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Changes in extracellular space (ECS) composition and geometry are a consequence of neuronal activity
and of glial K*, pH, and amino acids homeostasis. They accompany the phenomena of repetitive neuronal
activity and also occur as a result of seizures, anoxia, injury, and many other pathological states in the
CNS, and they may significantly affect signal transmission in the CNS. Activity-related, or CNS damage-
related ionic changes and release of amino acids result in fast, pulsatile, and long-term cellular (particularly
glial) swelling. Cellular swelling is compensated for by ECS volume shrinkage and by a decrease in the
apparent diffusion coefficients of neuroactive substances diffusing in the ECS. Movement of substances is
hindered in the narrower clefts, but presumably also because of the crowding of molecules of the ECS
matrix and/or by the swelling of the fine glial processes that form diffusional barriers. This can either increase
efficacy of synaptic and nonsynaptic transmission by greater accumulation of substances or induce damage

to nerve cells if these substances reach toxic concentrations. NEUROSCIENTIST 3:28-41, 1997
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Cellular elements and blood vessels fill ~80% of the
total CNS tissue volume, and the remaining portion
(15%—25 %) is the extracellular space (ECS). The ECS
is the microenvironment of the nerve cells. It includes
ions, transmitters, metabolites, peptides, neurohormones,
and other neuroactive substances and molecules of the
extracellular matrix (ECM), and it directly or indirectly
affects neuronal and glial cell functions. In addition, the
ECS is an important communication channel (1-6). Pop-
ulations of neurons can interact both by synapses and by
diffusion of ions and neurotransmitters in the ECS. Be-
cause glial cells do not have synapses, their communi-
cation with neurons is mediated by the diffusion of ions
and neuroactive substances in the ECS. In this review, I
shall describe the dynamic changes in ECS ionic com-
position, volume, and geometry that accompany neuronal
activity, glial development and proliferation, ageing, and
some brain pathological states, and point to their func-
tional significance.

ECS ionic changes resulting from transmembrane ionic
shifts during neuronal activity depolarize neighboring
neurons and glial cells, enhance or depress their excita-
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bility, and affect ion channel permeability (2, 7-9). These
ionic changes may also lead to the synchronization of
neuronal activity and stimulate glial cell function. Neu-
rons and glia also release transmitters and various other
neuroactive substances into the ECS. Substances released
nonsynaptically diffuse through the ECS and bind to ex-
trasynaptic, usually high-affinity, binding sites located on
neurons, axons, and glial cells. This type of nonsynaptic
transmission can be called ‘diffusion transmission’’ (neu-
roactive substances diffuse through the ECS) or ‘‘volume
transmission’’ (neuroactive substances move through the
volume of the ECS) (3). Neuroactive substances can dif-
fuse through the ECS to target neurons, glial cells, or
capillaries. This mode of communication without synap-
ses can function between neurons (even those far distant
from release sites), as well as between neurons and glial
cells, and may provide a mechanism of long-range infor-
mation processing in functions, such as vigilance, sleep,
chronic pain, hunger, depression, or plastic changes and
memory formation. The size and irregular geometry of
diffusion channels in the ECS (the so-called tortuosity;
see also below) substantially affect the movement of var-
ious neuroactive substances in the CNS (Figs. 1 and 2)
and, thereby, modulate neuronal signaling and neuron-glia
communication. Changes in the ECS diffusion parameters
may, therefore, result in impairment of the signal trans-
mission and contribute to functional deficits and to neu-
ronal damage.
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Fig. 1. Schematic of CNS architecture. The CNS architecture is
composed of neurons, axons, glial cells, cellular processes,
molecules of the extracellular matrix, and intercellular channels
between the cells. The architecture affects movement (diffu-
sion) of substances in the brain, which is critically dependent
on channel size, extracelluar space tortuosity (\), and cellular
uptake.

ECS Chemical Composition

The solution in the ECS is not a simple salt solution. It
has become apparent that long chain polyelectrolytes,
either attached or unattached to cellular membranes, are
present in the ECS, which also contains some glycos-
aminoglycans (e.g., hyaluronate), glycoproteins, and
proteoglycans that constitute the ECM. Various ECM
molecules and adhesion molecules have also been de-
scribed, e.g., fibronectin, tanescin, and laminin (10), the
content of which can dynamically change during devel-
opment, aging, wound healing, and many pathological
processes. The ECM molecules are produced by both
neurons and glia. These molecules have been suggested
to cordon off distinct functional units in the CNS
(groups of neurons, axon tracts, and nuclear groups). As
shown in Figure 1, these large molecules can slow down
the movement (diffusion) of various neuroactive sub-
stances through the ECS. More importantly, these mol-
ecules can hinder diffusion of molecules so that they are
confined to certain places, while the diffusion to other
brain regions will be facilitated.

In the mammalian CNS, the average ionic constituents
of the ECS are basically the same as in the cerebrospinal
fluid: ~141 mM Na*, 124 mM CI-, 3 mM K+, 121 mM
HCO,~, 1.2 mM Ca?*, and ~2.5 mM Mg?*. However,
in vivo measurements with ion-selective microelectrodes
(Box 1) have revealed local changes in ECS ionic com-
position resulting from neuronal activity. The local
change in ion activity is localized to areas of high spon-
taneous activity (Fig. 3) (11, 12) or in areas being acti-
vated by adequate stimuli, e.g., tactile, visual, auditory,
taste aversive, and painful stimuli (13-17). Other im-
portant chemical components of the ECS are substances
involved in metabolism, particularly glucose and dis-
solved gases (O, and CO,). The presence of HCO,~ and
CO, forms a powerful buffering system that controls ex-

tracellular and intracellular pH. The ECS also contains
free radical scavengers, such as ascorbate and glutathione,
which may counteract some potentially lethal products of
oxygen metabolism. In addition, the ECS contains amino
acids like glutamate and aspartate; catecholamines; indo-
lamines, such as dopamine and serotonin; various opioid
peptides; NO; and growth hormones. Transmitters in the
ECS can bind to extrasynaptically located high-affinity
binding sites on neurons and glia.

ECS Volume and Geometry: Diffusion
Parameters, Inhomogeneity, and Anisotropy

The idea of nonsynaptic transmission between cells has
gained support in many studies (1, 4, 6, 20). The dif-
fusion of substances released from neurons or glial cells
into narrow ECS is hindered by the size of the channels
between cells, the presence of membranes, fine pro-
cesses, macromolecules of the ECM, charged molecules,
and also the cellular uptake or degradation of these sub-
stances by enzymes (Fig. 1). Diffusion in the ECS obeys
Fick’s law, albeit subject to important modifications
(Fig. 2). First, diffusion is constrained by the restricted
volume of the tissue available for diffusing particles, i.e.,
by the ECS volume fraction («), which is the ratio be-
tween the volume of the ECS and total tissue volume.
It is now clear that the ECS in adult brain amounts to
~20% of the total brain volume, i.e., a = 0.2. The sec-
ond modification to Fick’s law is that the free diffusion
coefficient, D, is reduced by the tortuosity factor (\).
ECS tortuosity is defined as A = (D/ADC)%*, where
ADC is the apparent diffusion coefficient in the brain
and D is a free diffusion coefficient. As a result of tor-
tuosity, D is reduced to an apparent diffusion coefficient
ADC = D/N2 Thus, any substance diffusing in the ECS
is hindered by membrane obstructions, glycoproteins,
macromolecules of the ECM, charged molecules, and
fine neuronal and glial cell processes. Third, substances
released into the ECS are transported across membranes
by nonspecific concentration-dependent uptake (k'). In
many cases, however, these substances are transported
by energy-dependent uptake systems that obey nonlinear
kinetics (21). When these three factors (o, A and k') are
incorporated into Fick’s law, diffusion in the CNS is
described fairly satisfactorily (Box 2) (22).

To describe the diffusion constraints of the neuroac-
tive substances and their dynamic changes in vivo, the
diffusion parameters of the ECS are studied using the
real-time inotophoretic method (22) described in Box 2.
This method allows us to follow the diffusion of extra-
cellular markers applied by iontophoresis (Fig. 4). The
absolute values of the ECS volume, ADCs, tortuosity,
and nonspecific cellular uptake can be obtained both in
vivo or in vitro, during physiological and in pathological
states. To date, other methods used to study ECS volume
and geometry in vivo have been less comprehensive be-
cause they can give only either relative changes in ECS
volume—these methods include light scattering (23),
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Volume fraction o = Vigeg / Vror

Fig. 2. Concept of extracellular space (ECS) volume traction
(o) and tortuosity (\). Vges, volume of the ECS; V., total brain
(spinal cord) volume; D, free diffusion coefficient; ADC, appar-
ent diffusion coefficient of a substance in nervous tissue. Small
substances move in the ECS by Brownian motion. Large sub-
stances still migrate through ECS but are more hindered by
narrow interstices. Values of \ correspond to TMA+ diffusion:
1.00—free solution, 1.60—adult rat cortex, 1.25—severe
edema, 2.20—severe anoxia/ischemia. For further details, see
text.

measurements of tissue resistance (24-26), and mea-
surement of ADCs of molecules tagged with fluorescent
dye and followed by optical imaging (27)—or changes
in ADC of water (ADC,,) measured by diffusion-
weighted NMR (28-31). The optical methods can only
be used in vitro, particularly on brain slices. Diffusion-
weighted NMR methods give information about the wa-
ter diffusion coefficient, but the relationship between
water movement, diffusion ADC,, maps, and the
changes in cell volume and ECS diffusion parameters
(ECS volume fraction and tortuosity) is not yet well un-
derstood. Relatively small changes in water movement

might account for changes in intracellular and extracel-
tular space volume.

Neuroactive substances released constantly into the
ECS will accumulate in this limited volume more rapidly
than in free solution. Tortuosity (which is absent in free
medium) also causes greater and more rapid accumulation
of released substances. CNS tortuosity reduces the dif-
fusion coefficient for small molecules by a factor of ~2.5
in many CNS regions. Larger molecules (with relative
molecular mass above 10 kDa), have a smaller diffusion
coefficient than small molecules and are significantly
more hindered in their diffusion; therefore, they exhibit
larger tortuosity (32, 33). Even large proteins, e.g., neg-
atively charged globular proteins, such as bovine serum
albumin (66 kDa) or dextrans of 70 kDa, still migrate
through narrow interstices of brain slices (27, 34).

Values in Box 3 show that the ECS diffusion param-
eters are different in different parts of the CNS. For ex-
ample, it has been recognized that the TMA* diffusion
parameters in the sensorimotor cortex of young adult rats
in vivo are heterogeneous (35). The mean volume fraction
gradually increases from a = 0.19 in cortical layer II to
o = 0.23 in cortical layer VI. In subcortical white matter
(corpus callosum), the volume fraction is always lower
than in layer VI, often 0.19-0.20 (35). These typical dif-
ferences are apparent in each individual animal. The mean
tortuosity values are typically in the range of 1.51-1.65,
and k' values vary between 3.3-6.3 X 1073 s~!. Signifi-
cantly lower o values than in the cortex and corpus cal-
losum have been found in the rat hippocampus in vivo
(36), as well as in hippocampal slices (37, 38) (Box 3).
Exceptionally low values of o were found in area CAl
(~0.12 in stratum pyramidale and 0.16 in stratum radia-
tum), whereas in CA3 and dentate gyrus o values were
considerably higher, ~0.16-0.19. One explanation for
this may be that the intercellular channels of the ECS are
not homogeneous, i.e., that sizes vary in diameter. It is
not clear whether the intercellular channels of the ECS in
certain anatomical regions are different but homogeneous,
or whether the average channel size is smaller or larger.
Older morphological studies revealed the existence of
much narrower channels (apparently artificially too nar-
row because of histological fixation) and much larger
spaces, or so-called “‘lakes’” (45, 46), which may only
allow the diffusion of larger substances. Significant dif-
ferences in various brain regions have also been found in
tortuosity, showing that the local architecture is signifi-
cantly different. There is also a heterogeneity in the spinal
cord (Box 3), with the mean values of the volume fraction
highest in the ventral horn (@ = 0.23) and lowest in the
white matter (o = 0.18) (40).

Is there some degree of anisotropy in brain tissue?
Isotropy is defined as a state of constant \ in any direc-
tion from a point source, whereas anisotropy indicates a
difference in N in different axes. To test for anisotropy,
the ECS diffusion parameters are measured in three or-
thogonal axes—x, y, and z. Anisotropic diffusion can
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Box 1: lon-selective Microelectrodes

An ion-selective microelectrode (ISM) is a minia-
turized potentiometric sensor that consists of a liquid
membrane (liquid ion-exchanger, ion-carrier) placed
in the tip of a glass micropipette. When introduced
into a tissue or calibration solution where ionic activ-
ity is to be measured, a Nernst potential develops
across the ion-exchanger membrane, i.e., one meas-
ures a potential that changes logarithmically with the
activity of the ion for which the ion-exchanger is se-
lective. However, when the microelectrode is inserted
into neural tissue, it records not only electrical poten-
tial differences generated by free ion concentrations,
but all types of electrical activity, including mem-
brane, field, action, and synaptic potentials. These dis-
turbing factors can be abolished if a reference
electrode is in the immediate vicinity of the tip of the
ISM. This requirement is best fulfilled by a double-
barreled microelectrode (Fig. 3) that has a liquid ion-
exchanger in one channel, while the other channel
serves as the reference microelectrode and is, there-
fore, filled with saline or some other indifferent so-
lution. Because the reference microelectrode also
records electrical activity in the tissue, the signal from
it is used to cancel out the undesired component. We
now have at our disposal ion-exchangers (natural and

synthetic ionophores) for H*, K*, Li*, Ca*", Mg?*,
TEA*, TMA*, HCO,~ and other ions. ISMs are widely
used in electrophysiology, and the theory underlying
their operation and their preparation has been described
in several monographs (18, 19).

~
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Fig. 3. Diagram of experimental set-up for simultaneous re-
cording of [K*], and action potentials with a double-barreled
K*-selective microelectrode. Elevation of [K+], in unstimulated
reticular formation of rat is associated with spontaneous bursts
of cell firing recorded by the reference barrel. E, and E,, ampli-
fiers; D.A., differential amplifier for measurements with ion-se-
lective microelectrodes. Adapted from (11).

channel the migration of substances in the ECS (pre-
ferred diffusion in one direction, e.g., along the axons)
and may, therefore, account for a certain degree of
specificity of the diffusion transmission. The structure
of cells and axons can channel the migration of sub-
stances in the ECS, and this could be a mechanism for
a specificity of diffusion transmission of signals. In-
deed, anisotropic diffusion was described using the
“TMA*+-method”” in the molecular layer of the
cerebellum (47). Because the molecular and granular lay-
ers of the cerebellum have distinct diffusion characteris-
tics, the extracellular molecular traffic will be different in
the two regions. The anisotropy of the white matter and
molecular layer of the cerebellum could enable different
modes of diffusion transmission in these regions.
Diffusion parameters are substantially different in
the myelinated and unmyelinated white matter of the
rat during postnatal development (48). Isotropic diffu-
sion was found in corpus callosum and spinal cord
white matter of rats with incomplete myelination. In
myelinated spinal cord and corpus callosum, the tor-
tuosity is higher (the apparent diffusion coefficient is
lower) when TMA™* diffuses across the axons than
when it diffuses along the fibers. In white matter of the
rat spinal cord at postnatal day 12-14 (P12-14), mean
\ along the axon fibers was 1.36, whereas A\ across the
axons was 1.82. At P7, diffusion was still isotropic. In

the corpus callosum, anisotropic diffusion was found at
P20-22 (mean \ along the axon fibers was 1.44, and \
across the axons was 1.69). Preferential diffusion path-
ways were also found along myelinated fiber bundles
in the living brain using Texas Red-labeled dextran in-
jected into neostriatum of adult rats (49). These results
confirm the hypothesis that there are preferential dif-
fusion pathways of chemical signals along the myeli-

nated fibers in white matter tracts.

Diffusion images of water have been obtained re-
cently by MRI (50). Measuring water diffusion in vivo
permits noninvasive observation of tissue architecture
and microstructure. As with TMA™* diffusion, the appar-
ent diffusion coefficient of water (ADCy,) is lower in
brain than in free water (51) because of cell membranes,
axons, and macromolecules of ECM—all important dif-
fusion barriers in CNS. Using MRI, evidence of aniso-
tropic diffusion in white matter was found in cat brain
(52), as well as in human brain (53). The measured
ADC,, values are significantly smaller when the gradient
pulses of the diffusion imaging sequence are perpendic-
ular to the direction in which the myelinated axons run,
although water diffuses with a measurable rate across
myelinated axons. Therefore, not only the diffusion of
large molecules, such as TMA* or dextrans, but even
the diffusion of water, are prevented by the presence of

the myelin sheets.
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Box 2: Real-time lontophoretic Method for
Measurements of ECS Diffusion Parameters

Ion-selective microelectrodes are used to measure
TEA*,TMA", choline, or AsF~ diffusion parameters
in ECS. For diffusion measurements, the iontophoresis
pipette is prepared, and its shank is bent before back-
filling it with ~1 M TMA chloride, so that the shank
can be aligned parallel to that of the ion-selective mi-
croelectrode (ISM). Electrode arrays are made by glu-
ing together an iontophoresis pipette and an ISM with
a tip separation of 130200 um (Fig. 4). Typical ion-
tophoresis parameters are +20 nA bias current (con-
tinuously applied to maintain a constant transport
number), with a +100 nA current step of 40-80 s
duration to generate the diffusion curve. TMA* dif-
fusion curves are captured on a digital oscilloscope
and then transferred to a computer, where they are
analyzed by fitting the data to a solution of the dif-
fusion equation (see below). TMA™* concentration ver-
sus time curves are first recorded in 0.3% agar gel
made up in 150 mM NaCl, 3 mM KCl, and 0.3 mM
TMA*. The array of electrodes is then lowered into
the brain. The diffusion curves obtained from brain
are analyzed to yield N, a, and the nonspecific, con-
centration-dependent uptake term, k' (s7'). These three
parameters are extracted by a nonlinear curve-fitting
simplex algorithm operating on the diffusion curve de-
scribed by Equation [1] below, which represents the
behavior of TMA*, assuming that it spreads out with
spherical symmetry, when the iontophoresis current is
applied for duration S. In this expression, C is the
concentration of the ion at time t and distance r. The
equation governing the diffusion in brain tissue is:

C = G(t) t < S, for the rising phase of the curve
C = G(t) — G(t-S) t > S, for the falling phase of the curve.

The function G(u) is evaluated by substituting t or
t-S for u in the following equation (22):

G@) = (QN\¥/8wDar) {exp[rA(k/D)*2] erfe[r\/2(Du)"”
+ (Ku)'2) + exp[—rA(k/D)"] erfe[r\/2(Du)”
~ (uy)

The quantity of TMA* or TEA* delivered to the
tissue per second is Q = In/zF, where I is the step
increase in current applied to the iontophoresis elec-
trode, n is the transport number, z is the number of
charges associated with the substance iontophoresed
(+ 1 for TMA* or TEA*), and F is Faraday’s elec-
trochemical equivalent. The function ‘‘erfc’’ is the
complementary error function. When the experimental
medium is agar, by definition, « = 1 = X and k'
0, and the parameters n and D are extracted by the
curve fitting. Knowing n and D, the parameters o, A,
and k' can be obtained when the experiment is re-
peated in the neural tissue.

(1]

lontophoresis

cortex

a =023
s A =1.60
E k=35x10"s"
S
1]
<
=
e
<
a=1
80s A=1
(1 = 100 nA) k=0

Fig. 4. Experimental set-up, TMA* diffusion curves and typical
ECS diffusion parameters a (volume fraction), A (tortuosity) and k'
(nonspecific TMA* uptake). Left, schema of the experimental ar-
rangement. A TMA*-selective, double-barreled, ion-selective micro-
electrode (ISM) was glued to a bent iontophoresis microelectrode.
The separation between electrode tips was 130-200 um. Right,
typical records obtained in agar gel and in rat cortex. Measure-
ments in agar, where « = 1 = A, and k' = O (free diffusion val-
ues) were analyzed to yield the TMA* free diffusion coefficient (D)
and the iontophoretic electrode transport number (n). The diffusion
curve was then recorded with the same microelectrode array in rat
cortex (layer V), and the calculated diffusion parameters a, A, and
k' are shown with the record. The concentration scale is linear,
and the theoretical (blue) diffusion curve (Expression 1) is super-
imposed on each data curve (black). When the electrode array
was inserted into the lamina V of the adult rat cortex and an ionto-
phoretic current was applied, the resulting increase in concentra-
tion was much larger in the brain than in agar, apparently because
of smaller volume fraction.
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Box 3: Values of Volume fraction (o) and Tortuosity (1) Obtained with Real-Time lontophoretic
Method in CNS of the Adult Rat
Region Status o A References
Spinal cord, dorsal horn In vivo 0.20 1.62 (39)
In vivo 0.21 1.55 (40)
Intermediate region In vivo 0.22 1.54 (40)
Ventral horn In vivo 0.23 1.46 (40}
White matter In vivo 0.18 1.562 (40}
Neocortex In vivo 0.18 1.57 (41)
In vivo 0.18 1.40° (42)
In vitro 0.18 1.62 (38)
Sensorimotor cortex
Layer I In vivo 0.19 1.51 (35)
Layer Il In vivo 0.20 1.63 (35)
Layer 1V In vivo 021 1.59 (35)
Layer V In vivo 0.22 1.62 (35)
Layer VI In vivo 0.23 1.65 (35)
Corpus callosum In vive 0.20 1.552 (35)
Neostriatum In vitro 0.21 1.54 (43)
Hippocampus
CA1 st. pyramidale In vivo 0.12 1.34 (36, 44)
In vitro 0.12; 0.14 1.67; 1.50 (37, 38)
CA1 st. radiatum In vivo 0.16 1.44 (36, 44)
In vitro 0.13 1.71 (37)
CA3 st. pyramidale In vivo 0.19 1.53 (36, 44)
In vitro 0.18; 0.20 1.83% 1.57 (37, 38)
CA3 st. radiatum In vivo 0.16 1.41 (36, 44)
In vitro 0.16 1.71¢ (37)
Cerebellum, molecular layer In vivo 0.21 1.55# 22)
“Measurements did not take anisotrapy into account.
sMeasurements did not take nonspecific TMA*/TEA~+ uptake into account.

Activity-related lonic and Volume Changes in
the ECS: Their Origin, Homeostasis, and
Physiological Role

An activity-related increase in extracellular K+ aetivity
([K*].), alkaline and acid shifts in pH,, and a decrease
in extracellular Ca* concentration ([Ca?*].) have been
found to accompany neuronal activity in a varicty of
animals and brain regions in vivo, as well as in vitro (2,
4, 8). Dynamic changes in {K*], have been recorded in
the immediate vicinity of individual neurons in the mes-
encephalic reticular formation (MRF) of the rat. MRF is
recognized as a structure with high spontaneous activity
level. During a burst of spontaneous action potentials,
[K*], steadily increases by as much as 0.2 mM (11). The
neurons start to fire again when the K* elevation returns
to the ‘‘resting’”> K* baseline (Fig. 3), suggesting that
accumulation of K* in the ECS blocks spontaneous ac-
tivity.

Most frequently, neuronal activity results in an In-
crease in [K*],, a decrease in [Ca**], and a rapid ex-
tracellular alkaline shift, followed by a slower but
longer-lasting acid shift (11, 16, 54). After sustained ad-
equate stimulation of the afferent input or after repetitive
electrical stimulation, the ionic transients reach a certain
steady state, the so-called ‘“ceiling”’ level (Fig. 3). The
K* ceiling level in the mammalian cortex is ~7 mM K~*

(55) and in the mammalian spinal cord, 6-8 mM K* (16,
56). The alkaline shifts in mammalian cortex, cerebel-
lum, or spinal cord do not exceed 0.02 pH units, and the
acid shifts are ~0.2 pH units (4, 8, 9). For example,
after tetanic stimulation of the sciatic nerve (30-100 Hz),
the [K*], ‘“ceiling’’ level in the adult rat or cat spinal
cord is attained in 5-8 s, whereas the *‘ceiling’” level of
the acid shift is reached in 10-20 s (16, 56). When stim-
ulation is continued beyond this, a gradual decrease of
both transients, [K+*], and pH,, occur after the ceiling
levels are reached because of homeostatic mechanisms
in neurons and glia (Fig. 5).

Adequate stimulation, which includes innocuous stim-
uli, acute nociceptive stimuli, or peripheral tissue injury
of a hind paw, result in activity-related transient K* and
pH, changes in the spinal dorsal hom (14, 16). In the
visual cortex of cats (13) and in the ectostriatum of chicks
(17), a rise in [K*], and pH shifts accompany neuronal
activity during stimulation of the receptive field with vis-
val stimuli. Stimulation with pure-tone acoustic stimuli
over a frequency range of 500 Hz-25 kHz produces
changes of ~1 mM K* in the organ of Corti, with the
maximal change between supporting cell and inner hair
cell (15). The K* and pH changes evoked by adequate
stimulation are generally of smaller amplitude than those
evoked by electrical stimulation, with an increase in [K*],
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Fig. 5. Stimulation-evoked pH, and [K*], changes in the spinal
dorsal horn of 4-day-old and adult rats. The stimulation of the
dorsal root at a frequency of 10 Hz evoked a typical alkaline
shift in a 4-day-old pup, accompanied by an increase in [K*],.
In adult rats, even a stimulation of 100 Hz evoked a smaller in-
crease in [K*],. The change in pH, was biphasic; first a small
and fast “initial” alkaline shift occured, which was followed by
dominating acid shift. Note the poststimulation undershoots in
[K*],, as well as in pH,. Adapted from (4, 54).

of ~1-3 mM and an acid shift of up to ~0.05-0.1 pH
units, but they can last longer. For example, after periph-
eral injury [K*], increase and pH, decrease in the spinal
dorsal horn begin 2-10 min after injury, reach their max-
imum in 15-40 min, and then persist for >2 h.
Transmembrane ionic fluxes are accompanied by the
movement of water and cellular—presumably, particu-
larly glial—swelling. Changes in ECS diffusion param-
eters (ECS volume decrease, tortuosity increase, and
ADC decrease) are the consequence of activity-related
transmembrane ionic shifts and cellular swelling. In the
spinal cord of the rat or frog, repetitive electrical stim-
ulation results in an ECS volume decrease from ~0.24
to 0.12-0.17, i.e., the ECS volume decreases by as much
as 30%-50% (57). The changes in ECS diffusion pa-
rameters persist for many minutes or even hours after
the stimulation has ceased, suggesting long-term changes
in neuronal excitability and neuron-glia communication

(Fig. 6).

Mechanisms of the ECS lonic Homeostasis

Mechanisms for ECS ionic homeostasis have been de-
scribed in several reviews (2, 4, 8, 58, 59), and, there-
fore, only a brief summary is given here. K*, pH, and
apparently also volume homeostasis in the CNS are en-
sured by a variety of mechanisms in both neurons and
glia. After returning to the prestimulation [K*], values,
a transient decrease in [K*], occurs below the original K+
baseline, the so-called poststimulation K *-undershoot (55,
56). This K*-undershoot is blocked by ouabain or during
hypoxia. These findings suggest that the recovery of the
activity-related [K*], change is at least partly dependent
on Na*/K* pump activity in both neurons and glia. Be-
sides the Na*/K* pump, ECS K* homeostasis is main-
tained by three other mechanisms brought about by glia:
K+ spatial buffering, KCl uptake, and Ca**-activated K*
channels.

Extra- and intracellular pH homeostasis is ensured by
a variety of mechanisms in neurons and glia (4, 8, 9).
There is now convincing evidence for the neuronal ori-
gin of extracellular alkaline shifts and the glial origin of
activity-related acid shifts (54, 60). Substantial differ-
ences exist in activity-related pH, and [K*], changes in
adult animals (with completed gliogenesis and glial cell
function) and during early postnatal development, pre-
sumably because of incomplete glial cell function, ap-
parently because glial maturation and myelination occur
postnatally and more slowly than neuronal maturation.
In the neonatal rat spinal cord, stimulation-evoked
changes in [K*], are much larger than in the adult animal
(54). In neonates, ECS alkaline shifts dominate because
the acid shift generated by glia is small (Fig. 5). At post-
natal day 10, when gliogenesis in rat spinal cord gray
matter peaks, the K* ceiling level decreases, and stim-
ulation evokes acid shifts of ~0.1-0.2 pH unit, which
are preceded by scarcely discernible alkaline shifts, as is
also the case in adult rats (Fig. 5 and 6). In addition,
stimulation-evoked alkaline shifts are abolished by the
blockage of synaptic transmission by Mn** or Mg*+
(whereas acid shifts are unaffected) (60), by the GABA
antagonist picrotoxin, and by glutamate receptor antag-
onists and channel blockers, such as MK801 (noncom-
petitive NMDA receptor antagonist and channel blocker)
and CNQX (competitive AMPA/kainate receptor antag-
onist) (60, 61). These results show that glial cells play
an important role in buffering activity-related alkaline
changes in extracellular pH.

Some of the membrane transport processes regulating
intra- and extracellular pH, such as Na*/H* exchange and
Na*/H*/Cl-/ HCO;~ cotransport, are present in both neu-
rons and glia; others are specific for neurons (H* chan-
nels, H* or HCO,~ permeability of the ionic channels
opened by GABA or glutamate) or for glia (e.g., the volt-
age-dependent Na*-HCO,~ cotransport and lactate extru-
sion). The glial cell membrane is also readily permeable
to CO,, which reacts with H,O to form bicarbonic acid,
which, in turn, quickly dissociates into water and protons.
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Fig. 6. Top panel, effect of repetitive electrical stimulation of
dorsal root on ECS volume and pH, in the dorsal horn of an
isolated frog spinal cord. Current (40 nA, bottom recordings)
was applied with an iontophoretic pipette filled with TEA*. Top
records show TEA* diffusion curves recorded using the method
described in Box 2 and change in [K*], (TEA* electrode is also
sensitive to K*) induced by repetitive stimulation (30 Hz, 60 s).
pH,: Concomitantly recorded pH, changes with pH-selective mi-
croelectrode. Bottom panel, a schematic of the mechanism of
nonspecific feedback suppressing neuronal excitability. Active
neurons release K+, which accumulates in the ECS and depo-
larizes glial cells, causing an alkaline shift in glial pH; and an
acid shift in pH,. Extracellular acidosis further suppreses neu-
ronal activity. Transmembrane ionic movements results in glial
swelling, ECS volume decrease, and, therefore, in the greater
accumulation of ions and neuroactive substances in the ECS.

This reaction is catalyzed and sped up by the enzyme
carbonic anhydrase (CA), which is present in glia. Some
of the membrane transport mechanisms result in alkaline
shifts in pH, (acid loaders), whereas others result in acid
shifts in pH, (acid extruders), but it is evident that acid
loaders are dominant in neurons and acid extruders are
dominant in glia (4, 8, 9). Extracellular acid shifts are,
therefore, a consequence of activity-related extracellular
K~ increase. K*-induced glial depolarization results in al-
kaline shift in glial pH,, which leads to stimulation of
classic acid extrusion systems in glial cells. The following
nonspecific feedback mechanism suppressing neuronal
activity may exist in the CNS (Fig. 6):
® Neuronal activity results in the accumulation of
[K*];
® K+ depolarizes glial cells, and this depolarization
induces an alkaline shift in glial pH;;

® The glial cells, therefore, extrude acid; and

® The acid shifts in pH result in a decrease in the

neuronal excitability.

Furthermore, because the ionic movements are always
accompanied by water, this feedback mechanism would
be amplified by activity-related glial swelling, for which
ECS volume shrinkage compensates (Fig. 4), and by in-
creased tortuosity, presumably by the crowding of mol-
ecules of the ECS matrix and by the swelling of fine
glial processes. This would result in greater accumula-
tion of ions and other neuroactive substances in brain
because of hindrance of their diffusion in ECS.

Mechanisms of ECS Volume and Geometry
Changes

It is generally accepted that the ECS volume decrease
results primarily from astrocytic swelling, although
swelling of neurons, particularly of dendrites and axons,
also occurs. Activity-related or CNS damage-related
ionic changes and release of amino acids result in pul-
satile or long-term glial swelling, which leads to a com-
pensatory decrease in the ECS volume and increased
tortuosity (i.e., decrease in ADC). In turn, an ECS vol-
ume decrease is predicted to result in a greater accu-
mulation of neuroactive substances that can ultimately
induce damage to the nerve cells by reaching toxic con-
centrations. Some mechanisms have been proposed to
lead to astrocytic swelling—namely, osmotic imbalance,
uptake of extracellular K*, acid-base changes, glutamate
uptake and excitatory amino acid-induced swelling,
blockage of Na*/K* pump activity, and accumulation of
fatty acids and free radicals (62, 63). For the most part,
these mechanisms of swelling have been confirmed pri-
marily in tissue culture, and they were only recently
compared with changes in ECS volume and geometry.
Mechanisms of changes in ECS volume and geometry
have been studied using the TMA* method in the ce-
rebral cortex of the in vivo rat (41), isolated rat spinal
cord (64), brain slices (65), and isolated turtle cerebel-
lum (33). The observed mechanisms might be similar to
those of cellular swelling, although there are some dif-
ferences in the effects of cellular swelling on the ECS
volume and on the ECS tortuosity. In the in vivo rat
studies, acute hypernatremia caused a reduction in ECS
volume fraction from 0.18 to 0.10-0.15 and an increase
in tortuosity from 1.57 to 1.65, with little change in in-
tracellular volume, demonstrating cellular volume regu-
lation in the intact animal (41). The application of
hypotonic solution of physiological saline, with elevated
[Na*],, or glutamate resulted in a dramatic ECS volume
decrease and an ECS tortuosity increase (33, 64). Meas-
urements of ECS volume fraction and water content
showed that hypotonic solutions caused water to move
from the extracellular to intracellular compartment,
whereas hypertonic solutions caused water to move from
the intracellular to extracellular compartment, with rel-
atively small changes in total water in both cases (33).
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The superfusion of isolated rat spinal cords with so-
lutions containing 10 mM K*, or low doses of glutamate
or glutamate receptors agonists (NMDA or AMPA at
10~° M) was used as a model of changes in ECS dif-
fusion parameters during neuronal activity and stimula-
tion. This resulted in the shrinkage of the ECS by as
much as 20%-25% and an increase in N\ from ~1.5 to
~1.8. Specific antagonists blocked the effects of NMDA
and AMPA. Superfusion with 50 mM K~ or higher con-
centrations of glutamate (at 1-10 mM) or the glutamate
receptors agonists NMDA or AMPA (at 10-* M) pro-
vided a model of changes during pathological events,
such as anoxia, ischemia, or injury. Solutions containing
50 mM K* induced a decrease in « to as low as 0.04—
0.05 and an increase in X\ to as high as 2.1-2.2. Appli-
cation of NMDA or AMPA resulted in a drop in a to
0.04-0.07 and in large increases in A to as high as 1.85-
2.10. Glutamate in relatively high concentrations (1-10
mM) was less effective. Further measurements in the
isolated rat spinal cord also revealed that changes of 0.2—
0.4 pH units and greater of the superfusing solution led
to changes in ECS volume—namely, an alkaline shift in
pH causes an ECS volume increase and an acid shift
causes an ECS volume decrease (64). The ECS volume
changes evoked by all of these swelling-inducing sub-
stances were reversible upon superfusion of the spinal
cord with physiological solution. In many cases, the ECS
volume changes started to recover toward control values
during application of swelling-inducing substances, ap-
parently because the cells started to regulate their vol-
ume, a phenomenon called regulatory volume decrease.

Role of Glia and Extracellular Macromolecules
in the ECS Geometry

It is reasonable to assume that ions, as well as neuro-
transmitters, released into the ECS during neuronal ac-
tivity or pathological states interact not only with the
postsynaptic and presynaptic membranes, but also with
extrasynaptic receptors, including those on glial cells. A
stimulation of glial cells may lead to activation of ion
channels, second messengers, and intracellular metabolic
pathways, and to changes in their volume, accompanied
by dynamic variations in the ECS volume, particularly
swelling and, possibly, rearrangement of their processes.
In addition to their role in maintenance of extracellular
ionic homeostasis, glial cells may, thus, by regulating
their volume, influence extracellular pathways for neu-
roactive substances.

Many pathological processes in the CNS are accom-
panied by loss of cells or neuronal processes, astro-
gliosis, demyelination, and changes in the ECM, all of
which may affect apparent diffusion coefficients of neu-
roactive substances. Several animal models have been
developed to study the changes in ECS diffusion pa-
rameters. Brain injury of any kind elicits reactive gliosis,
involving both hyperplasia and hypertrophy of astro-

cytes, which show intense staining for glial fibrillary
acidic protein (GFAP). Astrogliosis is also a typical
characteristic of cortical stab wounds in rodents (66).
The lesion is typically accompanied by a modest ECS
volume increase and by substantial increase in tortuosity
to mean values of A ~1.76 (Box 4, Sykova, Mazel and
Roitbak, unpublished data). Similarly, in grafted neural
tissue (e.g., in cortical grafts of fetal tissue) there is se-
vere astrogliosis compared with normal cortex (67). The
size of the ECS (a) and surprisingly also A, were sig-
nificantly higher in cortical grafts than in host cortex,
~0.35 and 1.79, respectively, as it is also the case in
gliotic cortex after stab wounds. Another characteristic
feature of grafts is the variability of a and \. The dif-
ferent values in various depths of grafts correlated with
the morphological heterogeneity of graft neuropil. These
measurements show that even when the ECS in gliotic
tissue or in cortical grafts is larger than in normal cortex,
the tortuosity is still higher and the diffusion of chemical
signals in such tissue may be hindered. A limited dif-
fusion may also have a negative impact on the viability
of grafts in host brains. Compared with host cortex, im-
munohistochemistry showed myelinated patches and
more hypertrophic astrocytes in areas of high \ values,
suggesting that more and/or thicker glial cell processes
may be the cause of the increased tortuosity. However,
changes in the ECM cannot so far be excluded. These
studies support the role of glial cell processes as diffu-
sion barriers in the CNS.

The ECM molecules and other large molecules can
also affect the tortuosity of the ECS. Their possible ef-
fect on changes in TMA* diffusion parameters have
been studied in rat cortical slices (32, 34) and in rat
isolated spinal cord (48). Superfusion of the the slice or
spinal cord with a solution containing either 40-kDa or
70-kDa dextran or hyaluronic acid (HA) resulted in a
significant increase in . In a standard physiological so-
lution, A was ~1.57, whereas in 1% or 2% solution of
40-kDa or 70-kDa dextran, \ increased to ~1.72-1.77.
Application of a 0.1% solution of HA (1.6 X 10 Da)
resulted in an increase in A to ~1.75. The o was un-
changed in these experiments, suggesting that these sub-
stances had no effect on cellular volume and viability of
the preparation. These results suggest that bigger mole-
cules, such as 40- and 70-kDa dextran and HA, may
slow down the diffusion of small molecules, such as
TMA* (74 Da) in ECS.

ECS During Development and Aging

Compared with those of healthy adults, the ECS diffu-
sion parameters significantly differ during postnatal de-
velopment (35). The ECS volume in the cortex and
subcortical white matter (corpus callosum) is about twice
as large (@ = 0.36-0.46) in the newborn rat as in the
adult rat (o« = 0.19-0.23), whereas the variations in tor-
tuosity are not statistically significant at any age (Box
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Box 4: Mean Values of the ECS Diffusion Parameters during Development, Aging, and Patho-
logical States as Measured by TMA+-method (all data from rats in vivo).
Status Region a A References
Development (P2) Cortex 0.36-0.41 1.69-1.68 (35)
Corpus callosum 0.46 1.58 (35)
Aging Cortex 0.18-0.19 1.52-1.59 (36, 44)
Corpus callosum 0.15 1.46° (36, 44)
Hippocampus CA1 0.09 1.36 (36, 44)
Chronic pain Spinal cord 0.12 — (54)
Hypoxia Spinal cord 0.16 1.62 (39)
Terminal anoxia Spinal cord 0.07 2.20 (39)
Cortex 0.07 1.63° (42)
0.06 2.00 (66)
(in press)
Corpus callosum 0.05 2.102 (66)
(in press)
Recovery after anoxia Spinal cord 0.30 1.63 (39)
Hypernatremia Cortex 0.10-0.15 1.65 (41)
Astrogliosis-stab wounds Cortex 0.26 1.76 Sykova et al.
(unpublished).
X-irradiation acute state Cortex 0.48-0.51 1.42—-1.56 (68)
X-irradiation chronic state Cortex 0.34-0.55 1.56-1.81 (68)
EAE Spinal cord, dorsal horn 0.28 1.40 (40)
Spinal cord, ventral horn 0.47 1.48 (40)
Spinal cord, white matter 0.30 1.48 (40)
Cortical grafts — 0.35 1.79 (67)
“Measurements did not take anisotropy into account.
sMeasurements did not take nonspecific TMA*/TEA* uptake into account.

4). A reduction in the ECS volume fraction correlates
well with growth of blood vessels. The constancy of the
tortuosity shows that diffusion of small molecules is no
more hindered in the developing brain than in that of
the adult. The large ECS channels may allow migration
of larger substances (e.g., growth factors) and better con-
ditions for cell migration during development. On the
other hand, the large ECS in neonatal brain could sig-
nificantly dilute ions, metabolites, and neuroactive sub-
stances released from cells relative to release in adults
and may be a factor in prevention of anoxic injury, sei-
zure, and spreading depression in young individuals. The
diffusion parameters could also play an important role
in the developmental process itself.

Morphological changes during aging, including cellular
loss, loss of dendritic processes, astrogliosis, demyelina-
tion, and swollen astrocyte processes are accompanied by
changes in the ECS diffusion parameters (36, 44, 68). The
a in the cortex, corpus callosum, and hippocampus of
senescent rats (aged 26-32 months) is significantly
lower than in young adults, e.g., in the cortical layer V
~0.18 instead of 0.21, in the WM ~0.15 instead of 0.19,
and in the CA1 pyramidal cell layer of the hippocampus
~0.09 instead of 0.12. Moreover, in hippocampus, the
tortuosity X was significantly higher in CA3 stratum ra-
diatum—1.49 instead of 1.41. It is reasonable to assume
that in aging brain there is a significant decrease in

ADCs of many neuroactive substances, which accom-
panies the morphological changes and can contribute to
impaired signal transmission, greater susceptibility to an-
oxia, changes in behavior, and memory impairment.

ECS During Pathological States

Pathological states, e.g., anoxia/ischemia, are accompa-
nied by a lack of energy; seizure activity; excessive re-
lease of transmitters and neuroactive substances; neu-
ronal death; glial cell loss or proliferation; glial swelling;
production of damaging metabolites, including free rad-
icals; and loss of ionic homeostasis. Others are charac-
terized by inflammation, edema, or demyelination. It is,
therefore, evident that they will be accompanied not only
by substantial changes in ECS ionic composition (2, 4)
but also by various changes in ECS diffusion parameters
according to the different functional and anatomical
changes.

ECS ionic composition and volume during anoxia/isch-
emia. Dramatic K* and pH, changes occur in the brain
and spinal cord during anoxia and/or ischemia (4, 16,
39, 69). Within 2 min after respiratory arrest in aduit
rats, blood pressure begins to increase, and pH, begins
to decrease (by ~0.1 pH unit), but [K*], is still un-
changed. With the subsequent blood pressure decrease,
the pH, decreases by 0.6-0.8 pH units to pH 6.4-6.6.
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Fig. 7. Top, water ADC maps of a 9-day-old rat brain before
(—5) and at different times after cardiac arrest evoked by intra-
peritoneal injection of KCI (shown with each record). The maps
depict the calculated ADC on a pixel-by-pixel basis. Numbers
at lower left corner of images indicate time. The ADC was cal-
culated using diffusion-weighted NMR images obtained with U-
FLARE (10 b values ranging up to 1500 s/mm?) and fitting the
intensities of corresponding pixels in the images to a Stejskal-
Tanner equation (1965). Adapted from (31). Bottom, typical
TMA" diffusion experiment in cortical gray matter (Layer V) of
another 9-day-old rat. The TMA diffusion curves were recorded
before and during global ischemia. The TMA* baseline in-
creases, and the superimposed diffusion curves show an in-
creasing amplitude as ischemia progresses because the
scaling is logarithmic. The time after cardiac arrest, a and
values, are shown with some curves. The time courses of ADC
decrease, ECS volume decrease, and tortuosity increase were
found to be very similar (31).

This pH, decrease is accompanied by a steep rise in
[K*]. to ~50-70 mM; decreases in [Na*], to 48—59 mM,
[CI7], to 70-75 mM, [Ca**], to 0.06-0.08 mM, and pH,
to 6.1-6.8; accumulation of excitatory amino acids; slow
negative DC potential shift; and a decrease in ECS vol-
ume fraction to 0.4-0.7. The ECS volume starts to de-
crease when the blood pressure drops below 80 mmHg
and [K*], rises above 6 mM (39).

During hypoxia and terminal anoxia, the ECS volume
fraction in rat cortex or spinal cord decreases from

~0.20 to ~0.04, whereas tortuosity increases from 1.5
to ~2.2 (39, 42). The same ultimate changes were found
in both neonatal and adult rats, in grey and white matter,
in the cortex, corpus callosum, and spinal cord. How-
ever, the time course in white matter was significantly
slower than in gray matter, and the time course in neo-
natal rats was ~ 10 times slower than in adults (Vofisek
and Sykova, J Cereb Blood Flow Metab, submitted).
This corresponds to the well-known resistance of im-
mature CNS to anoxia. Linear regression analysis re-
vealed a positive correlation between the normoxic size
of the ECS volume and the time course of the changes.
The slower changes in ECS volume fraction and tortu-
osity in the nervous tissue during development can con-
tribute to slower impairment of signal transmission, e.g.,
because of lower accumulation of ions and neuroactive
substances released from cells and their better diffusion
from the hypoxic area in uncompacted ECS.

In recent studies using diffusion-weighted 'H MRS/
MRI, the apparent diffusion coefficient of water (ADC,,)
was measured during terminal anoxia in rats. Anoxia
evokes similar decreases in the apparent diffusion co-
efficient of ADC,, (measured by the NMR method) and
ADC;y, (measured by the iontophoretic method and
ion-selective microelectrodes). Comparison of ADC,,
and ADC;,,, in 8-9-day-old rats revealed the same time
course, both corresponding to the decrease in ECS vol-
ume fraction (Fig. 7) (31). Although water moves freely
across the cellular membranes, TMA* stays predomi-
nantly in ECS. Because the total amount of tissue water
is not believed to increase (33), this study (31) shows
that changes in ADC of brain tissue water measured by
diffusion-weighted in vivo MR techniques predomi-
nantly report on extra- and intracellular volume changes
resulting from water shift from the extra- to intracellular
compartment.

Full recovery to ‘‘normoxic’’ diffusion parameters is
achieved after succesful recovery from severe ischemia
(39). Beginning 5-10 min after this recovery, the ECS
volume fraction significantly increases above the *‘nor-
moxic’’ values to an o ~0.30 (Box 4); A and k' were
not significantly different from the values found under
normoxic conditions.

The diffusion parameters of the ECS have also been
studied in vitro in slices of rat neostriatum during hy-
poxia (43). Progressive shrinkage of the ECS by ~50%
(to a ~0.12), but no significant changes in tortuosity or
nonspecific TMA™* uptake, occurred during exposure to
hypoxic media with continual availability of glucose. A
study of in vitro ischemia in the slice, involving both
the removal of O, and glucose, showed that the o of
CAl, CA3, and cortex changed from 0.14, 0.20, and
0.18 to 0.05, 0.17, and 0.09, respectively. In contrast,
the only change in tortuosity was in CA3, where the A\
increased from 1.62 to 1.75 (38). The relatively small
increase in extracellular K* concentration of ~8 mM in
slices (43), which is in contrast to the large K* increases
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(60—-70 mM) observed during hypoxia in vivo, suggests
that only mild hypoxia had been evoked and/or that the
changes in vivo may be different from those in vitro.

The observed substantial changes in the diffusion pa-
rameters during and after progressive ischemia and an-
oxia in vivo could, therefore, affect the diffusion in ECS
and aggravate the accumulation of ions, neurotransmit-
ters, and metabolic substances during ischemia and, thus,
contribute to ischemic brain damage. On the other hand,
changes in the diffusion parameters may persist long af-
ter the ischemic event and affect nonsynaptic transmis-
sion in CNS. Changes in the diffusion parameters may
also, of course, affect the access to cellular elements of
drugs used to treat nervous diseases.

X-irradiation-induced changes in ECS volume and ge-
ometry. Radiation therapy is an effective treatment for
some human cancers. However, this therapy is limited
by radiation injury. Clinical correlates of demyelination
and necrosis that occur early include somnolence,
changes in intellect, radiation myelopathies, and leuco-
encepathies. The responses to irradiation of the normal
tissue immediately surrounding tumor, which is un-
avoidably irradiated, are, therefore, of considerable in-
terest. It is generally accepted (70) that radiation injury
is caused by mitotic death and depletion of the various
cell populations. The main syndromes of radiation injury
in the CNS are very similar in rodents and humans. The
immature CNS is more sensitive to radiation than the
adult nervous system, apparently because of the prolif-
erative potential and increased radiation sensitivity of
glial and/or vascular endothelial cells in the developing
nervous system (70).

In experiments on the somatosensory neocortex and
subcortical white matter of 1-day-old (P1) rats, X-irra-
diation with a single dose of 40 Gy resulted in radiation
necrosis with typical early morphological changes in the
tissue—namely, cell death, DNA fragmentation, exten-
sive neuronal loss, blood-brain-barrier (BBB) damage,
activated macrophages, astrogliosis, increase in extra-
cellular fibronectin, and concomitant changes in all three
diffusion parameters. The changes were observed as
early as 48 h after irradiation (at P2-P3) and persisted
at P21 (68).

In the nonirradiated cortex, the volume fraction, a, of
the ECS is large in newborn rats and diminishes with
age (35). X-irradiation with a single dose of 40 Gy
blocked the normal pattern of volume fraction decrease
during postnatal development and, in fact, brought about
a significant increase (68). At P4-P5, « in both cortex and
corpus callosum increased to ~0.50. The large increase
in o persisted at 3 wk after X-irradiation. Tortuosity, A,
and nonspecific uptake, k', significantly decreased at P2-
P5; at P8-P9, they were not significantly different from
those of control animals, but they significantly increased
at P10-P21. This means that in chronic lesions, e.g., those
occuring 1-3 wk after X-irradiation and/or in gliotic tis-
sue, the volume fraction remains elevated, but tortuosity

increases. Interestingly, X-irradiation with a single dose
of 20 Gy, which resulted in relatively light neuronal
damage and loss, as well as BBB damage, did not pro-
duce changes in diffusion parameters significantly dif-
ferent from those found with 40 Gy. Less pronounced
but significant changes in diffusion parameters were also
found in areas adjacent to directly X-irradiated cortex of
the ipsilateral hemisphere and the contralateral hemi-
sphere (68).

The observed increase in the extracellular volume
fraction in the X-irradiated tissue can also contribute to
the impairment of signal transmission, e.g., by diluting
ions and neuroactive substances released from cells, and
may play an important role in functional deficits, as well
as in the impairment of the developmental processes.
Moreover, the increase in tortuosity, inferred from the
decrease in ADC,y,, in the X-irradiated cortex as well
as in the contralateral hemisphere, suggests that even
long after mild irradiation, the diffusion of the sub-
stances can be substantially hindered. The observed in-
crease in tortuosity seems to be related to astrogliosis,
but changes in adhesion molecules or ECM molecules
can also account for it.

ECS volume and geometry during inflammation and de-
mylinating diseases. Changes in ECS diffusion pa-
rameters can be expected during inflammation during
which brain edema may develop. In an experimental
model, inflammation was evoked by intracerebral inoc-
ulation with a weakly pathogenic strain of Staphylococ-
cus aureus (71). There was a lack of changes in water
content of the inoculated region, indicating no significant
development of brain edema. Acute inflammation and
increase in BBB permeability in the abscess region re-
sulted in rather mild changes in ECS diffusion parame-
ters, i.e., volume fraction tended to be somewhat larger,
and the tortuosity somewhat smaller.

Dramatic changes in the ECS diffusion parameters
were found in the spinal cord of rats during experimental
autoimmune encephalomyelitis (EAE), an experimental
model of multiple sclerosis (40). EAE, which was in-
duced by the injection of guinea pig myelin basic protein
(MBP), resulted in typical morphological changes in the
CNS tissue—namely, demyelination, inflammatory re-
action, astrogliosis, and BBB damage—and in parapa-
resis at 14-17 d postinjection of MBP. Paraparesis was
accompanied by increases in a in the dorsal horn, in the
intermediate region, and in the ventral horn, as well as
in white matter, from ~0.18 to ~0.30. There were sig-
nificant decreases in A in the dorsal horn and the inter-
mediate region, and decreases in k' in the intermediate
region and the ventral horn (40). Although the inflam-
matory reaction and the astrogliosis preceded and greatly
outlasted the neurological signs, the BBB damage had a
similar time course. Moreover, changes in ECS diffusion
parameters and the manifestation of neurological abnor-
malities were closely correlated.
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These results suggest that the expansion of the ECS
alters diffusion parameters in inflammatory and demy-
elinating diseases, and it may affect the accumulation
and movement of ions, neurotransmitters, neuromodu-
lators, and metabolites in the CNS in these disorders,
possibly by interfering with axonal conduction.

Unanswered Questions and Prospects

Increasing evidence indicates that the long-term changes
in the physical and chemical parameters of the ECS ac-
company many physiological and pathological states. The
question remains, what causes these changes? The
changes in size of the intercellular channels are apparently
a consequence of cellular (particularly glial) swelling.
Abrupt ECS volume decrease may cause ‘‘molecular
crowding,”” which can lead to an acute increase in tor-
tuosity. Long-term changes in tortuosity would require
changes in ECS composition, either permanent changes
in size of the intercellular channels, changes in ECM
molecules, or changes in number and thickness of cel-
lular (glial) processes. Available data suggest that in
some pathophysiological states, a and A behave as in-
dependent variables. A persistent increase in A (without
decrease in ECS volume) is always found during astrog-
liosis and in myelinated tissue, suggesting that glial cells
can form diffusion barriers and play an important role
in diffusion or ‘‘volume’’ transmission. This observation
has important implications for our understanding of the
function of glial cells.

Changes in ECS ionic composition, size, and geom-
etry may affect

® Synaptic transmission (width of synaptic clefts, per-

meability of ionic channels, concentration of trans-
mitters, dendritic length constant, etc.);

e Nonsynaptic transmission by diffusion (diffusion of
diffusible factors, such as ions, NO, transmitters,
neuropeptides, neurohormones, growth factors, and
metabolites);

Neuronal interaction and synchronization,
Neuron-glia communication;

ECS ionic homeostasis and glial function;
Clearance of metabolites and toxic products, and
Permeability of ionic channels.

The long-term changes in local CNS architecture ap-
parently can result in changes in the efficacy of signal
transmission and may underlie plastic changes, LTP or
LTD, changes in behavior and memory formation.
Hopefully, we will more fully understand all of the con-
sequences of altered ECS in the near future.
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