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Behavioral changes, plastic changes, and the
establishment of memory are believed to in-
volve a persistent change in the strength of
communication between neighboring neurons,
i.e., persistent change in synaptic efficacy
(1,2). However, the efficacy of signal transmis-
sion in the brain is critically dependent on neu-
ron-glia interaction, on glial cell function, and
on changes in the cellular microenvironment
(3-5). Persistent changes in glia, in neuron-glia
communication and in the brain cell microen-
vironment could therefore also result in behav-
ioral and plastic changes.

CNS architecture is composed not only of
neurons and neural connections but also of glial
cells and molecules of the extracellular matrix
(Fig. 1). Moreover, architecture includes the
size of the pores (size of the extracellular space)
between the cells and the geometry of the extra-
cellular space (ECS). The CNS architecture is
therefore altered during glial swelling, astro-
gliosis, demyelination, and changes in the ex-
tracellular matrix (e.g., proteoglycans, laminin,
fibronectin, tanescin, adhesion molecules,
etc.), that is, during changes that affect the size
of the extracellular pores, extracelluar molecu-
lar crowding, and ECS geometry. In this chap-
ter I will show that the persisting changes in
CNS architecture exist not only during develop-
ment, in response to trauma, and after cell death
during severe pathologic states, as is generally

accepted, but also during ongoing neuronal ac-
tivity and “soft” pathologies.

It is now widely accepted that the ECS is a
communication and modulation channel (4,6—
8), whose ionic and chemical composition,
size, and geometry depend on neuronal activity
and glial cell function. ECS size and geometry
affect the movement (diffusion) of various neu-
roactive substances in the CNS. Although syn-
aptic transmission is the major means of com-
munication between nerve cells, it is not the
only one. Substances can be released nonsynap-
tically, diffuse through ECS, and bind to extra-
synaptic, high-affinity binding sites. This type
of nonsynaptic transmission was recently termed
“volume transmission” (9). The neuroactive
substances may diffuse through the ECS to tar-
get neurons, glia, or capillaries without requir-
ing synapses. This mode of communication can
function between neurons as well as between
neurons and glial cells, and may be a basis for
the mechanism of information processing in
functions involving large masses of cells such
as vigilance, sleep, chronic pain, hunger, de-
pression, and plastic changes. On the other
hand, impairment of the ionic homeostasis and
glial swelling during pathologic states lead to
compensatory shrinkage of the ECS, i.e., to
dramatic changes in ECS architecture (volume
and geometry) that can contribute to the impair-
ment of CNS function and neuronal damage.
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FIG. 1. Scheme of the CNS architecture. CNS architecture is composed of neurons, fibers, glial
cells, cellular processes, molecules of the extracellular matrix, and pores between the cells. The
architecture affects movement (diffusion) of substances in the brain, which is critically dependent on
pore size, extracellular space tortuosity, and cellular uptake. For further details see text. (Reprinted

from Sykova, ref. 5, with permission.)

Ion-selective microelectrodes (ISM) are used
to measure the activity of the biologically im-
portant ions in nervous tissue (8,10). Experi-
ments employing ISMs, e.g., K™, pH, Ca’™,
and Na® ISMs, have revealed that trans-
membrane ionic fluxes during neuronal activity
and pathologic states result in transient changes
in CNS extracellular space ionic composition.
Tetraethyl- or tetramethylammonium-selective
microelectrodes (TEA™ —ISM or TMA™ —ISM)
can be used to follow the diffusion of an extra-
cellular marker in the ECS (11). Dynamic
changes in the size of the ECS and the apparent
diffusion coefficient (ADC) in the tissue can be
studied by the iontophoretic application of TEA ™,
TMA™*, or other ions to which cell membranes
are relatively impermeable and which therefore
stay in the ECS. This so-called real-time ion-
tophoretic method, which follows the diffusion
of extracellular markers applied by ion-
tophoresis (11), was utilized in our studies of
the ECS diffusion parameters. Figure 2 shows
an example of the diffusion curve of TMA™ in
the CNS of the rat.

Diffusion in the ECS obeys Fick’s law, sub-
Jject to two important modifications. First, dif-
fusion in the ECS is constrained by the re-
stricted volume of the tissue available for
diffusing particles, i.e., by the extracellular
volume fraction («). The concentration of a re-
leased substance in the ECS is therefore greater
than it would be in a free medium (e.g. 0.3%
agar) (Fig. 2). Second, the free diffusion coeffi-
cient, D, is reduced by the square of the tortu-
osity (A) to an apparent diffusion coefficient
ADC=D/A?, due to an increase in path length
for diffusion between two points, and because
the diffusing substance encounters membrane
obstructions, glycoproteins, macromolecules of
the extracellular matrix, charged molecules,
and glial cell processes (Fig. 1). The a, A, and
nonspecific uptake (k') values can be deter-
mined by computation procedure developed by
Nicholson and Phillips (11). Their study
showed that if we incorporate factors a, A and
k' into Fick’s law, diffusion in the CNS is de-
the CNS is described fairly satisfactorily.

In our experiments the diffusion curves ob-
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FIG. 2. Experimental setup, TMA™ diffusion curves, and ECS diffusion parameters « (volume frac-
tion), A (tortuosity), and k'(nonspecific TMA* uptake). Left: Schema of the experimental arrange-
ment. TMA* -selective double-barreled ion-selective microelectrode (ISM) was glued to a bent ionto-
phoresis microelectrode. The separation between electrode tips was 130 to 200 um. Right: Typical
records obtained with this setup in solution of 0.3% agar, where o= 1= and k' = Q. In this figure, as
well as in other figures, the concentration scale is linear and the theoretical diffusion curve is super-
imposed on each data curve. When the electrode array was inserted into lamina V of the adult rat
cortex and the iontophoretic current applied, the resulting increase in concentration was much larger
in the brain than in agar, apparently due to smaller volume fraction. The values of «, A, and k' are
shown with each record. (Reprinted from Toorn van der, ref. 26, with permission.)

tained from the brain or spinal cord were an-
alyzed to yield a and A and the nonspecific,
concentration-dependent uptake term k' (s~ ')
(12-15). These three parameters were extracted
by a nonlinear curve-fitting simplex algorithm
operating on the diffusion curve described by
equation 1 below, which represents the behav-
ior of TMA *, assuming that it spreads out with
spherical symmetry, when the iontophoresis
current is applied for duration S. In this expres-
sion, C is the concentration of the ion at time ¢
and distance r. The equation governing the dif-
fusion in brain tissue is:

C=G(@) 1<S, for the rising phase

of the curve.

C=Gt)—G@t—S) >S8, for the falling phase

of the curve.

The function G(u) is evaluated by substitut-
ing tort — § for u in the following equation

an:

G(1) = (QN*8mDorXexplt\k/D) " fexfciv2(Dw) '
+ exp[-r\(k'/D) " *Jerfc[rA/2(Du)'*
—(k'w)'?}}

The quantity of TMA ¥ delivered to the tissue
per second is @ = In/zF, where [ is the step
increase in current applied to the iontophoresis
electrode, n is the transport number, z is the
number of charges associated with substance
iontophoresed (+1 here), and F is Faraday’s
electrochemical equivalent. The function “erfc”
is the complementary error function. When the
experimental medium is agar, by definition
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a=1=NX\ and &' =0, and the parameters n and
D are extracted by the curve fitting. Knowing n
and D, the parameters «, A, and k' can be ob-
tained when the experiment is repeated in the
brain.

This chapter describes the ECS volume
and geometry in the brain and spinal cord of
young adult rats, during development and ag-
ing, and persistent changes during ongoing neu-
ronal activity, anoxia/ischemia, injury, and in
pathologically changed tissue, e.g., after re-
covery from ischemia, during tissue repair af-
ter early post-natal X-irradiation, and during
experimental autoimmune encephalomyelitis
(EAE).

ECS DIFFUSION PARAMETERS IN THE
RAT CORTEX, CORPUS CALLOSUM,
HIPPOCAMPUS AND SPINAL CORD
INVIVO

ECS diffusion parameters in the sensorimotor
cortex of young adult rats in vivo are inho-
mogeneous, although the differences are not
substantial (12). It is evident that the mean vol-
ume fraction gradually increases from a=0.19
in cortical layer II to & =0.23 in cortical layer
VI (Table 1 and Fig. 3). The tortuosity values
are in the range of 1.50 to 1.65, with no signifi-
cant differences in different layers (Table | and
Fig. 4). In subcortical white matter (corpus cal-
losum) the volume fraction is always lower than
in layer VI, often between 0.19 and 0.20. These
typical differences are apparent in every indi-
vidual animal.

Recently we also studied diffusion parame-
ters in the hippocampus in vivo and found sig-
nificantly lower « values than in the cortex and
corpus callosum, a result also described with
hippocampal slices (12). In the slices, McBain
et al. (16) found an exceptionally low value of
a=0.12 in CAl stratum pyramidale, while in
CA3 and dentate a values were considerably
higher—0.18 and 0.15, respectively. In vivo in
both the CA1 and CA3 regions, a values ranged
between 0.14 and 0.19 (see ref. 5).

Diffusion parameters in the dorsal horns of
the rat spinal cord (mean = S.E.) are a=
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0.21+0.014, A=1.55+0.045, and k' =8.2 =
1.5% 1072 s 7! (14,15). There is also a certain
inhomogeneity in the spinal cord, the mean val-
ues of the volume fraction being a=0.22+
0.006 in the intermediate region, e=0.23*
0.007 in the ventral hon, and « =0.18 +0.029
in the white matter (5,15). However, there is no
significant difference in N and k' in different re-
gions of the spinal cord. The values in the spi-
nal cord do not substantially differ from those in
the sensorimotor cortex. Diffusion in spinal
cord white matter and corpus callosum is an-
isotropic, the A is higher when TMA ™ diffuses
across the fibers than when it diffuses along the
fibers (5).

ECS DIFFUSION PARAMETERS
DURING POSTNATAL DEVELOPMENT
AND AGING

Stimulation-evoked transient changes in ex-
tracellular K* concentration [K*]. and ex-
tracelluar pH (pH.,) in the rat spinal cord are dif-
ferent during early postnatal development,
presumably because of incomplete glial cell
function (17,18). Glial cells play an important
role in buffering changes in the concentration of
ions and small molecules in the tortuous extra-
cellular space (3—5). The extensive area of glial
cell membranes across which ions and small
molecules can move provides an efficient trans-
port system to minimize the drastic changes in
the ionic composition of the extracellular space.
Besides their role in K™ and amino acid homeo-
stasis, glial cells play an important role in buff-
ering changes in pH..

Both [K "], and pH, activity-related changes
were studied in spinal cords during early post-
natal days, since glial cell proliferation, matura-
tion, and myelination occur postnatally and
more slowly than maturation of neurons. In the
neonatal rat spinal cord, stimulation-evoked
changes in [K" ], are much larger than in the
adult animal. In the ECS alkaline shifts domi-
nate, while in adult animals acid shifts domi-
nate (17,18). At P10-P14, when gliogenesis in
rat spinal cord gray matter peaks, the K™ ceil-
ing level decreases and stimulation evokes acid
shifts of about 0.1 to 0.2 pH unit, which are
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FIG. 3. ECS volume fraction a in control rats and in x-irradiated rats, and the difference in « (A a)
induced by X-irradiation. In all three diagrams, « is plotted as a function of age in postnatal days and
cortical layers or subcortical white matter (WM). Rat pups were X-irradiated with a single dose of 40
Gy at P1.
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FIG. 4. ECS tortuosity A in control rats and in x-irradiated rats, and the difference in A (A \} induced
by X-irradiation. In all three diagrams A is plotted as a function of age in postnatal days and cortical
layers or subcortical white matter (WM). Rat pups were X-irradiated with a single dose 40 Gy at P1.

preceded by scarcely discernible alkaline shifts,
as is also the case in adult rats.

The ECS diffusion parameters differ during
development (Fig. 3 and Fig. 4). The ECS vol-
ume in the cortex and subcortical white matter
(corpus callosum) is almost twice as large

(@=0.30-0.40) in the newborn rat as in the
adult rat, while the variations in tortuosity
(A=1.5-1.6) are not statistically significant at
any age (12). A reduction in ECS volume frac-
tion correlates well with gliogenesis and my-
elination. The constancy of the tortuosity (Fig.
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4) shows that diffusion of small molecules is no
more hindered in the developing cortex than in
that of the adult. The large ECS volume fraction
of the neonatal brain could significantly dilute
ions, metabolites, and neuroactive substances
released from cells, relative to release in adults,
and may be a factor in prevention of anoxia,
seizure, and spreading depression in young in-
dividuals. The diffusion parameters could also
play an important role in the developmental
process itself.

Aging is frequently accompanied by mor-
phologic change:, including cell loss and astro-
gliosis. Recently we found that diffusion pa-
rameters are altered in the cortex and
hippocampus of aged rats. The volume fraction
is either not changed or is increased in aged
rats; however, tortuosity is significantly in-
creased, to A =1.7-2.0. These findings suggest
that diffusion of the ions and neuroactive sub-
stances is hindered in the aged brain (Mazel,
Roitbak, and Sykovid, unpublished observa-
tions).

ACTIVITY-RELATED TRANSIENT
CHANGES IN ECS VOLUME AND
GEOMETRY

An activity-related increase in [K*]., and al-
kaline, and acid shifts in pH. and a decrease
in extracellular Ca’>* concentration ([Ca**].)
have been found to accompany neuronal activ-
ity in a variety of animals and brain regions, in
vivo as well as in vitro (3,4,8,19,20). The trans-
membrane ionic fluxes are accompanied by the
movement of water and cellular, presumably
particularly glial, swelling.

Changes in ECS diffusion parameters (ECS
volume decrease, tortuosity increase, and ADC
decrease) resulting from activity-related trans-
membrane ionic shifts and cell swelling under
physiologic conditions accompany electrical or
adequate stimulation (13). In the spinal cord of
the rat or frog, repetitive electrical stimulation
resulted in an ECS volume decrease from about
0.24 to about 0.12, i.e., the ECS volume de-
creased by as much as 50% (4,13). The changes
in ECS diffusion parameters persisted for many
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minutes or even hours after the stimulation has
ceased, suggesting long-term changes in neuro-
nal excitability and neuron-glia communica-
tion. Recently we also found that many neuro-
transmitters (applied in low concentrations that
do not lead to overexcitation and thus to a rise
in extracellular K by more than 1 mM) cause a
transient ECS volume decrease and a tortuosity
increase (21). Although the mechanism of these
changes has yet to be clarified, it is evident that
intracellular accumulation of Na*, K™, and Ca®*
results in cellular swelling and compensatory
shrinkage of the ECS.

ECS VOLUME AND GEOMETRY
DURING ANOXIA/ISCHEMIA

Pathologic states are accompanied by lack of
energy, seizure activity, excessive release of
transmitters and neuroactive substances, neuro-
nal death, glial cell loss or proliferation, glial
swelling, production of metabolites, and loss of
ionic homeostasis. Dramatic K and pH,
changes in the brain and spinal cord occur dur-
ing anoxia and/or ischemia. In adult rats, within
2 minutes after respiratory arrest, blood pres-
sure begins to increase and pH, begins to de-
crease (by about 0.1 pH unit), while the [K™],
is still unchanged (Fig. 5). With the subsequent
blood pressure decrease, the pH, decreases by
0.6 to 0.8 pH units to pH 6.4 to 6.6. This pH,
decrease is accompanied by a steep rise in [K™ 1.
to about 50 to 70 mM (14,22); decreases in [Na™ ],
to 48 to 59 mM, [C1 ], to 70 to 75 mM, [Ca®*],
to 0.06 to 0.08 mM, and pH, to 6.1 to 6.8 (for
review see refs. 4, 8, 19); accumulation of ex-
citatory amino acids; negative DC slow poten-
tial shift (23); and a decrease in ECS volume
fraction to 0.04 to 0.07 (Fig. 5) (14,23,24). The
ECS volume starts to decrease when the blood
pressure drops below 80 mm Hg and K" 1.
rises above 6 mM.

During hypoxia and terminal anoxia (Fig. 5),
the ECS volume fraction in rat cortex or spinal
cord decreases from about 0.20 to about 0.04,
tortuosity increases from 1.5 to about 2.2, and
nonspecific uptake significantly decreases
(14,23-25). The same ultimate changes were
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FIG. 5. Left: Tetramethylammonium ion (TMA ™) diffusion curves and ECS diffusion parameters in
spinal cord of the rat before ischemia (control), during ischemia evoked by exsanguination (ische-
mia), and 30 minutes after recovery evoked by reinjection of the blood (after ischemia). Volume
fraction («), tortuosity (A), and nonspecific uptake (k') are shown with each curve. Note a decrease in
a and increase in A during ischemia and an increase in a above the control values at 30 minutes after
ischemia. Right: Decrease of extracellular pH to about 6.5, increase in extraceliular K* concentration
to about 70 mM, decrease in o and increase in A, all recorded in vivo in the L4 spinal segment of the
rat at a depth of 600 um after respiratory arrest. B.P., concomitantly recorded blood pressure. (Re-

drawn from Sykova, ref. 14, with permission.)

found in neonatal and adult rats, in gray and
white matter, in the cortex, corpus callosum,
and spinal cord. However, the time course in
white matter was significantly slower than in
gray matter, and the time course in neonatal rats
was about 10 times slower than in adults (23,
24). This corresponds to the well-known resis-
tance of immature CNS to anoxia.

In our recent studies using diffusion-
weighted 'H magnetic resonance spectroscopy/
magnetic resonance imaging (MRS/MRI), we
measured the apparent diffusion coefficient of
water (ADCyw). Anoxia evoked similar de-
creases in the apparent diffusion coefficient of
TMA™® (ADCrya, measured by the ion-
tophoretic method and ISMs) and ADCyy,, mea-
sured by the nuclear magnetic resonance
(NMR) method. Moreover, the time course of
the decrease in ADCy, was the same as the time

course of the decrease in ECS volume fraction
and tortuosity (26).

Full recovery to “normoxic” diffusion param-
eters was achieved after exsanguination by rein-
jection of the blood or after severe ischemia by
an injection of noradrenaline. If this resulted in
a decrease in extracellular K™ below 12 mM
and in a rise in blood pressure above 80 mm
Hg, the ECS volume and tortuosity returned to
“normoxic” values. However, beginning 5 to
10 min after this recovery, the ECS volume
fraction significantly increased above the nor-
moxic values to an a of 0.25 to 0.30 (Fig. 5); A
and £’ were not significantly different from the
values found under normoxic conditions (14).

The diffusion parameters of the ECS have
also been studied in vitro in slices of rat neo-
striatum during hypoxia (27). This study re-
vealed progressive shrinkage of the ECS by
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about 50% (to «=0.12+0.04, mean *= S.D.),
but no significant changes occurred in tortuosity
or nonspecific TMA ™ uptake during exposure
to hypoxic media with continual availability of
glucose. The relatively small increase in extra-
cellular K™ concentration of 7.7+1.2 mM in
this study, which is in contrast to the large K"
increases observed during hypoxia in vivo, sug-
gests that only mild hypoxia has been evoked
and/or that the changes in vivo may be different
from those in vitro.

The observed substantial changes in the dif-
fusion parameters during and after progressive
ischemia and anoxia in vivo could, therefore,
affect the diffusion in ECS and aggravate the
accumulation of ions, neurotransmitters, and
metabolic substances during ischemia and thus
contribute to ischemic brain damage. On the
other hand, changes in the diffusion parameters
may persist long after the ischemic event and
affect nonsynaptic transmission in CNS. It
should be taken into account that the changes in
the diffusion parameters may also affect the ac-
cess to cellular elements of drugs used to treat
nervous diseases.

X-IRRADIATION-INDUCED CHANGES
IN EXTRACELLULAR SPACE VOLUME
AND GEOMETRY

Extracellular space diffusion parameters of
brain tissue were studied in the somatosensory
neocortex and subcortical white matter of 2- to
21-day-old rats (P2-P21) after X-irradiation at
PO-P1. X-irradiation with a single dose of 40
Gy resulted in typical early morphologic
changes in the tissue, namely in cell death,
DNA fragmentation, extensive neuronal loss,
blood-brain barrier (BBB) damage, activated
macrophages, astrogliosis, increase in extra-
cellular fibronectin, and in concomitant
changes in all three diffusion parameters. The
changes were observed as early as 48 hours
postirradiation (at P2-P3) and persisted at P21.
On the other hand, X-irradiation with a single
dose of 20 Gy resuited in relatively light neuro-
nal damage and loss, while BBB damage, astro-
gliosis, and changes in diffusion parameters
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were not significantly different from what was
found with 40 Gy (28).

In the nonirradiated cortex, the volume frac-
tion, a, of the ECS is large in newborn rats and
diminishes with age (Fig. 3) (12). X-irradiation
with a single dose of 40 Gy or of 20 Gy blocked
the normal pattern of the volume fraction de-
crease during postnatal development, and in
fact it brought about a significant increase (28).
At P4-P5, o« (mean *x S.E.) increased to
0.49+0.036 in layer III, 0.51 £0.042 in layer
IV, 0.48 £0.02 in layer V, 0.48 +0.028 in lay-
er VI, and 0.48 =0.025 in white matter. The
large increase in o persisted at 3 weeks after
X-irradiation (Figs. 3 and 6). Tortuosity, A, and
nonspecific uptake, k', significantly decreased
at P2-P5; at P8-P9 they were not significantly
different from those of control animals, while
they significantly increased at P10-P21 (Figs. 4
and 6). Less pronounced but significant
changes in all three diffusion parameters were
found also in areas adjacent to directly X-irradi-
ated cortex of the ipsilateral hemisphere. Com-
pared with the control animals (12), a signifi-
cant decrease in a, A, and k' was found also in
the contralateral hemisphere at 48 to 72 hours
after X-irradiation. Later, a values in the contra-
lateral hemisphere were not significantly differ-
ent from those in control animals (Fig. 6); the
decrease in \ persisted at P4-P5, and a signifi-
cant increase in \ and k' was found at P18-P21
(28).

To conclude, X-irradiation of the brain in the
early postnatal period, even when it results in
only relatively light damage, produces changes
in the three diffusion parameters o, A, and k'—
in particular, a large increase in the extracellu-
lar space volume fraction in all cortical layers
and in subcortical white matter. Such changes
in the extracellular volume fracticn of the ner-
vous tissue can contribute to the impairment of
signal transmission, e.g., by diluting ions and
neuroactive substances released from cells, and
can play an important role in functional deficits,
as well as in the impairment of the developmen-
tal processes. Moreover, the increase in tortu-
osity, inferred from the decrease in ADCryya,
in the X-irradiated cortex as well as in the con-
tralateral hemisphere, suggests that, even when
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The irradiated area was restricted to
the right hemisphere to an area of
the somatosensory cortex demar-
cated by an opening in a protective
lead shield 0.3 mm in diameter. Rep-
resentative records of TMA™* diffu-
sion curves were obtained in cortical
layer V of the x-irradiated area, in an
area adjacent to the x-irradiated (2
mm rostrally from the edge of the
opening in the lead shield), and in
the contralateral hemisphere. All re-
cordings are from the same animal
at P18 and were recorded with the
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the extracellular volume is large, the diffusion
of the substances is substantially hindered. It is
therefore evident that damage to the blood-brain
barrier, cell damage, and inflammation or
edema formation, e.g., after X-irradiation, re-
sult in an ECS volume increase and, in acute
phases, in a tortuosity decrease. However, in
chronic lesions such as occur 1 to 2 weeks after
X-irradiation and/or in gliotic tissue, the vol-
ume fraction remains elevated and tortuosity in-
creases (Fig. 4). It remains to be clarified
whether the observed increase in tortuosity is
due to astrogliosis or whether, for example,
ECS is more crowded by adhesion molecules or
extracellular matrix molecules.

ECS VOLUME AND GEOMETRY IN
SPINAL CORD OF EAE RATS

ECS diffusion parameters were also studied
in the spinal cord of rats during experimental

autoimmune encephalomyelitis (EAE), an ex-
perimental model of multiple sclerosis (15).
EAE, which was induced by the injection of
guinea pig myelin basic protein (MBP), re-
sulted in typical morphologic changes in the
CNS tissue, namely demyelination, inflamma-
tory reaction, astrogliosis, BBB damage, and in
paraparesis at 14 to 17 days postinjection (dpi)
of MBP. Paraparesis was accompanied by sta-
tistically significant increases in o (mean =+
S.E. of mean): in the dorsal horn from o =0.21
+ 0.014 to 2 =0.28 = 0.021, in the intermedi-
ate region from a=0.22 = 0.006 to a=10.33
+ 0.024, in the ventral horn from aa=0.23 =+
0.007 to « =0.47 =+ 0.020, and in white matter
from «=0.18 *= 0.029 to «a=0.30 * 0.030
(Fig. 7). There were significant decreases in A
in the dorsal horn and in the intermediate region
(Fig. 7) and decreases in k' in the intermediate
region and in the ventral horn (15). Although
the inflammatory reaction and the astrogliosis
preceded and greatly outlasted the neurologic
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FIG. 7. ECS volume fraction a and tortuosity \ in control rats and in rats with experimental autoim-

mune encephalomyelitis (EAE). In both diagrams,

o and \ are plotted as a function of days post-

injection (dpi) of myelin basic protein and the region of the lumbar spinal cord. Rats showed no
clinical signs at 7 to 10 dpi and at 40 to 60 dpi. Complete paraparesis was present at 14 to 17 dpi. At
20 to 22 dpi, there were either no clinical signs or tail was flaccid. Note an increase in a and a
decrease in \ in the dorsal horn and in the intermediate region at 14 to 17 dpi.

signs, the BBB damage had a similar time
course. Moreover, there was a close correlation
between the changes in extracellular space dif-
fusion parameters and the manifestation of neu-
rologic signs (Fig. 7).

These results suggest that the expansion of
the extracellular space due to edema formation
alters diffusion properties in the spinal cord,

and may affect the accumulation and movement
of ions, neurotransmitters, neuromodulators,
and metabolites in the spinal cord. This may af-
fect synaptic as well as nonsynaptic transmis-
sion, intercellular communication, and there-
fore recovery from acute EAE, and may
contribute to the manifestation of neurologic
signs in EAE rats.
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MECHANISMS OF THE ECS VOLUME
AND GEOMETRY CHANGES

It is generally accepted that the ECS volume
decrease is primarily due to astrocytic swelling,
although swelling of neurons, particularly of
dendrites and fibers, also occurs. A number of
different mechanisms have been proposed as
leading 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 (for review see ref. 29).
For the most part, these mechanisms have been
confirmed only in tissue culture.

Recently we studied the mechanisms of cel-
lular swelling by measuring the changes in ECS
volume and geometry in the isolated rat spinal
cord. The application of hypotonic solution, of
physiologic saline with elevated [K™]., or of
glutamate resulted in dramatic cell swelling, a
compensatory ECS volume decrease, and an
ECS tortuosity increase (21,30). Superfusion of
the spinal cords isolated from rats at P4-P5 with
solutions containing 10 mM K * or low doses of
glutamate receptor agonists [N-methyl-D-aspar-
tate (NMDA), a-amino-3-hydroxy-5-methyl-
isoxazole-4-propionic-acid (AMPA)] was used
as a model of the changes in ECS diffusion pa-
rameters during neuronal activity and stimula-
tion. Superfusion with 50 mM K* or higher
concentrations of glutamate receptor agonists
represented changes during pathologic events
such as anoxia, ischemia, or injury. Superfu-
sion with 10 mM K™ resulted in the shrinkage
of the ECS by 20% to 25% and an increase in A
from about 1.5 to about 1.8. Solutions contain-
ing 50 mM K™ induced a decrease in o to as
low as 0.04 and an increase in X to as high as
2.1. Application of NMDA (5 X 107> M) or
AMPA (107> M)—i.e., at low concentrations
that do not result in an extracellular K eleva-
tion greater than 1 mM-—resulted in a drop in o
to 0.04 to 0.07. Large increases in A to as high
as 1.85 to 2.10 were evoked only with AMPA,
while NMDA resulted in little or no increase in
\. The effect of NMDA was blocked by MK-801,
and in Ca** free solutions or in solution with
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20 mM Mg®*. Further measurements on the
isolated rat spinal cord also revealed that
changes in pH of the superfusing solution of 0.4
pH units and greater lead to changes in ECS
volume, namely, an alkaline shift in pH leads to
an ECS volume increase and an acid shift leads
to an ECS volume decrease.

Ions as well as neurotransmitters released to
the ECS during neuronal activity or pathologic
states interact not only with the postsynaptic
and presynaptic membranes, but also with
membranes of glial cells. Thus, stimulation of
glial cells may lead to activation of ion chan-
nels, second messengers, and intracellular met-
abolic pathways, and to changes in cell volume.
Glial cells, in addition to their role in mainte-
nance of extracellular ionic homeostasis, may,
by regulation of their volume, which is accom-
panied by dynamic variations in the ECS vol-
ume, influence extracellular pathways for neu-
roactive substances.

CONCLUSION

Glial swelling is a consequence of the role of
glia in ionic (particularly K*, pH) and amino
acid (glutamate) homeostasis, and it general-
ly accompanies the phenomena of repetitive
neuronal activity, seizures, anoxia, injury,
and many other pathologic states in the CNS.
Activity-related or CNS damage-related ionic
changes and release of amino acids result in
pulsating or long-term glial swelling, which
leads to a compensatory decrease in the ECS
volume and increased tortuosity (i.e., decrease
in ADC). In turn, an ECS volume decrease
would result in a greater accumulation of neuro-
active substances. This can either increase syn-
aptic or nonsynaptic efficacy or induce damage
to the nerve cells by reaching toxic concentra-
tions. Chemical and physical properties of the
ECS as described by ECS diffusion parameters
may, therefore, significantly affect signal trans-
mission in the CNS.

The question arises, What causes the changes
in a and A that in turn alter the CNS architec-
ture? The cellular swelling is compensated for
by ECS volume shrinkage and is usually ac-
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TABLE 2. Events that are accompanied by either increase or decrease in the
extracellular space (ECS) volume fraction and ECS tortuosity

Increase Decrease
ECS volume fraction Development Neuronal activity
Cell death Cell swelling
Edema
Inflammation

ECS tortuosity (ADC = D/\?)

Aging

Neuronal activity
Macromolecular crowding
Astrogliosis

Acute edema
Inflammation
Acute cell death

companied by an increase in tortuosity, pre-
sumably due to the crowding of molecules of
the ECS matrix and/or by the swelling of the
fine glial processes. Our data suggest that in
some pathophysiologic states a and A behave as
independent variables. So far we have identi-
fied several states that lead to either an increase
or a decrease in o and A (Table 2), and therefore
also to long-term changes in CNS architecture.
These long-term changes in CNS architecture
may affect (i) synaptic transmission (width of
synaptic clefts, permeability of ionic channels,
concentration of transmitters, dendritic length
constant, etc.); (ii) nonsynaptic transmission by
diffusion (diffusion of diffusible factors such as
ions, NO, CO, transmitters, neuropeptides,
neurchormones, growth factors, and metabo-
lites); (iii) neuronal interaction and synchroniz-
ation; (iv) neuron-glia communication; (v) ECS
ionic homeostasis and function of glia;, (vi)
clearance of metabolites and toxic products; and
(vii) permeability of ionic channels. The long-
term changes in local architecture would un-
doubtedly also result in changes in the efficacy
of signal transmission, and may underlie plastic
changes and changes in behavior.
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