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It was not until the last ten years that extracellular space (ECS)
came to be recognized as a dynamically changing microenviron-
ment for the brain, with a significant influence on the function of
neurones and glia (for review see Nicholson, 1980; Sykova, 1983,
1991, 1992). ECS is an communication channel between neurones
and glia. ECS ionic composition, presence of neurotransmitters,
neuro-peptides, enzymes and metabolic substrates changes dyna-
mically during "normal" neuronal activity as well as during patho-
logical states and can substantially affect function of the CNS. Any
increase in neuronal activity is accompanied by transmembrane
ionic and water fluxes resulting in prolonged transient extracellular
ionic shifts and in extracellular space volume decrease. There is
increasing evidence that glial cells play a crucial role in extracellu-
lar ion (K*, H*, CI) and volume homeostasis (Walz, 1989; Chesler,
1990; Hertz, 1990; Sykova, 1991, 1992). Consequently it is of great
interest to find out how the ionic and volume homeostasis and the
relationship between neurones and glia differ during CNS deve-
lopment, injury and reactive gliosis.

491



Diffusion parameters of the ECS affects the activity-related
accummulation of ions, neuroactive substances and metabolites in
ECS, their movement towards the target cells and their access to
capillaries. Any change in ECS diffusion parameters can therefore
profoundly influence signal tramsmission and intercellular commu-
nication. It can be important factor in development of clinical signs
during seizures, ischemia, anoxia, injury and migraine and for
manifestation of CNS diseases (Nicholson and Rice, 1991; Sykova,
1991, 1992). The diffusion parameters of the ECS and their dyna-
mic changes can be studied in vivo by the real-time iontophoretic
method, which uses ion-selective microelectrodes to follow the
diffusion of an extracellular marker (e.g. tetramethylammonium
ion, TMA™) applied by iontophoresis (Nicholson and Phillips,
1981; Nicholson and Rice, 1988; Svoboda and Sykova, 1991).

This article deals with activity-related ionic and volume
changes in spinal cord of adult rats and during development, with
transient changes during peripheral stimulation, injury, hypoxia and
anoxia.

Measurements of ionic and ECS volume changes

The use of ion-sensitive microelectrodes has made it possible to
record transient intracellular and extracellular changes in K* and
pH during neuronal activity in vivo. K* activity was recorded with
double-barrelled K*-selective microelectrodes (K*-ISM) filled with
a liquid ion-exchanger (Corning 477317) and prepared by a proce-
dure described previously (Kriz et al., 1974). The same procedure
was adopted to prepare the double-barrelled pH-sensitive micro-
electrodes with liquid Hydrogen Ion Ionophore II-Coctail A, Fluka
(Chvatal et al., 1988; Sykova and Svoboda, 1990).

Dynamic changes in the size of the ECS were studied by means
of the iontophoretic administration of ions that do not cross the cell
membranes and therefore remain in the ECS. Their concentration in
the ECS is in inverse proportion to the size of the ECS. The ion
exchanger for K* (Corning 477317) is highly sensitive to TMA?,
which, in small concentrations, are not toxic and do not cross cell
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membranes (Nicholson and Phillips, 1981; Kriz and Sykova, 1981).
TMA®* were therefore used for testing changes in the size of the
ECS. Using a current of 10 to 100 nA, these ions were administered
for 5 to 80 s into the ECS with a multichannel iontophoretic pip-
ette. The tip of the K*-ISM with which we recorded TMA™ concen-
tration changes during administration was 80 to 200 wm distant
from the tip of the iontophoretic pipette. The ions were adminis-
tered at regular intervals (2-10 min), always with the same current.
At least 3 identical control curves were obtained in succession
before the stimulation was applied. The relative changes in the size
of the ECS were computed from the changes in the concentration
of the given ions, according to the formula:

A [TEA™] before activity
Decrease in ECS = (1 - }yx 100 (D
(in % of control) A [TEA*] after activity

For the determination of the fraction of brain volume which is ECS,
i.e. extracellular volume fraction (o) and for the determination of
tortuosity (A), which represent the increased path lenght for diffu-
sion between two points that results from barriers (e.g. cellular
membranes, extracellular matrix) the distance needs to be known
exactly. The two electrodes were therefore glued together with
cement (Fig. 1) and the intertip distance measured exactly with a
microscope. After they had been joined together, the electrodes
were introduced into the nervous tissue. For computing and deter-
mining absolute values of o and A we iontophoresed the ions into
the nervous tissue for 50 to 80 s. Before and after measurements in
the nervous tissue the diffusion curve was recorded in 0.3 % agar
(Fig. 1). Measurement of the concentration change in the agar gives
the free-diffusion values for the relevant ion, in which o = 1 and
A= 1. The oo and A in the spinal cord were determined by compu-
tation after Nicholson and Phillips (1981). The results of these stu-
dies show that if we incorporate factors o and A in Fick’s law,
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spinal cord

controf :

ol=022
A=143

after 30 Hz:

o= 047
Am1.52

Fig. 1. Method of determining EC volume fraction (o) and tortuosity (A) and
TMA®* diffusion curves in spinal cord in vivo. Left: Schematic drawing of the
experimental arrangement for diffusion measurements. Two microelectrodes, the
double-barrelled microelectrode sensitive to K* and to TMA* (ISM) and the
micropipette for TMA” iontophoresis, were glued together with dental cement at
the area of their shanks to stabilize the intertip distance (r) and with glass tube
bridge connecting the two microelectrodes at their upper end. Right: The diffu-
sion curves recorded prior to (control) and 9 min after repetitive electrical stimu-
lation at frequency of 30 Hz for 2 min. Diffusion curve after the stimulation is
larger, due to the EC volume decrease. The volume fraction before stimulation
(control) was o = 0.22, the tortuosity A = 1.43; after stimulation: o0 =0.17, A =
1.52. Diffusion parameters were I = 20 nA, r = 180 um, n = 0.308, D = 1.33 x
10° m%s!. (Adapted from Svoboda and Sykova, 1991).

diffusion in the CNS is described fairly satisfactorily. The micro-
pipette from which TMA* was released iontophoretically acts as the
source Q = In/F. The appropriate solution of the diffusion equation
is:

C = ((In A?) / (4n FDra)) erfc (rA/2 (Dt)2) (2)
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where C is the concentration, I is the iontophoretic current
increment, F is the Faraday’s electrochemical equivalent, r is the
distance of ISM from the ion source (iontophoretic pipette), D is
the free diffusion coefficient, t is time of the probe ion application
and erfc is the complementary error function.

TMA"* crosses the membranes of leech glial cells and accumu-
lates within (Ballanyi et al., 1990). Recent studies suggest that it
also enters vertebrate brain cells. This can be a source of error and
therefore nonspecific uptake, k’ (s!), was incorporated into the
diffusion equation (Nicholson, 1985). Uptake of TMA" is propor-
tional to the extracellular concentration and can be a function not
only of average permeability of the membranes to TMA® but also a
function of a local volume fraction and the density of membranes
in the tissue under study. The possibility that TMA* may cross the
blood-brain barrier is not justified, since uptake values are similar
in both in vivo and in vitro preparations. Therefore, assuming that
loss of TMA* from the ECS is a linear concentration-dependent
process, this factor can be incorporated into diffusion equation
where apparent diffusion coefficient D* = D/ A? (Nicholson, 1985;
Cserr et al., 1991):

C (r,t) = (Q/(8nD*ar)) [exp(r(k’/D*)'?) erfc(r/(2(D*t)!/?2 (3)
+ (k’'0)'2) + exp(-r(k’/D*)?) erfc(x/(2(D*t)/%)
- (k')

This equation enables the uptake k’ to be determined along with
the ECS volume fraction (o) and tortuosity (A).

Peripheral stimulation and peripheral injury

Almost all kinds of stimulation - electrical or natural - lead to
transient increase in [K*'] and alkaline-acid shifts in pH_ in the
corresponding spinal cord segments of rat. The main source of
changes in [K], are stimulated neurones, unmyelinated fibres and
unmyelinated terminals of axons (for review see Sykova, 1983,
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Fig. 2. A: Transient increase in [K‘"]‘3 and decrease in pH, in the L spinal
segment in response to adequate stimuli applied to the plantar region of the ipsi-
lateral hind paw. The K*- and pH-sensitive microelectrodes were inserted to a
depth of 600 um from the dorsal surface. The curves represent responses to light
touch, strong press and application of about 1 ml of hot water onto the hind limb
(heat). Horizontal bars indicate stimulus duration. [K+]c and pHe data are from
different experiments. B: [K*] and pH_ changes in dorsal horn of segment L, of
rat spinal cord evoked by repetitive bipolar electrical stimulation with acupunc-
ture needles (100 Hz, 60 sec) in plantar muscles of the ipsilateral hind paw.
Horizontal bar indicates stimulus duration. Two K* and pH-sensitive microelec-
trodes were inserted separately from dorsal spinal surface. Recordings from a
depth of 600-700 pm. (Adapted from Svoboda et al., 1988; Sykova and Svobo-
da, 1990).
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1992). An increase of 0.1 to 0.2 mM has been found in spinal cord
after a single electrical stimulus applied to peripheral nerves or
after a single adequate stimulus (e.g. light touch or pinch) applied
to the skin (Fig. 2A). A sustained increase in [K']_ in the spinal
dorsal horn of the rat was evoked by chemical and thermal injury of
the hind paw (Svoboda et al., 1988). Repetitive electrical stimula-
tion or prolonged adequate stimulation leads to summation of
responses to a certain level, the so-called "ceiling level", from a
baseline ("resting") level of about 3-4 mM to as much as 6-12 mM
(Fig. 2B). No further changes in [KJ']e are found because a steady
state is established, which is a result of concurrent release and
clearance of K* (Fig. 2B). This ceiling level (Kriz et al., 1975) is in
the CNS only broken through by pathological events, e.g. epileptic
activity, anoxia, spreading depression, application of convulsive
drugs, and is higher in immature nervous tissue, i.e. in situations
when K" homeostasis is impaired (Jendelova and Sykova, 1991).

K* homeostasis is ensured by two main mechanisms: 1) activa-
tion of the Na/K pump in neurones and glia, and 2) glial cell K*
uptake or buffering of extracellular rise in [K'] (Sykova, 1983,
Walz, 1989; Sykova, 1992). Active neurones as well as primary
fibres lose K* and induce a change in the ionic composition of the
ECS (Sykova and Vyklicky, 1977). This may be an important way
in which neurones interact and integrate their activity, however
stability of nervous tissue function requires fast renewal of the ECS
ionic composition. The conclusion that K* is cleared by means of
active transport is strongly supported, since there is a poststimula-
tion decrease below resting level, the so-called "K*-undershoot"
(Fig. 2B), which can be blocked by inhibitors of the Na/K pump
(e.g. ouabain), or by anoxia, ischemia or anaesthetic drugs (Kriz et
al., 1975; Sykova et al., 1985). Glial cells also significantly contri-
bute to activity-related clearance of K* increase in ECS. There is
evidence that K* clearance by glia include uptake of K* driven by
the Na/K pump (Hertz, 1965) and K* spatial buffering (Orkand et
al., 1966; Sykova et al., 1988).
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Concomitantly with an increase in [K“]e any neuronal activity
results in a transient change in ECS acid-base balance. In CNS of
adult animals the activity-related pH, changes have a typical time-
course: alkaline-acid shift during stimulation which is followed in
mammalian spinal cord by poststimulation alkaline undershoot
(Fig.2B; Sykova, 1989; Sykova and Svoboda, 1990). The PH, rest-
ing level recorded in various areas of adult CNS varies between 7.1
and 7.3, i.e. pH_ is slightly alkaline but more acid than that in blood
or cerebrospinal fluid. Transient acid shifts in pH_ by 0.01-0.05 pH
units were found when acute nociceptive stimuli (pinch, press,
heat) were applied to the hind paw (Fig. 2A). Chemical or thermal
injury evoked by subcutaneous injection of turpentine or by appli-
cation of 1-3 ml of hot oil onto the hindpaw produced a long-term
decrease in pH_ base line in the lower dorsal horn by about 0.05-
0.10 pH units (Sykova and Svoboda, 1990). The decrease in pH_
began 2-10 min after injury and persisted for more than 2 hrs. Elec-
trical nerve stimulation (10-100 Hz, 20-60 s) elicited triphasic
(alkaline-acid-alkaline) changes in pH_ (Fig. 2B) which had a
similar depth profile as the concomitantly recorded increase in
[K*],.

It has been recognized that during depolarization and during
neuronal activity the ECS can reversibly decrease due to the activ-
ity-related cell swelling. Experimental elevation of [K*] by KCI
application leads to membrane depolarization of various brain cells,
to an increase in the volume of the cells, and to a compensatory
ECS volume decrease due to cellular accumulation of ions (particu-
larly K*, Na*, CI, HCO,) and of water. K*-induced swelling is
mostly attributed to glia, particularly to astrocytes (Kimelberg and
Ransom, 1986), but swelling of neuronal elements has also been
shown (Ritchie et al., 1981; Trubatch et al., 1977; Tasaki and
Iwasa, 1982). These previous studies, however, did not furnish any
information on the size of the ECS volume changes or on their
dynamics. With the above described method either relative changes
in the ECS volume or absolute value of the ECS volume (A) and
tortuosity (o) were found in cortex, spinal cord, optic nerve and
receptor organs during activity evoked by electric as well as ade-
quate stimulation (Dietzel et al., 1980, 1982; Orkand et al., 1984,
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Ransom et al., 1985; Sykova, 1987; Svoboda and Sykova, 1991) as
well as during epileptic activity (Heinemann and Dietzel, 1984;
Lehmenkiihler et al., 1991) and during ischemia or spreading
depression (Nicholson and Rice, 1988; Polak et al., in press).
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Fig. 3. Effect of repetitive electrical stimulation (3 min, 100 Hz) on the EC
volume in spinal dorsal horn of adult rat. Upper trace: the record from chart
recorder comprises the diffusion curves at a depth of 500 pm evoked by the
regular iontophoretic application of TMA®* (application at 3 min intervals) prior
to stimulation, during the stimulation-evoked increase in [K*]e, and during the
poststimulation K*-undershoot below the original [K+]e base line. TMA" applica-
tions for 15 s, iontophoretic current (I) 20 nA, and the intertip distance r = 240
pm. Dotted line represents the predicted time course of the [K‘”]e curve without
iontophoretic application and dashed line the prestimulation [K*’]e base line.
Lower trace: graph of the EC volume changes expressed in percentage of con-
trol. (Adapted from Svoboda and Sykova, 1991).
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The o in spinal cord varies in unstimulated adult animals be-
tween 20-25 % of total spinal cord volume and A is about 1.5
(Svoboda and Sykova, 1991). These values are not significantly
different from those found in brain by Nicholson and colleagues
(1981, 1988). However, using the same method McBain et al.
(1990) found that ECS volume is only 12% in the CAl pyramidal
cell layer of hippocampus. Therefore neuronal packing is probably
an important factor that determines the EC volume. In spinal cord
ECS volume was not significantly different throughout the dorsal
and ventral horn gray matter.

Repetitive electrical stimulation of peripheral nerves at 3-100 Hz
increased ECS volume in Rexed laminae III-V by 15.8 £ 2.7 %, i.e.
during the electrical stimulation ECS volume increased apparently
due to shrinkage of some neural elements (Svoboda and Sykova,
1991). However, after the end of stimulation, when the [K*]c de-
creased below the original baseline (K'-undershoot), the ECS
volume decreased by 20-40 %, i.e. to o about 0.14-0.17 (Figs. 1
and 3). However, the tortuosity and uptake was not significantly
changed by stimulation. The ECS volume decrease was maximal at
2-10 min after the stimulation had been discontinued, and it re-
turned to the prestimulation value in 15-40 min (Fig. 3). The de-
crease in the ECS volume had the same depth profile as the ionic
(K*, Ca** and pH,) changes evoked by neuronal activity. The
higher the stimulation frequency and intensity and the greater the
concomitant ionic changes, the greater was the decrease in ECS
volume. The ECS volume decrease persisted after stimulation had
been discontinued. It regularly lasted longer than the stimulation-
evoked increase in [K*]c, its time course being related to the post-
stimulation K*-undershoot and poststimulation acid shift (Sykova
and Svoboda, 1990).

The ECS volume decreased by 20-50% (but no more than to
= 0.12) after injury of the ipsilateral hind paw evoked either by
subcutaneous injection of turpentine or by thermal injury (Svoboda
and Sykova, 1991). The maximal changes were found in dorsal
horn Rexed laminae III-V, 5-10 min after injection of turpentine
and 10-25 min after thermal injury (Fig. 4), and persisted for more
than 120 min and 60 min, respectively. The tortuosity and uptake
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was not significantly altered by injury. These measurements indi-
cate that the normal volume of the ECS in adult rats occupies 1/5 -
1/4 of total CNS volume and that significant dynamic changes in
the ECS volume accompany transmembrane ionic shifts resulting
from neural activity.

Control .......  Thermal injury ——

300 - ) -

depth (pm}

g

10 15 20 25 30 3 4
volume fraction- @@ (%) [K*], (mM)

Fig. 4. Effect of thermal injury of the hind paw on the ECS volume fraction (A)
at various depth of the spinal dorsal horn. Left: typical ECS volume fraction at
various depths of the spinal dorsal horn in the non-stimulated animal before
injury (control) and the ECS volume fraction decrease at depth of 400-700 wm
(injury). The maximal ECS volume fraction decrease from about 24% to about
12% was found at a depth of 500 pm 10-25 min after the thermal injury. Right:
[K*]e base line at various depths of the spinal dorsal horn in the control rat and in
the rat after injury.

Postnatal development
In neonatal rat spinal cord the stimulation-evoked changes in

[K*], are much larger than in adult animals. The maximal changes
of 2.1-6.5 mM were found at a stimulation frequency of 10 Hz in 3
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to 6 day-old animals. In older animals the [K*]  changes progress-
ively decreased (Fig. 5; Jendelova and Sykova, 1991). In 3 to 13
days-old pups the [K'] changes evoked by a single electrical
stimulus are as large as those evoked in the adult rat spinal cord
with stimulation at a frequency 10-30 Hz (Svoboda et al., 1988),
i.e. by as much as 1.5-2.5 mM.

3 days

1]
mM

I
mM

34

Fig. 5. Stimulation-evoked pH, and [K‘L]e changes in the spinal dorsal horn of
rats 3 and 10 days-old. Note that the stimulation of the dorsal root at a frequency
of 10 Hz evoked an alkaline shift in the 3 days-old pup, which was accompanied
by an increase in [K* ] when stimulation was discontinued the poststimulation

acid shift of smaller amphtude appeared, which was accompanied by a K*-
undershoot. In the 10 days-old rat there was a slight initial alkaline shift, which
was followed by an extracellular acid shift.
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In 3 to 8 day-old pups, the stimulation evoked an alkaline shift
by 0.1-0.2 pH unit which was followed by a smaller poststimula-
tion acid shift by 0.03-0.07 pH unit (Fig. 5). In 10 to 14 day-old
rats, however, the stimulation evoked an acid shift which was
preceded by a scarcely discernible alkaline shift as in adult animals
(Sykova and Svoboda, 1990). 20 mM MgCl, reversibly reduced the
alkaline but not the acid shifts by 50-60 %. Bath application of the
carbonic anhydrase inhibitor, acetazolamide, had no effect on the
alkaline shift, while the acid shift decreased by 70-80 %.

The alkaline shift was enhanced in HEPES-buffered saline, it
was significantly decreased by La**, a H* channel blocker, and by
picrotoxin in concentrations from 107 M (Sykova et al., in press).
In concentrations 107-10° M picrotoxin had no effect on K* and
pH, resting level. Superfusion of spinal cord with GABA (10 M)
elicited an extracellular alkaline shift which was blocked by picro-
toxin (Sykova et al., in press). In nominally HCO;™ free solution,
buffered with HEPES, GABA evoked no alkaline shift. The results
suggest that the activation of GABA-gated CI" channels in spinal
cord may give rise to an HCO, efflux which can explain the pH,
alkaline shifts observed in the dorsal horn during a stimulation of
an afferent input. However, the observed alkaline shifts can also be
mediated by and HCO,  independent merchanism (see also Chen
and Chesler, 1991, 1992; Kaila and Voipio, 1987; Kaila et al.,
1992; Sykova et al., in press).

The acid shift in adult rats and in immature rats was blocked by
amiloride and SITS and therefore has a complex mechanism which
may include Na'/H* exchange, Na*/CI/HCO,/H" exchange and
Na*-HCOj;" cotransport - the membrane transport systems which
have been demonstrated not only in neurones but also in glia (for
review see Chesler, 1990; Sykova, 1992). It has been demonstrated
recently that mammalian astrocytes actively regulate their pH, by
acid extrusion membrane transport processes which are dependent
on Na*, CI" and HCO,". Since carbonic anhydrase and gliogenesis
to a great extent occur postnatally with their peak at about 10 days,
it can be concluded that in spinal cord (Jendelova and Sykova,
1991) as in the optic nerve (Ransom et al., 1985), the stimulation-
evoked acid shifts are related to gliogenesis. These results suggest

503



that glial cells buffer the activity-related [K*]_increase and alkaline
pH, shifts. Recent studies have therefore revealed that the pH_ level
is related to neuronal depolarization, metabolic activity, ion shifts
across neuronal membranes and glial cell buffering of pH_ changes.

We also studied ECS volume changes during development in
rats 3 to 14 days-old, i.e. during the period of extensive gliogenesis.
Similarly as in unmyelinated rat optic nerve (Ransom et al., 1985)
we found that the ECS in sensorimotor cortex (Svoboda et al., in
press) and the ECS in spinal cord of immature rats is larger, its
varies between 30 - 40 % in 3 to 5 days-old pups and its size de-
creases with the animal age.

The mechanisms of cellular shrinkage and swelling during
neuronal activity are discussed in several papers (for review see
Kempski, 1986; Kimelberg and Ransom, 1986; Sykova, 1992). The
mechanisms include:

1) Extracellular ionic changes (H* and K*) accompanied by
uptake of Na*, Cl" and water. 2) Increase in intraneuronal osmolar-
ity and/or local extracellular decrease in osmolarity. 3) Glial spatial
buffer mechanism - glial swelling due to increase in intracellular
particles accompanied by water. 4) Glial swelling due to metabolic
alterations such as acid-base balance. 5) Increase in intraneuronal
particles, produced by enhanced metabolism during excessive
neuronal activity. It is evident that the glial cells, and particularly
astrocytic swelling, could play the important role in activity-related
ECS volume changes.

Hypoxia and anoxia

Extracellular K¥, pH and diffusion properties in spinal dorsal
horn of the rat in vivo were studied during hypoxia and anoxia
evoked either by decrease in blood pressure by exsanguination or
by respiratory arrest (Polak et al., in press; Sykova et al., unpu-
blished results). In normoxic conditions, prior to exposure of the rat
to ischemia or anoxia, the diffusion parameters were o = 0.229 +
0.01; A=1.60+0.03,k’ =5.23+0.6x 103 s, n =13 (these and
subsequent values are means £ S.E.). A typical TMA™* diffusion
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g = 0.04
= 1.93
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Fig. 6. TMA" diffusion curves obtained in the rat spinal cord in vivo in dorsal
horn of segment L, at a depth of 750 pm from dorsal surface. In normoxic condi-
tions [K*] was 3 mM, as measured by separate K*-ISM. During terminal anoxia
evoked by respiratory arrest [K*] rose to about 70 mM. Diffusion parameters:
volume fraction (o), tortuosity (A) and nonspecific cellular uptake (k’) were
determined with the use of the same electrode array with spacing between the
TMA"-sensitive microelectrode and iontophoresis pipette of 140 pum, iontophor-
esis transport number n = 0.21, and TMA* diffusion coefficient of 1.28 x 107
cm?® s at 36 °C. The accurate TMA®* calibration was made in both 3 and 70 mM
K" background. The curves are presented as linear concentration changes with
base lines superimposed and fitted to a solution of the diffusion equation. The
theoretical curve is superimposed on each experimental curve. Note that the
diffusion curve during anoxia is much larger in amplitude, reflecting the decline
in ECS volume fraction.

curve recorded in the spinal cord in normoxic conditions is illustra-
ted in Fig. 6. As the blood pressure fell to 60-70 mmHg, K* rose by
10-12 mM, pH_ fell by about 0.3 pH units and volume fraction of
the ECS significantly decreased, to oo = 0.16 £ 0.01, n = 5, while
the tortuosity and uptake had not yet changed. As the blood pres-
sure fell to 20-30 mmHg, K* rose to 60-70 mM, pH_ fell by about
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0.6 pH units and all three diffusion parameters were significantly
changed: ECS volume fraction decreased (o = 0.073 £ 0.023, n =
6), tortuosity increased (A = 2.09 £ 0.08) and TMA™ uptake de-
creased (k> = 1.45 £ 0.83 x 10 s!). Full recovery was found after
re-injecting the blood or after injection of noradrenaline, if this
resulted in rise in blood pressure above 100 mmHg. No further
increase in [K'], and in the diffusion parameters of spinal cord
tissue was observed after the death of the animal (o0 = 0.066 %
0.004, A= 2.07 £0.08, k’ =1.39+0.5x 103 s}, n = 11; Fig. 6),
while the pH_ increased by about 0.2 pH unit. These data represent
the first in vivo measurements of diffusion parameters o, A and k’
under hypoxia and anoxia. Similar changes during hypoxia have
been described in in vitro slices of rat neostriatum, where o fell
from an average value of 0.21 to 0.13 (Rice and Nicholson, 1991).
In contrast, tortuosity and k’ were unchanged. These results are in
agreement with those in spinal cord during hypoxia when the blood
flow fell to 50-60 mmHg.

These results show that during hypoxia and anoxia the diffusion
properties of the nervous tissue are substantially changed. This
could affect the diffusion of various substances - ions, neurotrans-
mitters, metabolic substances as well as various drugs used in
therapy of nervous diseases. It is also evident that the excessive
1onic and ECS volume changes can contribute to irreversible tissue
damage.

Conclusions

Concomitantly with changes in ionic composition, the size of the
ECS is significantly altered during stimulation-evoked neuronal
activity, CNS development, during peripheral or central injury,
hypoxia and anoxia. In immature CNS, and possibly during patho-
logical states which are frequently accompanied by astrocytic proli-
feration and hypertrophy, K*, pH_ and ECS volume homeostasis
are impaired. Changes in ECS ionic composition and volume
accompanied by altered diffusion parameters in ECS may signific-
antly influence the function of neurones, glia and CNS excitability.
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