laws. In contrast to free medium, diffusion in the
types, e.qg. itis smaller around oligodendrocytes than aroundECS of the nervous tissue is hindered by the size of the ex-

astrocytes Chvatal et al., 1999; Vargova et al., 200br tracellular clefts, the presence of membranes, fine neuronal
during structural re-arrangement of glial processes, e.g. dur-and glial processes, macromolecules of the extracellular
ing development, lactation or agingtghmenkihler et al.,  matrix, adhesion molecules, charged molecules and also by
1993; Sykova et al., 1998, 2002; Vargova et al., 2002 cellular uptake Fig. 1). To take into account these factors,

The size and irregular geometry of diffusion channels it was necessary to modify Fick's original diffusion equa-
in the ECS (tissue tortuosity and anisotropy) substantially tions (Nicholson and Phillips, 1981; Nicholson and Sykova,
differ not only around cells but particularly in various 1998. First, diffusion in the CNS is constrained by the re-
CNS regions. The diffusion parameters thereby modulate stricted volume of the tissue available for diffusing particles,
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i.e. by the ECS volume fractior], which is a dimensionless The functionG(u) is evaluated by substitutingor  — S
quantity and is defined as the ratio between the volume of for u in the following equationRice et al., 1998
the ECS and the total volume of the tissue. It is now evident
that the ECS in adult brain amounts to about 20% of the total ( % ) { |: (k’>1/2]
G(u) = explra| —

brain volume, i.ea = 0.2. Second, the free diffusion coeffi- 8w Dar
cient (D) in the brain is reduced by the tortuosity factoy. (

ECS tortuosity is defined as= (D/ADC)°%®, whereD is a x erfc [le + (k’u)l/2:|
free diffusion coefficient and ADC is the apparent diffusion 2(bwY

coefficient in the brain. As a result of tortuosifyjs reduced K\ Y2

to an apparent diffusion coefficient ADE D/A2. Thus, any + exp[—rk (5) }

movement of a substance diffusing in the ECS is hindered

by a number of obstacles (diffusion barrierB)q. 1). Third, f o i)Y2 1
substances released into the ECS are transported across X ere 2(Du)l/2 (k') @)
membranes by non-specific concentration-dependent uptake

(K). In many cases however, substances are transported byrhe quantity of TMA" delivered to the tissue per second is
energy-dependent uptake systems that obey non-linear ki-Q = In/zF, wherel is the step increase in current applied
netics (icholson, 2001 When these three factors, . and to the iontophoresis electrode, the transport nhumber

k') are incorporated into Fick’s laws, diffusion in the ECS the number of charges associated with the substance ion-
is described fairly satisfactorilyNicholson and Phillips, tophoresed £1 for TMA* or TEAT), and F Faraday’'s

1981). electrochemical equivalent. The function “erfc” is the com-
plementary error function. When the experimental medium

1.2. The methods used to study ECS diffusion is agar, by definitiong = 1 = A andk’ = 0, and the param-

parameters etersn and D are extracted by the curve fitting. Knowing

n andD, the parameterg, A andk’ can be obtained when
The real-time iontophoretic method is the only method the experiment is repeated in neural tissue.

that can be used to determine the absolute values of all The other methods used so far to study ECS volume
three ECS diffusion parameters, (A andk’) and their dy- and geometry in vivo have been less comprehensive, since
namic changes in nervous tissue in vivo as well as in vitro either they cannot provide information about all three dif-
(Sykova, 1997; Nicholson and Sykova, 199®n-selective fusion parameters or they only give relative values. These
microelectrodes (ISM) are used to measure the diffusion of methods include measurements of tissue resistaviae (
ions for which cell membranes are relatively impermeable, Harreveld et al., 1971; Matsuoka and Hossmann, 1982;
e.g. tetraethylammonium (TEA, tetramethylammonium  Korf et al., 1988, measurements of intrinsic optical signals
(TMAT), choline, or anions such as AsBr a-naphthalene  (I0S) (Sykova et al., 2003 measurements of the ADCs of
sulphonateNicholson and Phillips, 1991These substances molecules tagged with fluorescent dye, so-called integrative
are administered into the nervous tissue by pressure injec-optical imaging (I0I) Prokopovéa-Kubinova et al., 2001;
tion or by an iontophoretic electrode, which is aligned par- Nicholson and Tao, 1993or diffusion-weighted NMR
allel to a double-barreled ISM at a fixed distanEag( 2A). imaging (DW-MRI). In many of our studies, we compared
Usually, such an electrode array is made by gluing together two methods (the TMA method and 10S, 101 or DW-MRI)
a pressure or iontophoretic pipette and an ISM with a tip in physiological states as well as in animal models of
separation of 100-2Q0m. In the case of iontophoretic  pathological states, and moreover we related the data to
application, TMA' is released into the ECS by applying morphological changes determined by immunohistochemi-
a current step of-80 nA with a duration of 40-80s. The cal methods. In vivo, changes in ECS diffusion parameters
released TMA is recorded with the TMA-ISM as a dif- were studied during development, aging, lactation, inflamm-
fusion curve, which is then transferred to a computer. The mation, demyelination, Parkinson’s disease, hydrocephalus,
values of ECS volume, ADC, tortuosity and non-specific during or after anoxia/ischemia, after CNS injury and in
cellular uptake are extracted by a non-linear curve-fitting various knock-out animals to mimic pathological states.
simplex algorithm operating on the diffusion curve de-  Diffusion-weighted NMR methodsBenveniste et al.,
scribed byEq. (1) below, which represents the behavior of 1992; Latour et al., 1994; Norris et al., 1994; Van der Toorn
TMAT, assuming that it spreads out with spherical symme- et al., 1998 give information about the diffusion coefficient
try, when the iontophoresis current is applied for duraon ~ of water, but the relationship between water movement,
In this expressionC is the concentration of the ion at time ADCw maps and changes in ECS volume fraction and tor-
t and distance. The equation governing diffusion in brain  tuosity due to cell swelling and structural changes is not
tissue is: yet well understoodFig. 3 shows clearly that water dif-
fusion in the rat brain is inhomogeneous (A{pGnaps).
We can clearly identify different brain regions that corre-
C=G()—G@—9S)t > S, forthefalling phase of thecurve  spond to those recognized histologicallig. 3: GFAP and

C=Gnt<S, for the rising phase of the curve
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Fig. 2. Measurements of extracellular space diffusion parameters. (A)
TMA* iontophoresis microelectrode with a known inter-tip distance, and

TMA*-ISM
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A Telective double-barreled microelectrode (TVMHSM) is glued to a
this array is introduced into the tissue. (B)dMfsion curves and typical

ECS diffusion parameters volume fractiom)(and tortuosity X) obtained in the brain after the application of an iontophoretic current of 80 nA. The
ECS in normal brain is 20%cx(= 0.20) and tortuosity is 1.55. (C and D) Representative diffusion curves obtained in the motor cortex and corpus
callosum in thex-axis (along the axons) and tlye andz-axes (across the axons). All recordings are from same animal. The valueanofA are shown

with each curve. The differences in the shape and amplitude of the diffusion curves reflect the different tortuosity values found in differens,directi

so-called diffusion anisotropy. The diffusion spheres for the motor cortex

and corpus callosum, representing isoconcentration surfaces fivalmm T

concentration contour 10s after the onset of a 200 nA iontophoretic pulse, reveal isotropic diffusion in cortical gray matter and anisotrigpiardiffus

the corpus callosum (ellipsoidal surface).

CSPG); with sufficient resolution we can even recognize
on ADGy maps the different hippocampal layers. Com-
paring the TMA™ method with DW-MRI, we have found
that decreases in AQ can be related either to decreases
in ECS volume fraction\{an der Toorn et al., 1996or to

changes in the ECS volume; however, the evidence is not
compelling. Recently, it became evident that direct evidence
is missing, since under a number of experimental condi-
tions the relationship does not hol&ykova et al., 2003;
Jarvis et al., 1999; Tao et al., 2002Ve measured light

increases in tortuosity without apparent changes in ECStransmittance, ECS volume fractiom)(and extracellular

volume (/ofiSek et al., 200R(Fig. 3) or to changes in both
diffusion parameters.
Recordings of intrinsic optical signals (10S), either light

KT in rat spinal cord slices during electrical stimulation and
the application of elevated potassium, NMDA or anisoos-
motic solutions. Dorsal root stimulation (10 Hz/1 min) in-

transmittance or light reflectance, are believed to reflect duced an elevation in extracellularkto 6-8 mM, a light
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Fig. 3. Coronal rat brain sections stained for GFAP (glial fibrillary acidic protein—upper left) and CSPG (chondroitin-sulfate proteoglycareftjower

7 days following a cortical stab wound. The results show a higher level of GFAP expression in the vicinity of the stab wound and a higher level of
CSPG expression in the whole cortex of the injured hemisphere. Both the GFAP and CSPG sections are from the same animal. The arrows indicate
the site of the stab wound. Diffusion curves were recorded in 3 microelectrode tracks (Tr. 1, 2 and 3) using themiBuwd (upper right). Typical

examples of TMA diffusion curves and the corresponding values of volume fractignad tortuosity {) obtained in the contralateral (Tr. 1) and
wounded hemispheres of the same animal at distances of aboun8Q0r. 2) and 300@.m (Tr. 3) from the stab wound at a depth of 1308. The
concentration scale is linear, and the theoretical diffusion curve is superimposed on each data curve. The pseudocolor image (lower righfisabws a ty
ADCyw map of an injured rat brain 7 days post-wounding; Alp@as measured along theaxis (rostro-caudal plane). The scale below the Ap@ap

shows the relation between the intervals of AR®alues and the colors used for visualization. AR@t 7 days post-wounding is significantly lower in

the entire cortex of the wounded hemisphere compared to control animals, except in the area close to the wound. Positions where the diffusion curves
were measured using the TMAmethod are marked as Tr. 1-3.

transmittance increase of 6-8% and a relative ECS volumein «, while the light transmittance increases were unaf-
decrease of less than 5%, which is unlikely to be biolog- fected. In hypertonic solution (400 mmol/kgy,increased
ically significant; all of these changes had different time by 30—-40%, while light transmittance decreased by 15-20%.
courses. The application of 6 or 10 mM*Kor NMDA Thus, there is considerable evidence that light transmittance
(10°>M) had no measurable effect on ECS volume, but changes do not correlate only with changes in ECS volume
light transmittance increased by 20-25%. The application but are more strongly associated with neuronal activity and
of 50 or 80 mM K" evoked a 72% decrease dnwhile the morphological changes in astrocyt&ykova et al., 2003

light transmittance increase remained as large as that during

the application of 6 or 10mM K. While the change i 1.3. Diffusion anisotropy

persisted throughout the 45 min application, light transmit-

tance, after peaking in 6-8 min, quickly returned to control  The ECS has a complicated and uneven geometry, which
levels and decreased below them. Astrocytic hypertrophy in a given structure depends on the type and number of cells,
was observed in 6, 10 and 50 mM*TK(Sykova et al., their processes, density and orientation, and the extracellu-
2003. The same results followed the application of 40/ lar matrix. Diffusion is not uniform in all directions and is
NMDA or hypotonic solution (160 mmol/kg). The elevation affected by the presence of diffusion barriers including neu-
of extracellular K after NMDA application, corresponding  ronal and glial processes, myelin sheaths, macromolecules
to increased neuronal activity, had a similar time course asand molecules with fixed negative surface charges. This
the light transmittance changes. Furosemide;,-ftée or so-called anisotropic diffusion often preferentially channels
Ca"*-free solutions blocked or slowed down the decreases the movement of substances as well as of water in the ECS in
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one direction, (e.g. along axons in the corpus callosum) andcord white matter or in corpus callosum, the tortuosity is
may, therefore, be responsible for a certain degree of speci-higher when TMA" diffuses across the axons than when
ficity in volume transmission. Using the TMAmethod, it diffuses along the fibersHg. 2Q. Isotropic diffusion is
diffusion anisotropy was found in the CNS in the molecular found in the corpus callosum and spinal cord white matter
layer of the cerebellunRice et al., 1998 in the hippocam- of young rats with incomplete myelination.
pus Mazel et al., 1998 and in the auditory but not in the so- Similar changes in diffusion anisotropy and in ECS vol-
matosensory cortexSfkova et al., 1999 while other stud- ume have been found during demyelinating diseases. Human
ies revealed that it is present in the myelinated white matter inflammatory demyelinating diseases, e.g. multiple sclero-
of the corpus callosunf{g. 20 or spinal cord white matter  sis, are characterized by a loss of diffusion anisotropy. Ex-
(VoriSek and Sykova, 1997a; Chvatal et al., 1997; Prokopova perimental autoimmune encephalomyelitis (EAE) is widely
et al., 1997. It was shown that diffusion anisotropy in white used as an animal model for multiple sclerosis (for review,
matter increases during development; initially, diffusion in seelLassmann, 1983; Lassmann et al., 19086 experiments
the as-yet unmyelinated corpus callosum is isotropic, but it in which EAE was induced by an injection of guinea-pig
becomes more anisotropic as myelination proce¥dggek myelin basic protein, typical morphological changes in the
and Sykova, 1997a; Prokopova et al., 1997 CNS tissue could be observed including demyelination,
Glial cells maintain not only ECS ionic homeostasis, but an inflammatory reaction, astrogliosis, blood—brain barrier
also ECS volume homeostasis (by swelling and shrinking damage as well as paralysis at 14—-17 days post-injection
during ionic shifts); they produce various extracellular ma- (Simonova et al., 1996 The TMA'T method revealed that
trix molecules, and when hypertrophied or proliferating form EAE was accompanied by increases in ECS volume fraction
diffusion barriers $ykova, 1997, 2001b, 20P2n this way, in all regions of the spinal cord~{g. 4E), namely in the dor-
glial cells can critically affect diffusion anisotropy and tis- sal horn (from 0.21 to 0.28), ventral horn (from 0.23 t0 0.47),

sue permissiveness. the intermediate region (from 0.22 to 0.33) and in white
matter (from 0.18 to 0.30). The enlarged ECS volume was

1.4. Extracellular space diffusion parameters during accompanied by a decrease in tortuosity and a decrease in

development and demyelination non-specific uptake. There was a close correlation between

the changes in ECS diffusion parameters and the manifes-

Compared to healthy adults, ECS diffusion param- tation of neurological signs (paraparesis, paraplegia), which
eters significantly differ during postnatal development were preceded and greatly outlasted by the astrogliosis and
(Lehmenkdhler et al., 1993; Prokopova et al., 1,9@fiSek inflammatory reaction§imonova et al., 1996 These re-
and Sykova, 1997a)bThe ECS volume in the cortex is sults indicate that an increase in ECS volume may also alter
about twice as largex(= 0.36-Q46) in the newborn rat  the diffusion parameters of nervous tissue during inflamma-
as in the adult rato{ = 0.21-023) (Fig. 4A and B. The tory and demyelinating diseases, and may thus decrease the
reduction in the ECS volume fraction correlates well with efficacy of synaptic as well as non-synaptic transmission
the growth of blood vessels. The larger ECS in the first days and intercellular communication during these disorders.
of postnatal development can be attributed to incomplete
neuronal migration, gliogenesis and angiogenesis and to thel.5. Diffusion parameters and the extracellular matrix
presence of large extracellular matrix proteoglycans, partic-
ularly hyaluronic acid, which due to the mutual repulsion of ~ The solution in the ECS is not a simple salt solution. It
its highly negatively charged branches occupies a great deahas become apparent that long chain polyelectrolytes, either
of space and holds cells apart. In rat spinal cord gray mat- attached or unattached to cellular membranes, are present
ter, o decreases with neuronal development and gliogenesisin the ECS. The ECS contains a number of glycosamino-
from postnatal day 4-12 by about 15%, whilsignificantly glycans (e.g. hyaluronate), glycoproteins and proteoglycans
increases, showing that the diffusion of molecules becomesthat constitute the extracellular matrix (ECM). Various
more hindered with age. The large ECS channels during ECM molecules and adhesion molecules have also been
development may allow the migration of larger substances described, e.g. fibronectin, tenascin, laminin, eitamas
(e.g. growth factors) and provide better conditions for cell and Steindler, 1995; Celio et al., 199&e content of which
migration during development. On the other hand, the large can dynamically change during development, aging, wound
ECS in the neonatal brain could significantly dilute ions, healing and many pathological processes. ECM molecules
metabolites and neuroactive substances released from cellsare produced by both neurons and glia. These molecules have
relative to release in adults, and may be a factor in the pre-been suggested to cordon off distinct functional units in the
vention of anoxic injury, seizure and spreading depression CNS (groups of neurons, axon tracts, and nuclear groups).
in young individuals. The diffusion parameters could also As shown inFig. 1, these large molecules can slow down
play an important role in the developmental process itself. the movement (diffusion) of various neuroactive substances
Diffusion parameters are substantially different in myeli- through the ECS. Recently, we have shown that tenascin-R-
nated and unmyelinated white mattéPrgkopova et al.,  or tenascin-C-deficient mice have not only a significantly
1997; Vdisek and Sykovéa, 199Yaln myelinated spinal lower tortuosity, but also smaller ECS volume fraction
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Fig. 4. (A) TMA* diffusion curves and the corresponding values of volume fractignad tortuosity {) obtained in the rat cortex in vivo during
normoxia and during anoxia, (B) in the rat cortex during development on the 4th and 21st postnatal days and (C) in the cortex of Tenascin-R knockout
(—/-) and control ¢-/4+) mice. (D) The effect of endo-neuraminidase injection on the diffusion curve recorded in the cortex of an adult (3 month-old) rat.
Clostridium neuraminidase (8UJ) dissolved in 500 nl of ACF was applied for 10 min by pressure injection using a micropipette glued to the measuring
electrode array at an inter-tip distance of %00. Note that after neuraminidase application, tortuosity decreased. (E and F) Typical Tiffasion

curves and corresponding valueseofindx. (E) Typical recordings from the spinal ventral horn in a control rat and in a rat with experimental autoimmune
encephalomyelitis (EAE). Note the highand in the EAE animal. (F) Typical diffusion curves in the striatum of a control rat, in a 6-OHDA-lesioned

and in a grafted animal. Note that bathand » were lower in the striatum of the 6-OHDA-lesioned rat than in the control animal and higher inside the
graft compared with the areas of the 6-OHDA-lesioned striatum.

(Antonova et al., 2001(Fig. 40Q. Diffusion-weighted NMR spillover of glutamate and GABA. Indeed, it has been shown
also revealed a decrease in AlRCGn Tenascin-deficient  that tenascin-R knockout mice lack perineuronal nets, which
mice (Sykova and MdSek, unpublished data). This suggests leads to a decrease in the activity of parvalbumin-containing
that these molecules are important for keeping cellular struc- interneurons and a reduction in the perisomatic inhibition
tures apart, i.e. maintaining the ECS at its optimal size. The of hippocampal pyramidal cellsSaghatelyan et al., 20p1

size of the ECS volume plays an important role in volume resulting in increased basal excitatory synaptic transmission
transmission and might play an important role in the synaptic and reduced long-term potentiation (LTFukalo et al.,
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2001). Tenascin-C deficient mice also show reduced LTP peripheral injury) after stimulation has ceased, suggest-
after theta-burst stimulation and no long-term depression ing long-term changes in neuronal excitability, neuron-glia
(LTD) after low-frequency stimulationEvers et al., 2002 communication and volume transmission.

Importantly, these molecules can hinder the diffusion of

molecules so that they are confined to certain places, while1.7. Lactation

diffusion to other brain regions will be facilitated.

Modification of the extracellular matrix can also be In the supraoptic nucleus a significant reduction in the
achieved by enzymatic treatment. Hyaluronic acid and chon- astrocytic coverage of hypothalamic magnocellular neu-
droitin sulphate proteoglycans are essential componentsrons occurs under specific physiological conditions such
of the extracellular matrix, forming so-called perineuronal as lactation Theodosis and Poulain, 1993; Hatton, 197
nets surrounding neurons in the cortex and hippocampus.We tested whether such a change modifies the extracellular
There is also increasing evidence that N-CAM, the protein space diffusion parameters in acute slices from virgin and
backbone of polysialic acid (PSA), is involved in synap- lactating rats. Measurements were performed along three
tic plasticity. PSA, which is almost exclusively carried by perpendicular axesx(y and z) in the supraoptic nucleus
N-CAM, is a major modulator of cell adhesion and is highly using the real-time TMA ionotophoretic method. The val-
expressed in areas of continuous neurogenesis, neuronalies of bothh anda were reduced in lactating animals due
migration, neurite extension and synapse formation. It hasto the retraction of astrocytic processes and this resulted in
been found that mice treated with chondroitinase ABC or enhanced diffusionMargova et al., 2002 These findings in-
with antibodies against N-CAM and transgenic mice lack- dicate that the supraoptic nucleus is an anisotropic structure
ing the N-CAM gene have impaired LTHB¢cker et al., in which the diffusion parameters are modified during lac-
1996; Muller et al., 1996 It has also been demonstrated tation. Whereas the reduction inin lactating animals may
that hydrated PSA influences a sufficiently large volume at reflect the relative absence of astrocytic processes around
the cell surface to exert broad steric effects, and that the re-neurons, the diminishadcould result from the retraction of
moval of PSA causes a detectable change in the intercellularastrocytic processes and the enhanced proportion of direct
space. By contrast, chondroitin sulphate has been found toneuronal membrane juxtapositions. The plastic changes oc-

have little influence on the intercellular spad&uiig et al., curring in the supraoptic nucleus during lactation facilitate
1992. We therefore used a single intracortical injection of the diffusion of neuroactive substances and may increase
endoneuroaminidase NE (endo-N, 10 U/j.8) or chon- cross-talk between synapses. Under these conditions, gluta-

droitinase ABC (1QuU) and studied the acute (3h) and mate spillover, monitored through the metabotropic gluta-
chronic (24 h) effects of this treatment on ECS diffusion pa- mate receptor (mGluR)-mediated depression of GABAergic
rametersFig. 4D shows the effect of endo-N in rat cortex. transmission, was greatly enhanced. Conversely, impeding
A significant decrease in tortuosity is already found in the diffusion with dextran largely prevented crosstalk between
ipsilateral hemisphere 2 h after injection and persists at 24 hglutamatergic and GABAergic afferent input¥afgova
(Sykova, 2001p There is also a small but significant in- et al.,, 2002, 2008 Astrocytes, therefore, by hindering
crease in the ECS volume fraction in the first 3 h after injec- diffusion in the extracellular space, regulate intersynaptic
tion that is not found at 24 h. On the other hand, incubation communication between neighboring synapses, and, prob-
of isolated rat spinal cord with 0.1% hyaluronic acid in- ably, overall volume transmission in the brain.
creases tortuosity in the spinal dorsal hor@gkova, 200R

1.8. ECSdiffusion parameters during anoxia/ischemia
1.6. Activity-related changes in ECS volume
and geometry Dramatic K™ and pH changes and cell swelling occur

in the brain and spinal cord during anoxia and/or ischemia

Transmembrane ionic fluxes during neuronal activity are (Sykova, 1992; Sykové et al., 1994, Xie et al., 1p94ithin

accompanied by the movement of water and by cellular 2 min after respiratory arrest in adult rats, blood pressure
swelling. This results in changes in ECS diffusion param- starts to decrease, the pldecreases to pH 6.4—6.6 and
eters, ECS volume decrease, tortuosity increase and ADC[K *]e increses to about 50-70 mM. A negative DC slow
decrease. In the spinal cord of the rat or frog, repetitive elec- potential shift is accompanied by a decrease in ECS volume
trical stimulation results in an ECS volume decrease from fraction to 0.04—0.073ykova et al., 1994
about 0.24—(0.12-0.17), i.e. the ECS volume decreases by Fig. 4A shows that during hypoxia and terminal anoxia,
as much as 30-50%Bykova, 1987; Svoboda and Sykova, the ECS volume fraction in rat cortex or spinal cord de-
1991). The ECS volume in the spinal dorsal horn of the rat creases from about 0.20 to about 0.05, while tortuosity in-
also decreases by 20-50% after injury of the ipsilateral hind creases from 1.5 to about 2 3ykova et al., 1994; Lundbaek
paw evoked by subcutaneous injection of turpentine or after and Hansen, 1992The same ultimate changes were found
thermal injury Svoboda and Sykovéa, 1991The changes in all neonatal, adult and aged rats, in grey and white matter,
in ECS diffusion parameters can persist for many minutes in the cortex, corpus callosum and spinal cord. However, the
(30 min after electrical stimulation or even 120 min after time course in white matter was significantly slower than in
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gray matter; and the time course in neonatal rats was about Animal models that have been developed to study mor-
10 times slower than in adult¥gfiSek and Sykova, 1997b phological changes during brain injury include a cortical
Linear regression analysis revealed a positive correlation be-stab wound. This model of cortical injury, similar to other
tween the normoxic size of the ECS volume and the time models, elicits reactive gliosis involving both the hyperpla-
course of the changes. This corresponds to the well-knownsia and hypertrophy of astrocytes, which show intense stain-
resistance of the immature CNS and the greater susceptibil-ing for glial fibrillary acidic protein (GFAP). Astrogliosis is
ity of the aged brain to anoxia. a characteristic response to cortical stab wounds in rodents
Acute insults, such as fast terminal anoxia or the appli- (Norton et al., 1992 We studied the diffusion parameters
cation of 50 mM K" to the brain slice, evoked a decrease in rat cortex 3—35 days following a cortical stab wound, us-
in both @ and the ADC of TMA" (increase in\), and the ing diffusion-weighted MR to determine the apparent dif-
time courses strongly correlated with the time course of a fusion coefficient of water (ADg) in the tissue and the
decrease in the ADg as determined by DW-MRMan der real-time TMA"™ method to measure the extracellular space
Toorn et al., 199% This is consistent with measurements (ECS) diffusion parameters: ECS volume fractioand the
during chronic changes related to neuronal death and as-apparent diffusion coefficient of TMA (ADCtma). Severe

trogliosis, wherex increased while ADGya and ADGyy de- astrogliosis was found close to the wound, mild astroglio-
creasedX increased), but the time courses of these changessis in the ipsilateral but not the contralateral corteig( 3.
were different. GFAP). Chondroitin sulfate proteoglycan (CSPG) expres-

Recently, TMA measurements revealed transient changession was increased throughout the ipsilateral corkag.(3:
in ECS diffusion parameters after recovery from transient CSPG). In the hemisphere contralateral to the wouwnd,
ischemia Zoremba et al., 2003 The volume fraction in ADCyma and ADGy were not significantly different from
postischemic cortex increased to about 0.30, whileas control values. ECS volume fraction was increased only in
unchanged. This increase was apparently due to the develthe vicinity of the wound, in the region of cell death and

opment of postischemic cytotoxic oedema. severe astrogliosis, at 3 and 7 days after injury. Wounding

was typically accompanied by an ECS volume increase and
1.9. Diffusion parameters during astrogliosis and in a substantial tortuosity increase to mean valuesaffabout
injured brain 0.26 andx of about 1.77 Roitbak and Sykovéa, 1999

However, both ADGya and ADGy were significantly

lons as well as neurotransmitters released into the ECSdecreased after lesioning in the vicinity of the wound as
during neuronal activity or pathological states interact not well as in the rest of the ipsilateral hemisphere distant from
only with postsynaptic and presynaptic membranes, but alsothe wound Fig. 3 ADCw map). Thus, both ADg and
with extrasynaptic receptors, including those on glial cells. ADCtya decreased in regions with no changecdinbut
Stimulation of glial cells leads to the activation of ion chan- where CSPG expression increased. An increase in extracel-
nels, second messengers and intracellular metabolic pathiular matrix expression may therefore impose diffusion bar-
ways, and to changes in glial volume that are accompa-riers not only for TMA"™ molecules but also for water.
nied by dynamic variations in ECS volume, particularly the
swelling and possible re-arrangement of glial processes. In1.10. Diffusion parameters in grafted tissue
addition to their role in the maintenance of extracellular
ionic homeostasis, glial cells may thus, by regulating their ~ Similarly, both the size of the EC%) and, surprisingly,
volume, influence the extracellular pathways for neuroactive also » were significantly higher in cortical grafts than in
substances. host cortex, about 0.35 and 1.79, respectively, as was also

Glial swelling resulting in an ECS volume fraction de- the case in gliotic cortex after a stab wound. BataAnd
crease contributes to the mechanism of nonspecific feedbackvere increased in cortical grafts of fetal tissue transplanted
suppressing neuronal excitabilitgykova, 199y (Fig. 5). to the midbrain, where severe astrogliosis compared to
Active neurons release® which accumulates in the ECS, host cortex was found, but not in fetal grafts placed into a
depolarizes glial cells and is taken up by glia. In depolar- cavity in the cortex, where only mild astrogliosis occurred
ized glial cells an alkaline shift is evoked, e.g. by the ac- (Sykova et al., 1999 Another characteristic feature of
tivation of Na"/HCOz~ cotransport. This alkaline shift in  cortical grafts into the midbrain was the variability af
glial pH; causes an acid shift in pHExtracellular acidosis  and . The different values found at various depths of the
further suppresses neuronal activity. Transmembrane ionicgrafts correlated with the morphological heterogeneity of
movements are accompanied by water and therefore resulthe graft neuropil. These measurements showed that even
in glial swelling (greater and faster in the adult brain than when the ECS in gliotic tissue or in cortical grafts is larger
during development). A decrease in ECS volume leads tothan in normal cortex, the tortuosity is still higher, and the
a greater accumulation of ions and neuroactive substancesdiffusion of chemical signals in such tissue may be hin-
the “crowding” of molecules of the extracellular matrix in  dered. Limited diffusion may thus have a negative impact
the ECS and decreases in the ADCs of various neuroactiveon the viability of grafts in host brains. Compared to host
molecules. cortex, immunohistochemistry showed myelinated patches
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Fig. 5. (A) Schematic of the mechanism of nonspecific feedback suppressing neuronal excitability. Active neurons teledsehkaccumulates in the

ECS and depolarizes glial cells. This causes an alkaline shift in glialaoid an acid shift in pH Extracellular acidosis further suppresses neuronal
activity. Transmembrane ionic movements accomapnied by water, result in glial swelling, ECS volume decrease and in the ever-increasingmccumulati
of ions and neuroactive substances in the ECS untill the neuronal activity stops. B: Effect of repetitive stimulation of afferent input afiffliEian

curves, extracellular K and pH in isolated frog spinal cord. Higher diffusion curves indicate an ECS volume decrease due to cell swelling outlasting
the 1 min repetitive stimulation (30 Hz) of the dorsal root for 30 min. Note the extracellufankrease and the acid shift evoked by stimulation. The

time course of the acid shift correlates with the decrease in ECS volume.

and a larger number of hypertrophic astrocytes in areas1.11. ECS diffusion parameters during aging

of high 1 values, suggesting that more numerous and/or

thicker glial cell processes might be a cause of the increased Aging in nervous tissue, particularly in the hippocam-

tortuosity. pus and cortex, is accompanied by various degenerative
Functional recovery after the transplantation of dopamin- processes including a decreased number and efficacy of

ergic cells into the lesioned striatum is dependent on the synapses, a decrease in transmitter release, neuronal loss, as-

widespread diffusion of the transmitter released by the graft. trogliosis, demyelination, deposits pfamyloid, changes in

We investigated the diffusion parameters of the extracellular extracellular matrix proteins, etc. These and other changes

space in the striatum of 6-hydroxydopamine-lesioned and affect the ECS diffusion parameters. Using the TMA

intrastriatally grafted rats in vivo. Compared with controls, method, the ECS diffusion parametessi, , . andk’ were

botha and) were lower in lesioned animala & 0.14,A = measured in the cortex, corpus callosum and hippocampus
1.50). In both macro- and micro-grafigreturned to normal  (CA1, CA3 and in dentate gyrus) of aged rats. If diffusion
control values ¢ = 0.24); however) increased X = 1.80) in a particular brain region is anisotropic, then the correct

(Fig. 4F, Reum et al., 200R Graft deposits, in contrast to  value of the ECS volume fraction cannot be calculated from
their enhanced capacity for dopaminergic reinnervation, im- measurements done only in one directi®icg et al., 1993;
pair the conditions for diffusion and extrasynaptic transmis- Nicholson and Sykova, 1998; Sykova et al., 2p0@/e
sion in the striatum, presumably because of extensive tissueperformed the measurements in three privileged orthogonal
damage, cell loss, and astrogliosis. directions §, transversaly, sagital;z, vertical).
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In all three regions—cortex, corpus callosum and Although the meam. values along thex-axis were not
hippocampus—the mean ECS volume fractionvas sig- significantly different between young and aged rats, the
nificantly lower in aged rats (26—-32 months old), ranging values were significantly lower in aged rats along the
from 0.16 to 0.18, than in young adults (3—4 months old) andz-axes Fig. 6A and B. This shows that there is a loss
in which « ranged from 0.22 to 0.24-{g. 6). Nonspecific of anisotropy in the aging hippocampus, particularly in the
uptakek” was also significantly lower in aged rats. From CA3 region and the dentate gyruSykova et al., 1998
Fig. 6A and Bit is evident that the diffusion curves for the The three-dimensional pattern of diffusion away
hippocampus are larger in the aged rat than in the youngfrom a point source can be illustrated by constructing
one, i.e. the space available for TMAdiffusion is smaller. iso-concentration spheres (isotropic diffusion) or ellipsoids

A Young (B) Aged

A[TMA*] =1 mM

60 s, 80 nA 60s, 80 nA

cortex ADC,, = 0.63 cortex ADC,,, = 0.45

HEEE @4 - .
<0.3 04 05 06 07 08 09 >1.0

ADC,, x 105[cm?2s]

Fig. 6. Diffusion parameters in the dentate gyrus of the hippocampus differ between a young adult and an aged rat. (A) Anisotropic diffusion in the
dentate gyrus of a young adult rat. TMAdiffusion curves were measured along three orthogonal axesddiolateraly, rostrocaudalz, dorsoventral).

The slower rise in thez-axis than in they-axis and in they-axis than in thex-axis indicates a higher tortuosity and more restricted diffusion. The
amplitude of the curves shows that the TNAoncentration, at approximately the same distance from the tip of the iontophoresis electrode, is much
higher along thex-axis than along thg-axis and even higher than along thexis (.., 1,, ;). Note that the actual ECS volume fractienis about

0.2 and can be calculated only when measurements are done alomg theand z-axes. (B) Anisotropy is almost lost in an aged rat; the diffusion

curves are higher, showing thatis smaller. (C and D) Iso-concentration surfaces for a 0.1 mM TMgncentration contour 60s after the onset of

a 80 nA iontophoretic pulse in different regions within the hippocampus stained for GFAP. The surfaces were generated using mean values of volume
fraction and tortuosity. (C) The ellipsoids represent anisotropic diffusion in the dentate gyrus of a young adult rat. (D) The larger sphereslin an age
rat, corresponding to isotropic diffusion and to a lower ECS volume fraction, demonstrate that diffusion from any given source will lead to a higher
concentration of substances in the surrounding tissue and a larger action radius in aged rats than in young adults. (E) Pseudocolor image showing a
typical ADCy map of a young (8-month old) mouse. (F) Pseudocolor image showing a typicajy/AD&p of an aged (21-month old) mouse. The scale

below the ADGy maps shows the relation between the intervals of AD@lues and the colors used for visualization. Note the decrease ofyAIDC

most of the brain areas of an aged mouse, apparently related to a decrease in the ECS volume.
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(anisotropic diffusion) for extracellular TMA concentra- tween mildly and severely behaviorally impaired rats (rats
tion. The surfaces ifrig. 6C and Drepresent the locations  were tested in a Morris water maze). The ECS in the dentate
where the TMA concentration first reached 1 mM, 60s gyrus of severely impaired rats was significantly smaller and
after its application in the center. The ellipsoid in the anisotropy was more reduced than in mildly impaired rats.
hippocampus of the young adult rat reflects the different Anisotropy might be important for extrasynaptic transmis-

abilities of substances to diffuse along they- andz-axes, sion by channeling the flux of substances in a preferential
while the sphere in the hippocampus of the aged rat showsdirection. Its loss may severely disrupt extrasynaptic com-
isotropic diffusion. munication in the CNS, which has been suggested to play

Morphological changes during aging include cell loss, an important role in memory formatiorNi{cholson and
loss of dendritic processes, demyelination, astrogliosis, Sykova, 1998; Sykovéa, 2001b, 2002; Sykova et al., 1998
swollen astrocytic processes and changes in the extracel-
lular matrix. Indeed, we found that there is a significant
decrease in the ADC of many neuroactive substances, in-2. Conclusion
cluding ADGy, in the aging brain, which accompanies
astrogliosis and changes in the extracellular maffig.(6C The movement of neuroactive substances in the CNS is
and D. One of the explanations why in the cortex, cor- hindered by the cell swelling-induced narrowing of intercel-
pus callosum and hippocampus of senescent mice and ratdular clefts and by diffusion barriers formed by molecules
is significantly lower than in young adults could be as- of the ECS matrix, by the swelling of fine glial processes
trogliosis in the aged brain. Increased GFAP staining and anand by astrogliosis. It is also evident that extracellular water
increase in the size and fibrous character of astrocytes havaliffusion is hindered not only by the size of the pores be-
been found in the cortex, corpus callosum and hippocampustween the cells, but also by the cellular structure, including
of senescent rats, which may account for changes in thethe fine swelling and movement of glial processes towards
ECS volume fractiongykova et al., 1998 Other changes  active synapses and changes in extracellular space diffu-
could account for the decreasesiivalues and for the loss  sion barriers—extracellular matrix molecules (quadrupartite
of tissue anisotropy. We found decreased staining for chon-synapse). The extracellular matrix, besides its apparent im-
droitin sulfate proteoglycans and for fibronectin, i.e. a loss portance for tissue anisotropy, is also important for main-
of extracellular matrix macromolecules. If compared with taining a relatively large ECS volume. The changes in ECS
tenascin knockout mice, the data are similar. In addition we diffusion parameters in physiological and pathological states
found in the hippocampus in the CA1, CA3, as well as in can affect the efficacy of synaptic as well as extrasynaptic
the dentate gyrus changes in the arrangement of fine astrotransmission, induce damage to nerve cells by the increased
cytic processes. These are normally organized in parallelaccumulation of toxic substances, as well as be an important
in the x-y plane, but this organization totally disappeared factor to consider when using diffusion-weighted NMR for
during aging §ykova et al., 1998, 2002 diagnostic purposes or when considering therapeutic drug

Volume fraction is thus decreasing during the entire post- application.
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