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ABSTRACT Cell swelling and astrogliosis (manifested as an increase in GFAP) were

evoked in isolated rat spinal cords of 4-21-day-old rats by incubation in either 50 mM K*
or hypotonic solution (235 mosmol kg?). Application of K* and hypotonic solution
resulted at first in a decrease of extracellular space (ECS) volume fraction a (ECS
volume/total tissue volume) and an increase in tortuosity X (\2 = free/apparent diffusion
coefficient) in spinal gray (GM) and white matter (WM). These changes resulted from cell
swelling, since the total water content (TW) in spinal cord was unchanged and the
changes were blocked in Cl~-free solution and slowed down by furosemide and bu-
metanide. Diffusion in WM was anisotropic, i.e., more facilitated along fibers (x-axis)
than across them (y- or z-axis). The increase of \,, was greater than that of A\, reaching
unusually high values above 2.4. In GM only, during continuous 45 min application, a
and \ started to return towards control values, apparently due to cell shrinkage of
previously swollen cells since TW remained unchanged. This return was blocked by
fluoroacetate, suggesting that most of the changes were due to the swelling of glia. A 45
min application of 50 mM K* and, to a lesser degree, of hypotonic solution evoked
astrogliosis, which persisted after washing out these solutions with physiological saline.
During astrogliosis \ increased again to values as high as 2.0, while « either returned to
or increased above control values. This persistent increase in A after washout was also
found in WM, and, in addition, the typical diffusion anisotropy was diminished. Our data
show that glial swelling and astrogliosis are associated with a persistent increase in ECS
diffusion barriers. This could lead to the impairment of the diffusion of neuroactive
substances, extrasynaptic transmission, “crosstalk” between synapses and neuron-glia
communication. GLIA 25:56-70, 1999.  © 1999 Wiley-Liss, Inc.

INTRODUCTION

Changes in extracellular space (ECS) diffusion param-
eters may significantly affect communication between
neurons as well as between neurons and glia. The
diffusion of transmitters and other neuroactive sub-
stances through the ECS is also the underlying mecha-
nism of extrasynaptic, or so-called “volume,” transmis-
sion in the brain (Fuxe and Agnati, 1991; Nicholson and
Rice, 1991; Sykova, 1992, 1997; Agnati et al., 1995;
Barbour and Hausser, 1997; Nicholson and Sykova,
1998). Any decrease in the ability of neuroactive sub-
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stances, ions, or metabolites to diffuse through nervous
tissue represents a serious clinical problem due to the
potential for disrupting brain function (Andrew, 1991;
Strange, 1992; Gullans and Verbalis, 1993). So far, it is
not known whether astrocyte swelling, proliferation
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and hypertrophy during physiological and pathological
states lead to persistent and functionally significant
changes in ECS diffusion parameters.

Astrocyte swelling is an early event in numerous
pathological states, such as ischemia, hyponatremia,
and hepatic encephalopathy, and likely results from
reduced extracellular osmolarity, elevated extracellular
K* concentration, and/or glutamate (Kimelberg and
Ransom, 1986; Kimelberg, 1991; Kimelberg et al., 1992;
Hansson and Ronnback, 1994). When rapid cellular,
particularly astrocytic, swelling occurs, water moves
from the extra- to the intracellular compartment. This
causes a decrease in ECS volume and changes in the
geometry of the intercellular spaces (Sykova, 1997;
Nicholson and Sykova, 1998), e.g., during repetitive
neuronal activity (Ransom et al., 1985; Sykova, 1987;
Dietzel, et al., 1989; Svoboda and Sykova, 1991), isch-
emia (Sykova et al., 1994; VoriSek and Sykova, 1997b),
X-irradiation (Sykova et al., 1996), and experimental
autoimmune encephalomyelitis (Simonova et al., 1996).
Several experimental conditions have been shown to
result in ECS volume changes due to the movement of
water from the extra- to the intracellular space. In
particular, these include a decrease in the extracellular
osmotic pressure (Andrew, 1991; Chebabo et al., 1995b;
Krizaj et al., 1996) and the accumulation of excitatory
amino acids (Hansson and Rénnback, 1994; Sykova et
al., 1995). After the initial phase of swelling, cells,
particularly astrocytes, actively down-regulate their
volume by regulatory volume decrease (RVD) and by a
net release of KCI, taurine, and other amino acids
(Pasantes-Morales and Schousboe, 1988; Kimelberg,
1991; Pasantes-Morales et al., 1994); in this way, ECS
volume can return to normal values. Even later, when
glia become reactive, astrogliosis may result in the
formation of additional and persistent diffusion barri-
ers formed, for example, by the hypertrophy of fine glial
processes or by an accumulation of macromolecules in
the ECS (e.g., extracellular matrix proteins and cyto-
kines) produced by neurons and glia (See Sykova 1997).

By using the real-time iontophoretic method of diffu-
sion analysis, the absolute values of ECS diffusion
parameters and the time course of their changes can be
determined in tissue for a substance of known size and
structure, e.g., tetramethylammonium (TMA™) (Nichol-
son and Phillips, 1981). Diffusion in the ECS is con-
strained by two factors. The first is the restricted
volume of the selected tissue available for diffusing
particles, i.e., the extracellular volume fraction o (ECS
volume / total tissue volume). Second, the free diffusion
coefficient, D, is reduced by the square of the tortuosity
(\) to an apparent diffusion coefficient ADC = D/\?,
because in the CNS a diffusing substance encounters
membrane obstructions, neuronal and glial processes,
glycoproteins, and macromolecules of the extracellular
matrix. In addition to these two geometrical con-
straints, the diffusion of many substances in the ECS is
affected by nonspecific uptake, k', a factor describing
the loss of a substance across cell membranes (Nichol-
son and Phillips, 1981). The TMA"-method is the most

versatile and convenient method for studying ECS
diffusion parameters since it can measure absolute
values of «, N\, k' and ADC simultaneously. Water
redistribution in the brain during various physiological
and pathological states can also be studied by other
methods, namely, by intrinsic optical signals and light
scattering in brain slices (Lipton, 1973; MacVicar and
Hochman, 1991; Andrew and MacVicar, 1994; Holthoff
and Witte, 1996) and in vivo by diffusion-weighted
magnetic resonance imaging (DW-MRI) (Benveniste et
al.,1992; Latour et al., 1994; Norris et al., 1994; Van der
Toorn et al., 1996). These methods are less complete for
studies of ECS diffusion parameters since they do not
allow one to determine the absolute values and time
course of all three diffusion parameters or to study
diffusion heterogeneity and anisotropy.

In the present study, we examined changes in the
ECS diffusion parameters «, \, k', and ADC evoked by
elevated K* or hypotonic stress in isolated rat spinal
cord. The changes evoked by acute cell swelling were
compared with those seen during astrogliosis, here
manifested as an increase in glial fibrillary acidic
protein (GFAP) staining. The isolated spinal cord has been
shown to behave in a similar manner as an in vivo
preparation (Prokopova et al., 1997), with the advan-
tage that drugs can be applied in a superfusing solution
and measurements are not affected by systemic side
effects. TMA™ diffusion profiles were analyzed in gray
and white matter of rats 4-21 days old, i.e., in the
period prior to and during extensive gliogenesis and
myelination. We asked the questions whether the same
mechanisms that are involved in cell swelling are also
involved in both ECS volume fraction decrease and
tortuosity increase, and whether the two diffusion
parameters may change independently of one another.
We found that astrogliosis results in the formation of
persistent diffusion barriers. By this mechanism glial
cells could significantly affect neuronal excitability,
synaptic as well as extrasynaptic transmission and be
involved in plastic changes.

MATERIALS AND METHODS
Animal Preparation and Solutions

All animals were Wistar rat pups divided into groups
according to their age: P4-5, P10-13, and P20-21,
where P indicates postnatal age in days. Following
decapitation under ether anesthesia, spinal cords were
isolated in a chamber with cold (8°C) artificial cerebro-
spinal fluid (ACF) of the following composition (in mM):
NaCl 117.0, KCI 3.0, NaHCO3; 35.0, Na;HPO, 1.25,
D-glucose 10.0, Sodium Ascorbate 0.2, Thiourea 0.2,
MgCl, 1.3, and CacCl, 1.5. The solution was saturated
with 95% O, and 5% CO, (pH about 7.3). The isolated
spinal cord was placed in a small chamber, and the
preparation was continuously perfused with ACF con-
taining 0.1 mM of tetramethylammonium chloride at a
rate of 10 ml/min. During about 1 h the temperature
was increased to 21-22°C.



58 SYKOVA ET AL.

Hypoosmotic solutions were prepared by reducing
the NaCl content of the ACF. The osmotic strength of
the solutions was measured with a vapor pressure
osmometer. Thus “normal” ACF had an osmolarity of
300 mmol kg1, H-40 of 235 mmol kg, and H-80 of 149
mmol kg?. Solutions with an increased K* or Mg™+
concentration had a reciprocally reduced Na* concentra-
tion. Ca**-free solutions were prepared by omitting
CacCl, and adding 1 mM EGTA (Sigma Chemical Co., St.
Louis, MO). In CI-free solutions, NaCl was replaced
with Na-gluconate, KCI with K-gluconate, CaCl, with
Ca(CH3;COO0),, and MgCl, with MgSO, in equimolar
amounts. All drugs were dissolved and applied to the spinal
cord in ACF. We used 5 mM BacCl,, 2 mM furosemide, 0.1
mM bumetanide, and 0.1 mM fluoracetate-Na* (all
from Sigma Chemical Co., St. Louis, MO).

Measurements of Extracellular
Space Diffusion Parameters

To estimate diffusion parameters in the extracellular
space (ECS), the real-time iontophoretic method origi-
nally developed by Nicholson and Phillips (1981) and
described in our previous studies (Lehmenkuhler et al.,
1993; Sykova et al.,, 1994) was used. In brief, an
extracellular marker such as tetramethylammonium
ions (TMAT), to which cell membranes are relatively
impermeable, is administered into the tissue by ionto-
phoresis. The concentration of TMA™ measured in the
ECS by a TMA*-selective microelectrode (ISM) is in-
versely proportional to the ECS volume. Double-
barreled TMA*-1SMs were prepared by the procedure
described in Sykova (1992). The liquid ion-exchanger
was Corning 477317 (Rochester, NY), which is highly
sensitive to TMA™, and the TMA"-sensitive barrel was
backfilled with 100 mM TMA chloride. The reference
barrel contained 150 mM NaCl. The TMA*-ISMs were
calibrated in 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, and 10.0 mM
TMAT™ in a background of either 3 or 50 mM KCI and
150 or 103 mM NacCl. Calibration data were fitted to the
Nikolsky equation to determine electrode slope and
interference. The electrode slope was equal in both 3
and 50 mM KCI backgrounds.

lontophoretic micropipettes were made from theta
glass. The shank was bent so that it could be aligned
parallel to the TMA*-ISM and filled with 100 mM
TMA™. To stabilize the intertip distance (100-180 pum),
both electrodes were glued together with dental ce-
ment. Typical iontophoresis parameters were +20 nA
bias current (continuously applied to maintain a con-
stant transport number) with an +80 nA current step of
60 s duration to generate the diffusion curve. TMA*
diffusion curves were captured on a digital oscilloscope
(Nicolet 3091) and then transferred to a PC-compatible 486
computer, where they were analyzed by fitting the data to a
solution of Eg. [1] (Nicholson and Phillips, 1981), by using
the program VOLTORO (Nicholson, unpublished).

TMAT* diffusion curves were first recorded in 0.3%
agar gel (Difco, Detroit, MI, Special Noble Agar) made
up in 150 mM NacCl, 3 mM KCI, and 1 mM TMA™. The

electrode array was then lowered into an isolated spinal
cord to a depth of 250-350 um from the dorsal spinal
surface. Diffusion measurements in gray matter were
only done along one axis (perpendicular to the long
spinal cord axis) since diffusion is isotropic in spinal
cord dorsal horn gray matter (Prokopova et al., 1997).
The location of the ISM in white matter was deter-
mined from the ventral horn spinal surface, and record-
ings were done at a depth of about 300 pum. Since
diffusion in myelinated spinal cord white matter is
anisotropic (with one X\ value in the x- and another in
the y- and z- axes), measurements were performed
along two perpendicular axes, the x-axis being along
the spinal cord axis (i.e., along the axons) and the y-axis
being perpendicular to the x-axis (i.e., across the axons)
(Prokopové et al., 1997). The diffusion curves obtained
from the spinal cord were then analyzed to yield a, \,
and k’. These three parameters were extracted by a
nonlinear curve-fitting simplex algorithm operating on
the diffusion curve described by Eq. [1], which repre-
sents 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
(distance from the source electrode). The equation
governing diffusion in nervous 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:

G(u) = (QN\?%/8wDar) {exp [rA(k'/D)*?] erfc [rA/2(Du)*?
+ (K'u)*2] + exp [—rA(k'/D)¥?] erfc [FA/2(Du)¥?
- (K'u?| 6y

The quantity of TMA* delivered to the tissue per
second is Q = In/zF, where 1 is the step increase in
current applied to the iontophoresis electrode, n is the
transport number, z is the number of charges associ-
ated with the substance iontophoresed (+1 here), and F
is Faraday’s electrochemical equivalent. The function
“erfc” is the complementary error function. In agar «
and A are by definition set to 1 and k' is set to O; the
parameters n and D are extracted by curve fitting. Know-
ing nand D, the parameters a, A\, and k’ can be obtained
when the experiment is repeated in spinal cord.

By using the TMA* method, anisotropic diffusion was
found in cerebellum (Rice et al., 1993), in myelinated
corpus callosum (Chvatal et al., 1997; VoriSek and
Sykova, 1997a) and in spinal cord myelinated white
matter (Prokopova et al., 1997). Diffusion is facilitated
along the axons (x-axis) of the ventral funiculus and
hindered across the axons (y-and z-axis), i.e., the value
of \ is higher. We therefore determined the true value of
o in white matter from the relation o = ()\y)\z/)\xz)ax (for
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details see Rice et al., 1993; VoriSek and Sykova, 1997a).
For this calculation, we assumed diffusion to be equal along
both axes lying at right angles to the direction of the axons,
i.e., the y- and z-axes (see Prokopova et al., 1997).

Determination of Total Tissue Water

The total tissue water content was determined in
freshly isolated spinal cords, isolated spinal cords incu-
bated for 45 min at 21-22°C in either ACF, hypotonic
solution (H-40), or ACF with 50 mM K™, and isolated
spinal cords incubated for 45 min in 50 mM K* and
then 60 min in ACF. After incubation spinal cords were
blotted to remove excess saline and then weighed to
yield wet weight (WW), then dried at 80-90°C until
they reached a constant weight (dry weight, DW). If we
assume that the tissue comprises three compartments,
extracellular water, intracellular water, and dry solids
(which stay constant during drying), the total percent-
age of water (TW) can be calculated as the difference
between dry and wet weight according to formula:

TW (%) = (WW-DW)/WW X 100.

Immunohistochemistry

Immunohistochemical and morphological studies
were undertaken on the 21 spinal cords which were
incubated in either ACF, ACF with 50 mM K™, or H-40.
As controls, spinal cords from other pups of the same
litters were isolated and processed simultaneously. In
all cases, spinal cords were fixed with 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (PBS; pH 7.5)
for 4 h, trimmed, and then immersed in PBS containing
30% sucrose. Frozen transverse and longitudinal sec-
tions (40 um) were cut through the lumbar part of the
spinal cord. Selected sections were immunostained or
stained with cresyl violet (Nissl). Astrocytes were iden-
tified using monoclonal antibodies to GFAP (Boehringer-
Mannheim, Mannheim, Germany); oligodendrocytes
and myelin were immunostained with Rip, a monoclo-
nal antibody specific for oligodendroglia and central
myelin obtained from the Developmental Studies Hy-
bridoma Bank, lowa City, 1A (Friedman et al., 1989).
GFAP antibodies were diluted to 0.4 pg/ml in PBS
containing 1% bovine serum albumin (BSA, Sigma
Chemical Co., St. Louis, MO) and 0.2% Triton X-100.
The partially purified Rip supernatant was diluted 1:50
in PBS with 1% BSA and 0.2% Triton X-100 added.
Immunostaining for chondroitin sulfate proteoglycans
was done using CS-56 antibody (Sigma Chemical Co.,
St. Louis, MO) diluted 1:500 in PBS with 1% BSA and
0.2% Triton X-100 added (Harvey et al., 1997). After
overnight incubation in the primary antibodies at 4°C,
the floating sections were washed and processed by
using biotinylated anti-mouse secondary antibodies
and the peroxidase-labeled avidin-biotin complex
method (Vectastain Elite, Vector Laboratories, Burlin-

game, CA). Immune complexes were visualized using
0.05% 3,3’-diaminobenzidine tetrachloride (Sigma
Chemical Co., St. Louis, MO) in PBS and 0.02% H,0,.

RESULTS
Total Water Content in Isolated Rat Spinal Cord:
Effects of elevated K* and hypotonic stress

The effects of elevated K* concentration and hypo-
tonic stress on the total water content of the isolated
spinal cord were studied in order to determine whether,
after such a procedure, the water content of the tissue
actually increases or whether water only shifts from the
extra- to the intracellular compartment. Measure-
ments of total water content (Table 1) revealed that the
percentage of water in the freshly isolated rat spinal
cord was higher at P10 than at P20 and significantly
higher still at P4-5. Importantly however, at all three
ages the water content in freshly isolated spinal cords
was not significantly different from that in isolated
spinal cords incubated for 45 min, or even 2 h, in
physiological ACF (Table 1).

In all three age groups studied (P4-5, P10, and P20),
the total water content in spinal cords incubated for 45
min in ACF with 50 mM KT* was not significantly
different from that seen in spinal cords incubated in
physiological ACF, i.e., with 3 mM K*. Similarly, when
spinal cords were first superfused for 45 min with 50
mM K* and then 60 min with ACF (total incubation
time 2 h), the water content was not significantly
different from that following a 2 h incubation in ACF
(Table 1). These results show that after potassium
application, the total amount of water did not increase;
therefore, the observed changes in extracellular space
volume (see below) were due to a shift of water from the
extra- to the intracellular compartment only.

The total water content in spinal cords incubated for
45 min in hypotonic solution (H-40) was higher, by
about 2%, than that in spinal cords incubated in ACF
(Table 1). Cross-sectional measurements of spinal cord
diameter, made in the lumbar region of three animals
at P10, revealed that after a 45 min incubation in H-40
the spinal cord diameter increased from 1.75, 1.8, and
1.9 mm (incubation in ACF prior to H-40) to 1.9, 2.0,
and 2.1 mm, i.e., by about 10-15% (see also Fig. 8A,B).
The observed ECS volume decrease in a hypoosmotic
solution might therefore be partly affected by the
tissue’s gaining water and not only by a shift of water
between the extra- and intracellular compartments.

Effect of Elevated K* Concentration on Diffusion
Parameters in Dorsal Horn Gray Matter

A transient increase in extracellular K* concentra-
tion in the range of 6-50 mM accompanies physiological
stimulation and many pathological states, depending
on the developmental stage and CNS region (for review
see Sykova, 1983, 1992). Therefore, the effect of 10, 20,
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TABLE 1. Percentage of water in the isolated spinal cord and after incubation in artificial cerebrospinal fluid (ACF),
ACF with 50 mM K* or hypotonic solutions?

Incubation in
Freshly isolated Incubation in Incubation in Incubation in Incubation in 50 mM K* (45 min)
Age spinal cord ACF (45 min) 50 mM K* (45 min) H-40 (45 min) ACF (105 min) and in ACF (60 min)
P4-5 85.42 = 0.30 84.89 + 0.31 84.81 + 0.26 86.33 = 0.29* —_ —_
(n =6) (n=11) (n=6) (n=05)
P10 84.03 = 0.17# 84.52 = 0.22 84.97 + 0.40 85.99 + 0.53** 84.61 = 0.22 84.87 = 0.22
(n=6) (n=6) n=7) n=7) (n=05) (n=05)
P20 79.43 * 0.48## 80.27 * 0.48## 79.25 * 0.20## — — —
(n=6) (n=6) (n=6)

aThe percentage of water is expressed as mean * S.E.M., n is the number of animals. Prior to incubation in ACF, 50 mM K™ or H-40, all spinal cords were incubated for
at least 25 min in ACF. Statistical analysis of the differences between control (incubation in ACF) and incubation in 50 mM K* or hypotonic solutions was performed by
one-way ANOVA test: *P < 0.05, **P < 0.01. The differences between age groups (P10 was compared to P4-5 and P20 to P10): #P < 0.005, ##P < 0.0001.

or 50 mM K* on ECS diffusion parameters was tested
in three age groups: P4-5, P10-13, and P20-21. In all
age groups an increase from 3 to 10 mM K™ did not
result in a significant change in «, and in 20 mM K* a
relatively small decrease in o was found (e.g., from 0.23
t00.21), while A was clearly increased in 10 mM K™ (e.g.
from 1.61-1.63 to 1.72-1.73) and even more in 20 mM
K* (e.g., from 1.61 to 1.82) (see Fig. 1).

The application of 50 mM K™ led to dramatic changes
in both a and \ (Fig. 1, Table 2). A 45 min superfusion of
isolated spinal cord with an isotonic solution containing
50 mM K™ led at first to a decrease in « and an increase
in A\ in all age groups (Table 2, Fig. 2), the so-called
Phase | (Fig. 3A,B). In dorsal horn gray matter «
decreased to 0.07 at P4-P5, to 0.09 at P10-13 and to
0.17 at P20-21, while \ increased to about 2.06 at P4-5,
2.16 at P10-13, and 1.93 at P20-21. Figure 3A,B
further shows that Phase | was significantly longer
(25—-30 min) at P4-P5 than at P10-P13 (5-10 min) or at
P20-21 (< 5 min, not shown). When the application of
50 mM K* continued after this time, «, particularly in
animals at P10 and older, started to increase, i.e., to
return towards control values, here called Phase Il (Fig.
3B). Since the total water content remained unchanged
during Phase Il (Table 1), it is evident that water
shifted from the intra- to the extracellular compart-
ment, i.e., from swollen cells back to the intersticial
space. The observed recovery of « in 50 mM K* might
therefore be due to regulation of the cell volume, i.e.,
regulatory volume decrease (RVD). It is important to
notice, however, that at the same time A either re-
mained elevated or even increased further (Figs. 2, 3B).
This Phase Il started much later at P4-5 than at
P10-13 (Fig. 3A,B) or P20-21 (not shown). At P20-21,
Phase | was so short that the first diffusion curve
captured 5 min after the application of 50 mM K* already
revealed, in four experiments out of six, an increase in «
due to RVD, which was accompanied by a typical increase
in A\. The mean decrease in a values, as recorded 5 min
after the application of 50 mM K* and as shown in
Table 2, is therefore only marginally significant.

When the spinal cords were again superfused with
3 mM K* ACF, a continued to quickly increase towards
control values, while \ decreased only partially, by
about 80% at P4-5 and about 50% at P10 and older
(Figs. 2, 3A,B). After this recovery phase, here called
Phase 111, o rose above control values by about 100% in
animals at P10 and older, reaching values of 0.35-0.45

rA=173

A=1.63 - A =163
=027 w=028 o =030
+ + il
P5 ww
10mM K*
A=1.61 =172
a=0.23 =027 A=164
v v «=0.36
MMUUUMUUWU ‘
P20 L
10mM K
A=182 10
2= 161 o= 021 r=174 3
=023 ‘ a=024 = los
MM =
P21 20mM K*
| |
10 min
A =2.00
a=012
A =169 v A =190
a =021 o =0.38
1 ¥
UUU&
P12 somM K*

Fig. 1. Representative recordings of tetramethylammonium (TMA™)
diffusion curves in spinal cord dorsal horn at different postnatal days
during the application of 10, 20, or 50 mM K*. The effect of 10 mM K*
is shown in 5- and 20-day-old animals (P5, P20), 20 mM K* at P21 and
50 mM K* at P12. Diffusion curves are superimposed on an increasing
TMA™ baseline. Values of ECS volume fraction (o) and tortuosity (\) are
shown with three diffusion curves: prior to, during, and after the applica-
tion of increased potassium. Note that the amplitudes of the diffusion
curves are not inversely proportional to the size of the ECS volume
fraction, because they are superimposed on different TMA™* baselines.

(Phase 1V). This Phase 1V, an increase in the volume of
the extracellular space above physiological values (ECS
overshoot), was accompanied by a second increase in \
values to as high as 1.8-2.0 (Fig. 3B). The changes in «
and A persisted even 100 min after the application of 50
mM K7*. These results show that in more mature
animals, which have been shown to have a smaller ECS
(see Table 2) as a result of more advanced gliogenesis
(Prokopova et al., 1997), the cells exposed to high K*
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TABLE 2. The values of «, A, and k' during a 45 min application of 50 mM K* or hypotonic solutions in the GM
and WM of the isolated spinal cord?®

Age ACF 50 mM K* H-40 H-80
GM a=0.25=*0.01 a = 0.07 £ 0.01*** a = 0.15 = 0.01*** a = 0.11 = 0.02***
pP4-5 N =153 = 0.02 N = 2.06 = 0.06*** N = 1.62 = 0.02* N =172+ 0.07**
k' =7.18 = 0.83 k' = 2.13 = 0.84** k' =5.85 = 0.41 k' = 4.25 * 2.27
(n=20) (n=18) (n=7 (n=15)
GM a=0.22 = 0.01# o = 0.09 = 0.01*** a =0.13 £ 0.01*** o = 0.08 = 0.01***
P10-13 N = 1.60 = 0.01## N = 2.16 = 0.06*** N = 1.83 = 0.06***## N = 1.93 = 0.01***#
k' = 5.25 = 0.50# k' = 5.21 = 0.94# k' = 2.38 = 0.89*## k' =2.21 = 0.63*
(n = 25) (n = 14) (n =6) (n=5)
GM a=0.21 * 0.01# a = 0.17 = 0.02 m.s.### a = 0.11 = 0.01***# —
P20-21 N =162 = 0.02# N = 1.93 &= 0.09*** N = 1.79 & 0.02***##
k' = 3.05 = 0.36## k' = 3.78 = 0.80 k' = 2.75 = 0.98#
(n =12) (n=6) (n=16)
WM a=0.23x0.01 a = 0.12 = 0.01*** a = 0.10 £ 0.01*** —
P13-14 A = 1.38 = 0.01 M = 1.92 £ 0.07*** A = 1.83 £ 0.05***
(n = 15) (n=9) (n=6)
Ay, =1.82+0.01 Ay = 2.42 + 0.05*** Ay = 2.00 = 0.07**
(n=11) (n=05) (n=
k' = 7.06 = 0.39 k' = 3.30 = 0.59*** k' = 2.26 = 0.68***

aThe values for extracellular volume fraction a (mean + S.E.M., n is the number of animals), tortuosity \, and non-specific uptake k' (Xx10-3s~1) represent the stable
values in ACF or maximal changes evoked by the application of 50 mM K™ or hypotonic solutions. A and \, represent measurements along the axons (x-axis) and across
the axons (y-axis). Statistical significance was evaluated as the difference between controls (ACF) and the values during application, using one-way ANOVA test: m.s.
(marginally significant), *P < 0.05, **P < 0.005, ***P < 0.0005; and as the difference between P4-5 and P10-13 or P20-21 in the gray matter: #P < 0.05, ##P < 0.005,

###P < 0.0005.
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Fig. 2. A typical effect of 50 mM K* in a 13-day-old animal (P13).
The time course of changes is shown at the upper left. The normalized
diffusion curves obtained at points a, b, ¢, and d and the corresponding
values of o and N are shown at the upper right. Note that the
amplitudes of the normalized diffusion curves are inversely propor-
tional to the size of the ECS volume fraction. By using the values
obtained at points a, b, ¢, and d, two-dimensional isoconcentration
plots of extracellular TMA™ concentration were constructed (a, b, c,
and d). Gray densities represent the concentration of TMA*, from 0.2
to 1.0 mM, reached 60 s after the onset of an 80 nA iontophoretic pulse
(bottom of the figure). The radius of the circles is inversely propor-
tional to the size of the ECS volume fraction; the pattern of changes in
TMA™ concentration reflects the tortuosity.

may more effectively regulate their volume. Only at
P4-5 did nonspecific TMA* uptake (k') decrease during
the application of elevated K* (Table 2).

The diffusion of a neuroactive substance is modified
by both diffusion parameters, « and \. The changing
values of o« and M\ obtained in one experiment were
therefore used to construct isoconcentration plots in the
x-y plane representing diffusion in the spinal cord. The

circles in Figure 2 illustrate the concentration of TMA™
(0.2-1.0 mM) as calculated 60 s after its iontophoretic
application in a P13 animal. Isoconcentration circles in
the spinal cord during the application of 50 mM K™ (see
Fig. 2, circle b) are significantly larger than those
recorded prior to its application, i.e., in 3mM K™ (Fig. 2,
circle a). Thus, during the application of high K*, the
area in which TMA™* concentration reaches any given
level (0.2—1.0 mM) is significantly larger than the area
reaching the same level in 3 mM K™ (primarily because
of the smaller ECS volume). Figure 2 further shows
that during Phase Il, when « returns toward control
values but A reaches its highest values, the circles
representing the highest TMA* concentrations (0.6—
1.0) are larger than in controls (Fig. 2, circle c). How-
ever, following the application of high K*, when the
spinal cord is again perfused with ACF and the ECS
volume is more than doubled as compared to control
values, the isoconcentration circles at any given concen-
tration are smaller than those in control tissue (Fig. 2,
circle d). The isoconcentration plots show that the diffusion
of TMA™ depends on both diffusion parameters, a and \; it
is hindered during elevated K* (Phase 1) but later,
during recovery in ACF, is actually facilitated.

In about 10% of the experiments (n = 8), the applica-
tion of 50 MM K™ led to a decrease in o to 0.05-0.07 and
an increase in N\ to 1.9-2.0; however, there was no
recovery towards control values when the spinal cord
was again perfused with 3 mM K" ACF, i.e., there was
no Phase I, 11, or IV.

Effect of Hypotonic Stress on ECS
Diffusion Parameters in Gray Matter

The effect of two hypotonic solutions (H-40 and H-80)
was tested on three animal age groups, P4-5, P10-13,
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Fig. 3. The effect of 50 mM K* (A,B) and hypotonic solution H-40
(235 mosmol kg?) (C,D) on ECS diffusion parameters in gray matter
as measured in two age groups, P4-5 and P10-13. Each data point
represents mean + S.E.M., calculated from « and X\ values recorded at
5 min intervals from 4 (A and D) or 7 (B and C) experiments. The
changes were divided into four phases: Phase I: Application-evoked
decrease of a and increase of \. Phase Il: During application, «
returned towards control values, possibly due to regulatory volume
decrease (RVD), while \ either remained unchanged or increased
further. Phase I11: During washout of 50 mM K* or hypotonic solution
with isotonic, 3 mM K* artificial cerebrospinal fluid (ACF), a overshot
control values and \ partially decreased towards control values. Phase
IV: In ACF o remained elevated, overshooting control values, but \
showed a second increase. Note: Phase | was slower at P4-5 than at
P10-13. Phase Il in 50 mM K* was more pronounced at P10-13 than
at P4-5 and it was more pronounced than in hypotonic solutions.
Phase 1V was absent at P4-5 following 50 mM K*.

and P20-21, to compare the effect of hypotonic swelling
with that of K*-evoked cell swelling on ECS diffusion
parameters. The application of hypotonic solutions for
45 min resulted in a gradual decrease in « and an
increase in \ in dorsal horns (Fig. 3C,D; Phase I). A
comparison of the three age groups showed that in
contrast to 50 mM K, the decrease in a evoked by H-40
was not significantly different at P20-21, P10-13, or
P4-5, while the increase in A was significantly larger at
P10-13 and P20-21 than at P4-5 (Fig. 3C,D; Table 2).
In contrast to 50 mM K™, the time course of the changes
was not significantly different between the groups (Fig.
3C,D). In two of six experiments at P20-21, three of six
at P10-13, and three of seven at P4-5, « started to
increase after about 30 min or 40 min of H-40 applica-
tion, respectively; however, unlike the increase in «
seen during the application of 50 mM K+, this increase
was not significant (Phase Il was short or absent; Fig.

3C,D). Nonetheless, after recovery in isoosmotic solu-
tion, a quickly returned to its original value in all age
groups (Phase I11), and then overshot control values by
about 50%, reaching values of 0.30 (Phase 1V; Fig.
3C,D). In the two older age groups only, \ increased to
about 1.75 while o remained increased, but even this
persistent increase in A was significantly smaller than
the increase in \ following the application of 50 mM K*
(compare Phase IV in Fig. 3B,D).

The application of H-80 resulted in a larger decrease
in « than did that of H-40 (Table 2); a« remained
decreased and A remained increased throughout the 45
min application, i.e., there was no sign of recovery.
However, the increase in \ was still significantly smaller
than that in 50 mM K*. After recovery of spinal cords to
isotonic ACF, o« at P4-5 returned to control values,
followed by a relatively small overshoot of 10-15%
above control values, but the recovery of N was incom-
plete. At P10-13, no recovery of « or A was seen in
isotonic ACF, as was also the case in some experiments
following the application of 50 mM K*. This suggests
that in older animals, H-80 evoked irreversible cell
swelling, and presumably also cell damage, accompa-
nied by a decrease in ECS volume and an increase in
tortuosity.

Effects of Elevated K* and
Hypotonic Stress in White Matter

In animals at P13-14, i.e., after advanced spinal cord
myelination, the effect of 50 mM K* and H-40 was
studied in spinal cord white matter (ventral funiculus),
approached by microelectrodes from the ventral spinal
cord surface. Since diffusion in myelinated white mat-
ter at P13-14 is anisotropic (Prokopova et al., 1997)
with only two different values of tortuosity (\x and \y),
we performed measurements in two axes (x and y, along
and across the myelinated axons). Table 2 and Figure 4
demonstrate that in white matter, the application of 50
mM K* or H-40 resulted in a similar decrease in o and
increase in \,. However, a much greater increase in \,
(across the axons) was observed during the application
of 50 mM KT, reaching unusually high values of 2.42
(higher than that observed in gray matter). On the con-
trary, in H-40, after an initial small increase, \, signifi-
cantly decreased and both A\, and \, reached similar values
of about 1.8. This loss of anisotropy persisted even during
the application of isotonic ACF. A loss of anisotropy was
also found after the application of 50 mM K* when the
spinal cord was superfused with 3 mM K* ACF. No
Phase Il (a return of a towards control values during
application) or Phase IV (an overshoot of « control
values by more than 5%) were observed in white matter
(Fig. 4). The isoconcentration ellipses in Figure 4a,b,d,
and e, as calculated 60 s after TMA™ iontophoretic
application, demonstrate the existence of anisotropic
diffusion prior to and during the application of 50 mM
K* and, initially, also H-40. Both applications, 50 mM
K* and H-40, resulted in changes in A\, and \, that
persisted for more than 40 min after the return to ACF;
the isoconcentration circles, replacing the ellipses, show
the disappearance of diffusional anisotropy (Fig. 4c,f).
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Fig. 4. The effect of 50 MM K* and H-40 in white matter (WM) of
10-13-day-old rats. As diffusion in WM is anisotropic (with two
different values), the A values were determined from measurements
along two axes (x- and y-axis, i.e., along and across the fibers). Each
data point (mean + S.E.M.) was calculated from o and \ values
recorded at 5 min intervals. The number of experiments was 9 (x-axis)
or 5 (y-axis) for the application of 50 mM K* and 6 (both axes) for the
application of hypotonic solution. Isoconcentration plots were con-
structed from the diffusion values recorded at points a, b, c, d, e, and f,
as described for Figure 2. Note the change from anisotropic diffusion
(ellipses), under control conditions and during the application of 50
mM K* or H-40, to isotropic diffusion (circles) after reperfusion with
isotonic, 3 mM K* ACF.

Mechanisms of K+-Evoked Changes
in ECS Diffusion Parameters

The key mechanisms of glial K* accumulation and
swelling in the presence of high potassium levels in-
clude carrier-mediated KCI-NaCl uptake and Donnan-
mediated KCI fluxes (Kimelberg and Frangakis, 1985;
Ballanyi et al., 1987; Walz, 1992). We therefore exam-
ined the effect of inhibitors of astrocyte swelling on the
K*-evoked changes in ECS diffusion parameters,
namely, of Cl~-free solution, application of furosemide
(Na-K-2Cl and CI/HCO;3  transport inhibitor), bu-
metanide (Na-K-2Cl co-transport inhibitor) (Kimelberg
etal., 1990; Olson et al., 1995), and block of K* channels
by Ba®* (Walz and Mukerji, 1988).

In all age groups, the decrease in « and increase in A
evoked by the application of 50 mM K* were blocked in
Cl—-free solution (Fig. 5A). Furosemide (2 mM), when
applied 20 min prior to and together with 50 mM K™,
slowed down the K*-evoked decrease in «, but had no
effect on the increase of \. The decrease in a took about
10 min in ACF (see Fig. 3B) as compared to at least 45
min in furosemide (Fig. 5B). Bumetanide (0.1 mM) had
a very similar effect as furosemide (Fig. 5C). After
washing out the 50 mM K* that was applied with
furosemide or bumetanide, there was a slow and incom-
plete recovery with no sign of Phase II, IIl, or IV
(compare Fig. 3B and Fig. 5 B,C). The application of
5 mM Ba** had no effect on the time course or
amplitude of K*-evoked changes in a and \ (not shown).

To exclude the possibility that application of potas-
sium resulted in an increase in synaptic activity due to
activation of neuronal receptors, and in a release of
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Fig. 5. The effects of Cl-free solution (A), furosemide (B), bu-
metanide (C) and fluoroacetate (D) on potassium-evoked changes in a
and \. Each data point (mean + S.E.M.) was calculated from o and \
values recorded at 5 min intervals from three (A), seven (B), three (C),
and five (D) experiments. The blocking agents were applied both 20-25
(A,B,C) or 40 (D) min before and also during perfusion with 50 mM K.
Note that potassium-evoked changes were blocked in Cl--free solution;
furosemide and bumetanide extended Phase I, while Phases II, 111,
and IV were blocked (for description of Phase I-1V see the legend to
Fig. 3).

glutamate, which may also cause cell swelling, we
studied the effect of 50 mM K™ in a Ca**-free solution
(with 1 mM EGTA added) and in a solution with 20 mM
Mg**. The typical decrease in « and increase in A evoked
by the application of 50 mM K* were not significantly
altered by a prior (20 min) and concomitant application
of high Mg** or Ca**-free solution (not shown).

To further evaluate the role of glia in the observed
changes in ECS diffusion parameters evoked by high
K*, we studied the effect of fluoroacetate, an inhibitor of
the glial tricarboxylic acid cycle (Swanson and Graham,
1994; Fonnum et al., 1997). Fluroacetate, when applied
prior to 50 mM K* at a relatively low concentration of
10* M (Fonnum et al., 1997), did not significantly affect
« and \ values. When applied with 50 mM K+, it had no
effect on the K*-evoked decrease of «, but the increase
of A was smaller (about 1.87, compare Figs. 3B and 5D).
Fluoroacetate blocked Phase Il and the recovery of a in
ACF (Phase Ill and 1V). Interestingly, there was a
complete recovery of \, again suggesting that changes
in @ and N\ can occur independently and may have
different origins. Our results show that in low concentra-
tion, fluoroacetate did not affect K*-evoked glial swelling
but impaired recovery phases related to cell shrinkage.
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K*-and Hypotonic Stress-Evoked Changes
in Astrocyte and Oligodendrocyte Morphology

Our data show that elevated K* or hypotonic stress
did not always lead to a concomitant decrease in ECS
volume and an increase in tortuosity. This was only the
case in the initial phase of cell swelling. When «
returned towards control values, apparently due to cell
shrinkage, and when it overshot control values, tortuos-
ity was still increased, presumably due to changes in
glial morphology, proliferation, hypertrophy, and rear-
rangement of fine glial processes. To test this hypoth-
esis we studied the effect of K*- and H-40 application on
astrocyte and oligodendrocyte morphology.

The increase in o (ECS overshoot) and, particularly,
the persistent increase in \ seen in spinal cords super-
fused for 45 min with 50 mM K* (Phase V) were
accompanied by a massive increase in GFAP staining;
astrocytes revealed thicker processes and more dense
somata than those in spinal cords superfused with
normal ACF (Fig. 6A,B,E,F). A smaller but still distinct
increase in GFAP staining was also observed after
superfusion with H-40 (Fig. 6C,D). In addition to
swollen and hypertrophied glial processes, diffusion
barriers can also be formed by changes in the extracel-
lular matrix. More pronounced staining for proteogly-
cans has been found during astrogliosis (Bignami and
Dahl, 1995), and recently we found that levels of
chondroitin sulfate proteoglycans (CSPG) are higher in
the extracellular space of gliotic tissue in cortical grafts
examined 1-6 months post-transplantation (Harvey et
al., 1997). Staining with CS-56 monoclonal antibody
revealed that the overall level of extracellular CSPG in
spinal cords superfused at first with 50 mM K* and
then 60-100 min with ACF was not appreciably higher
than that seen in spinal cords incubated only in physi-
ological ACF; there were occasional darker spots only.
Moreover, CSPG formed characteristic coats around
motoneurons, called perineuronal nets (Fig. 7A). These
fine coats around motoneurons disappeared after K*
application and were replaced by darker CSPG spots,
probably due to the condensation of the CSPG coats
around the shrunken cells (Fig. 7B). Cresyl violet
staining revealed that motoneuronal bodies were elon-
gated and shrunken (Fig. 7C,D).

In white matter, oligodendrocyte staining by Rip
revealed that after 45 min superfusion with H-40,
white matter was broader by 15-25% with larger
spacing between the myelinated axons and overall
staining by Rip was reduced (Fig. 8A,B). No significant
increase in WM thickness was found after superfusion
with 50 mM K* (not shown). After superfusion with
either 50 mM K* or H-40 and then 60-100 min with
ACF, i.e., during the period when « returned to control
values, there was still an increase in A and a loss of
anisotropy (see Fig. 4); GFAP staining revealed the loss
of the typical radial organization of astroglial processes
in WM (ventral funiculus) (Fig. 8C,D,E).

We conclude that astrogliosis and the observed
changes in astrocyte morphology following the applica-
tion of high K* or hypotonic stress may result in
long-term or “persistent” changes in ECS diffusion

barriers, in our measurements manifested by a de-
crease in the ADC of TMA™, i.e., an increase in tortuos-
ity that is independent of ECS volume changes.

DISCUSSION
Mechanisms of ECS Volume
and Tortuosity Changes

This study shows that the two important diffusion
parameters, ECS volume and tortuosity, change during
glial swelling evoked by a potassium elevation as well
as during hypotonic stress and, importantly, that these
two variables change independently. Similar to results
reported in turtle cerebellum, we have found relatively
small changes in overall tissue volume during and after
hypoosmotic stress (about 2%) (Krizaj et al., 1996) and
no changes at all after 50 mM K", showing that the
observed changes in ECS volume are due initially to cell
swelling and later to cell shrinkage. While cells quickly
regulate their volume, the structure and thickness of
fine glial processes can remain altered for hours.

In the CNS, swelling induced by high potassium is
confined mainly to astrocytes (for review see Kimelberg
and Frangakis, 1985; Kimelberg and Ransom, 1986).
Since the application of furosemide and bumetanide
(but not of Ba**) substantially slowed down the changes
in ECS diffusion parameters evoked by high potassium,
and since these changes were blocked in Cl-free me-
dium, it is likely that the changes in Phase | are due to
cell swelling resulting from a net KCI uptake via Na-K-2Cl
cotransport and concomitant water influx into astrocytes
as well as a change in the Donnan equilibrium (Walz and
Hinks, 1985). Another mechanism which could affect K*
distribution by glia is potassium spatial buffering (Orkand
et al., 1966). This mechanism is, however, unlikely to play
an important role in the observed changes, since the rise in
extracellular K* concentration was rather uniform in
the whole spinal cord, and it should not be affected by
the K;g channel blocker, Ba* ™.

In addition to swelling produced by Donnan forces
neuronal swelling could also be evoked by K* as a
consequence of an increase in excitability and transmit-
ter release produced by depolarization. This swelling
would be attributable to a NaCl influx or enhanced
metabolic processes, which increase intracellular osmo-
larity (Dietzel et al., 1989). However Serve et al. (1988)
described a shrinkage of neuronal somata during their
stimulation. During pathological states such as isch-
emia, the swelling of astrocytic perikarya and processes
is typical; in contrast, swelling in neurons is small or
absent, irregular, and occurs later (Jenkins et al.,
1984). Glutamate receptor activation also results in
astrocyte swelling (Chan et al., 1990; Hannson and
Ronnbéack, 1994). However, in our study, K*-evoked
swelling was not affected by a lack of extracellular Ca**
or the blocking of Ca** channels by 20 mM Mg*+.
Synaptically-transmitted responses were also reported
to be increased during hypotonic exposure and de-
pressed thereafter (Andrew, 1991; Ballyk et al., 1991,
Hester et al., 1993; Chebabo et al., 1995a), possibly due
to changes in the width of the synaptic clefts.
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Fig. 6. Astrocytes stained for GFAP in transversal sections of P13
dorsal spinal horns. A,B: Isolated spinal cord incubated for 145 min in
ACF. C,D: Spinal cord superfused for 40 min with hypotonic solution
followed by 100 min superfusion with control ACF. E,F: Spinal cord

superfused for 45 min with 50 mM K* followed by 100 min superfusion
with control ACF. Note the increase in GFAP immunoreactivity and
the densely stained, thick processes in C—F. Scale bar: A: 100 um;
(A,C,E), in B =50 um (B,D,F).
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Fig. 7. A,B: Distribution of chondroitin sulfate proteoglycan (CSPG)
as revealed by CS-56 antibody. Note that in control spinal cord (A),
CSPG forms perineural nets around motoneurons, while after perfu-
sion with 50 mM K* and washout for 100 min in ACF (B), CSPG
around motoneurons was condensed into dark spots. Deposits of CSPG

The diffusion of a particular substance in a tissue
apparently depends on both diffusion parameters; it
decreases not only with a decrease in the ECS volume
fraction (pore size), but also with an increase in tortuos-
ity resulting from additional diffusion barriers. In our
experiments, we found tortuosity increase to be indepen-
dent of ECS volume decrease. There was a significant
tortuosity increase evoked by the application of 10 and
20 mM K+, while the changes in ECS volume were

can also be seen in the ECS. C,D: Cresyl violet Nissl staining in control
spinal cord (C) and in spinal cord after perfusion with 50 mM K+,
showing elongated and shrunken cell bodies of motoneurons (D). Scale
bar = 50 pm (A-D).

insignificant (Fig. 1). The second rise in A was delayed,
i.e., it started many minutes after the application of
hypotonic solution or high K*, during the period of
astrogliosis when the cells were shrunken (Fig. 8C,D)
and ECS volume fraction increased. It may well be that
when fine cell processes swell, or when the processes
become thicker as is the case during astrogliosis, the
overall decrease in ECS may be small but additional
diffusion barriers can still be formed. It has been
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white matter stained for GFAP. The typical radial organization of
astroglial processes in control spinal cord (C) disappears after the

application of hypotonic solution (D) or 50 mM K* (E). Arrow indicates

Fig. 8. Longitudinal sections of P13 spinal cords stained with Rip
antibody (A,B). A: Control spinal cord with densely stained oligoden-

drocytic structures in both white and gray matter. B: In spinal cord

the border between gray (GM) and white matter (WM). Scale bar: in

after 45 min superfusion with hypotonic solution the white matter is

50 um (C-E).

50 um (A,B), inC =

A=

wider than in control spinal cord, and the Rip staining is less dense in

both gray and white matter. C-E: Transversal sections of ventral horn
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previously suggested that glial processes and neuronal
dendrites swell more than glial and neuronal somata
(Van Harreveld and Khattab, 1967; Kimelberg et al.,
1992; Andrew and MacVicar, 1994). Astrogliosis may
also result in the increased production or condensation
of extracellular matrix and therefore in an increase in
diffusion barriers. However, we have not found in-
creased staining for ECS chondroitin sulfate proteogly-
cans, although there was a condensation of the perineu-
ronal nets (Fig. 8A,B). Thus, the exact nature of the
tortuosity increase during astrogliosis is still not clear.

Cell swelling and post-hypotonic cell shrinkage, re-
sulting in changes in ECS volume have also been
reported in rat hippocampal slices (Chebabo et al.,
1995b). However, this study did not take into account
tortuosity changes and only reported the relative val-
ues of ECS volume changes. When one uses the relative
changes in TMA™* diffusion curves, measurements of
the ECS volume are not accurate. The larger decrease
in ECS volume observed in hippocampal slices, using
similar hypotonic solutions as in our study (Chebabo et
al., 1995b), might therefore be overestimated. More-
over, we recently reported that diffusion in hippocam-
pus is anisotropic (Sykova et al., 1997; Mazel et al.,
1998), and thus accurate values for the ECS volume
fraction in hippocampus cannot be obtained using
measurements performed only in one axis.

Our study also shows that the cellular swelling evoked
by hypotonic solution and by high K* have different effects
on ECS diffusion parameters. While both lead to about the
same decrease in ECS volume, high potassium results in
persistent and much greater changes in ECS tortuosity
than does hypotonic solution (Table 2). We suggest that this
increase in tortuosity is related to astrogliosis. Indeed, we
found much greater astrogliosis in response to high K+
than to hypotonic solution. It has been previously
reported that exposure to high K* results in the progres-
sive appearance of cell processes immunoreactive for
GFAP (Canady et al., 1990; Kraig et al., 1991; Del Bigio
etal., 1994; Del Cerro et al., 1996).

Studies of ECS Diffusion Parameters
In Vivo, In Situ and in Brain Slices

The degree to which swelling of mammalian nerve
cells affects the diffusion of neuroactive substances in
the ECS has not been previously determined in situ. To
the best of our knowledge, the only in situ study that
examined ECS diffusion parameters was done in the
isolated turtle cerebellum following osmotic changes,
and no study has described the changes evoked by a
potassium increase. While the large changes in osmolar-
ity used in these studies are only rarely observed, even
during severe pathological states, transient and revers-
ible increases in extracellular K* concentration to 10,
20, and, under pathological conditions, to 50-70 mM
are very common (Sykova, 1983, 1992, 1997).

Our study revealed that changes in ECS diffusion
parameters are somewhat different from those in slice
preparations 250-400 pm thick. In this study we found

much larger changes in tortuosity than those seen in
slices (for review see Sykova, 1997; Nicholson and Sykova,
1998), but similar changes in ECS volume fraction
(Andrew and MacVicar, 1994; Chebabo et al., 1995b).
The values in isolated spinal cord closely resemble those in
spinal cord in vivo during pathological states (an in-
crease of A above 2.0) (Sykova et al., 1994; VoriSek and
Sykova, 1997b). Similarly, during recovery from anoxia
in spinal cord in vivo, « increased and remained elevated
above normal values for more than 2 h (Sykovaetal., 1994),
a finding which is in good agreement with the ECS
volume overshoot observed in our present study. How-
ever, there can also be interspecies or regional differ-
ences. In the isolated turtle cerebellum during the applica-
tion of hypoosmotic solution, tortuosity increased only
from 1.70 to 1.79 (Krizaj et al., 1996)and in rat brain
slices during anoxia from about 1.6 to 1.75 (Pérez-
Pinzon et al., 1995). KriZaj et al. (1996) did not observe
signs of RVD (see below) in the isolated turtle cerebel-
lum, while it was observed in rat hippocampal slices
(Chebabo et al., 1995b). The tortuosity changes seen in
mammalian brain slices might be artificially low, pre-
sumably due to either the washing out of macromol-
ecules from the extracellular space, reduced swelling of
cut cellular processes, or other unknown reasons. Somjen
etal. (1993). reported that freshly dissociated hippocampal
pyramidal cells, with most of their dendrites lost during
cell suspension preparation, do not seem to swell at all.
They suggest that the swelling of cells in vivo and in
situ is limited to the dendritic tree and glial cells.

ECS Diffusion Parameters in White Matter

Diffusion in the ECS may be channeled, that is, more
hindered in one direction than in another. This so-
called diffusion anisotropy has been described in cerebel-
lum (Rice et al., 1993), hippocampus (Sykova et al.,
1997; Mazel et al., 1998), and myelinated white matter
(Bjelke et al., 1995; Chvatal et al., 1997; Prokopové et
al., 1997; Vorisek and Sykova, 1997a). In myelinated
white matter, preferential diffusion of TMA* occurs
along the myelinated axons, i.e., a much higher value of
tortuosity is seen across the myelinated axons (Proko-
pova et al., 1997; VoriSek and Sykova, 1997a). Our
study shows that cell swelling leads to an uneven
increase in tortuosity along and across the axons and
that aniosotropy is diminished long after the applica-
tion of hypotonic solution or high K*, presumably due
to morphological and structural changes (see Fig.
8C,D,E). Anisotropy, which permits more rapid diffu-
sion in one direction than in another, can thus be lost
during and long after pathological states accompanied
by cell swelling and astrogliosis. The loss of anisotropy
can thus have important consequences for the specific-
ity and efficacy of extrasynaptic transmission.

ECS Diffusion Parameters and
Regulatory Volume Decrease (RVD)

Most animal cells regulate their volume after expo-
sure to changes in the osmolarity of their microenviron-
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ment (Hoffman and Simonsen, 1989). Astrocytes swell
rapidly in hypotonic conditions and then show RVD
over the course of 15-30 min, due to a net reduction in
the total intracellular osmolyte content (Kimelberg and
Frangakis, 1985; Olson et al., 1986). Several intracellu-
lar constituents are lost, including potassium, taurine
and other amino acids (Kimelberg et al., 1990; Bender
and Norenberg, 1994; Vitarella et al., 1994). Cellular
shrinkage apparently results from RVD (Cserr et al.,
1991; Strange, 1992; Gullans and Verbalis, 1993). This
is in good agreement with our study, since during
exposure to either high potassium or hypotonic stress,
ECS volume fraction tended to recover and then in-
crease above control values. This regulation of ECS
volume was, in our studies, less effective in immature
animals (less advanced gliogenesis). It was blocked by a
low dose of fluoroacetate, which blocks glial metabo-
lism, suggesting that most of the ECS volume changes
are due to swelling and shrinkage of glial cells. Histologi-
cal studies verified that fluoroacetate led to glial and
neuronal damage only after 3—4 h of application (Largo
et al., 1996). Although fluoroacetate is primarily affect-
ing astrocytic metabolism, we cannot exclude that
within 85 min of its application there was also an effect
on neuronal metabolism. To the best of our knowledge,
the effect of these gliotoxins on RVD has not yet been
studied. The importance of glial swelling is also sup-
ported by the fact that cell shrinkage was more pro-
nounced after high K* than after hypotonic stress,
since glial cells serve to maintain extracellular K+
homeostasis (for review see Sykova, 1992, 1997). Post-
hypotonic shrinkage of cells is explained by the loss of
solutes from cells during RVD because normal ACF is
hypertonic relative to the ion-depleted cytosol. The cell
shrinkage when cells are returned to isotonic media
after hypotonic stress may have a different mechanism
than that responsible for RVD. A Ca* *-sensitive mecha-
nism of cell shrinkage in isotonic media may be respon-
sible for the subsequent increase in ECS volume after
the application of high K* (Fig. 7C,D). It has been
shown that an increase in intracellular Ca*™™ in neuro-
blastoma cells under isotonic conditions produces cell
shrinkage (Crowe et al., 1995).

In summary, astrocyte swelling can influence both
the size of the ECS volume and the degree of ECS
tortuosity around neurons, slowing down diffusion in
the ECS and thus modulating neuronal activity and
neuron-glia interaction. Recently, there have been a
number of reports suggesting the occurrence of
‘crosstalk’ between distinct synapses or the “spillover”
of glutamate (for review see Barbour and Hausser,
1997; Kullman and Asztely, 1998). Transmitters that
are released from one synapse can lead to significant
activation of high-affinity receptors at neighboring syn-
apses. Crosstalk will, of course, ultimately be depen-
dent on the extracellular space around the synapses,
i.e., on intersynaptic geometry and diffusion param-
eters. Finally, since the diffusion of neuroactive sub-
stances is the underlying mechanism of extrasynaptic
transmission, not only astrogliosis but also more subtle

changes in astrocyte morphology may produce tran-
sient or persistent changes in signal transmission.
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