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I. Introduction

A variety of drugs influence the central
nervous system either as a major part of
their therapeutic action (e.g., hypnotics
and antiepileptics) or as an unwanted side
effect (e.g., local anaesthetics). In spite of
a vast amount of experimental investiga-

tion, the mechanisms of action for several
of these drugs remain unknown. One rea-
son for this is that the study of drug effects
may be hampered by the complexity of the
central nervous system. The adult mam-
malian central nervous system is ex-
tremely heterogeneous in both its gross
anatomy and its histology. The gross ana-

* This study was supported by Grant DG 120 from the Medical Research Council of Canada.
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tomical complexity does not impede exper-
imental investigations to a major degree,
but the histological heterogeneity repre-
sents an enormous obstacle for experimen-
tal work. In addition, evidence is accumu-
lating that the different cell types in grey
matter of the central nervous system have
widely different metabolic properties (130)
and also that the biophysical characteris-
tics of their membranes show fundamental
differences (296). This heterogeneity is es-
sential for the understanding of ion distri-
bution in the brain.

Like other excitable cells, neurons take
up sodium ions and lose potassium ions by
“downhill” transport during excitation. It
had already been theorized that the potas-
sium release is large enough to cause a
substantial increase of the potassium con-
centration in the narrow extracellular
clefts (24, 58, 80, 105, 116, 117, 119, 121,
137, 176, 187, 197, 241, 244, 264, 284, 306,
316) when the introduction of potassium-
sensitive electrodes made this conjecture a
firmly established fact (88, 140, 171-173,
193, 200-202, 229, 243, 258, 293, 296, 297,
334, 335). The effects of the increase in
potassium concentration on adjacent cells
will depend upon the excitability of the
cells (201, 298) as well as upon active or
passive homeostasis mechanisms regulat-
ing the local concentrations of potassium.
These homeostasis mechanisms are proba-
bly reflected by effects of elevated potas-
sium concentrations on membrane poten-
tials (176, 244, 296) and on transport of ions
and water (24, 27, 84, 85, 97, 119, 197, 228),
as well as by the potassium-induced stimu-
lation of Na*-K*-ATPase activity (58, 116)
and of energy metabolism (9, 71, 122, 129,
154, 239, 281). These phenomena seem to a
large extent to occur in glial cells but ulti-
mately the released potassium ions must
of necessity be reaccumulated into neurons
and the accumulated sodium ions must be
extruded again (for a more detailed discus-
sion, see 128, 130).

Drugs acting upon the central nervous
system may affect ion distribution either
by altering the down hill movements dur-

ing excitation or by influencing the subse-
quent homeostasis mechanisms. Thus, it
has been suggested that diphenylhydan-
toin (phenytoin) owes its antiepileptic ef-
fect to either a reduction of ion movements
during excitation (303) or a stimulation of
the subsequent active transport of potas-
sium and sodium (75, 200, 355, 356), and a
multitude of drugs counteract the potas-
sium-induced stimulation of energy me-
tabolism, which has been observed in vitro
(section III B 1). The purpose of this paper
is, after a brief outline of the functional
and histological heterogeneity of nervous
tissue, to review current information and
concepts related to ion distribution and
transport at the cellular level of the cen-
tral nervous system and to discuss effects
of certain selected drugs on this distribu-
tion in vivo and in vitro. The drugs have
been selected either because of their estab-
lished therapeutic action on the central
nervous system, combined with indica-
tions that they affect ion distribution (e.g.,
phenytoin) or because of their known ac-
tion on transport phenomena (e.g., oua-
bain, tetrodotoxin). The latter drugs may
serve as tools for understanding ion home-
ostasis in the nervous system during phys-
iological and pathological conditions. No
attempt will be made to review the vast
amount of information about drugs inter-
acting with the production, release, enzy-
matic degradation or reaccumulation of
classical or putative transmitters. Several
of these do appear as ions at pH 7.3 but,
with the exception of glutamate, in con-
centrations so low that their quantitative
importance as charged particles at the cel-
lular (but maybe not at the subcellular)
level probably can be neglected. Also,
transport processes across the brain bar-
riers (61, 160) will be regarded as beyond
the scope of this review.

I1I. Complexity of Nervous Tissue
A. Neurons and Glial Cells

Tissue from the central nervous system
contains an interstitial space and two
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widely different types of cells, i.e., neurons
and glial cells, which on morphological
grounds have been subdivided into differ-
ent types. The rapidly increasing amount
of information about function at the cellu-
lar level may, however, lead to a much
more refined classification based upon
neurochemical, neurophysiological and
neuropharmacological characteristics. The
neurons are [with few exceptions (296)]
excitable cells, i.e., they react to a certain
depolarization of their membranes with an
“all-or-none” action potential, whereas no
such response is given by glial cells (64,
134, 135, 176-178, 340). Potential changes
may, however, spread between individual,
electrically coupled glial cells over a dis-
tance of more than 1 mm (176-178, 336).
An excellent review of glial electrophysiol-
ogy has recently appeared (296) and should
be consulted for further, up-to-date infor-
mation, including functional criteria for
the distinction of glial cells from neurons;
the pioneer work by the Kuffler group and
others, which was initiated only about 10-
15 years ago, has been reviewed by Kuffler
and Nicholls (176).

No unequivocal answers are found to the
fundamental questions of what fraction of
the total volume of different regions is oc-
cupied by, respectively, neurons and glial
cells, or to what extent each of the differ-
ent cell types contributes, e.g., to the total
energy expenditure or the total content of
potassium or other constituents in brain
cortical tissue; it is also not known with
certainty which features of the complex
electrical activity of the central nervous
system reflect phenomena occurring in
each of the two cell types. These topics are
discussed in more detail elsewhere (124,
130, 296). Here it will suffice to recapitu-
late that the cell bodies (perikarya) of the
neurons in the brain cortex of larger mam-
mals only account for about 5% of the total
volume, that the volume occupied by their
processes is a few times larger, that the
nerve endings (synaptosomes) constitute

another 15 to 25% of the brain volume and
that glial cells according to several au-
thors outnumber nerve cells by a factor of
2 to 10 (for references, see 124, 130). Never-
theless, the volume occupied by easily rec-
ognizable glial cell bodies is relatively
small, and a considerable fraction of the
tissue volume remains to be accounted for.
In grey matter, a large part of the volume
is made up by the neuropil, i.e., an intri-
cately interwoven network of minute neu-
ronal and neuroglial processes, tapering
into lamellar sheets of 200 to 1000 A thick-
ness (248, 350). The relative amount of the
neuropil seems to increase as the brain
size increases (for references, see 130), and
the possible importance of neuropil for
higher mental activities has been specu-
lated upon. The ratio between neuronal
and glial components in the neuropil is
uncertain but it seems reasonable to sug-
gest that up to one-half of the total brain
cortical volume may be occupied by glial
cells; evidence has accumulated during the
last decade that these cells are not at all so
functionally inert as they were previously
considered to be. Glial cells may thus ac-
count for at least one-third of the total
oxygen consumption (for references, see
124, 130), about one-half to three-fourths of
the total glutamate content (14, 124, 282)
and the majority of the Nat-K*-ATPase
activity (58, 116, 222-224, 231) in brain
cortex. The brain-specific S-100 protein is
mainly, but maybe not exclusively, local-
ized in glial cells (145) and the primary
lesion in certain pathological conditions
may be glial rather than neuronal (101).
Glial cells and certain neurons (interneu-
rons) are formed at a late ontogenetic
stage, i.e. (in rats and humans), to a large
extent after birth (3-6, 72, 76, 253, 259) and
glial cell formation can be modified by
learning (69). Maturation of neurons and
glial cells seems to occur hand-in-hand as
indicated by the identical developmental
pattern of the neuronal-specific protein 14-
3-2 and the glia-specific protein S-100 (45).!

! In spite of the small amount of S-100 which may be localized in neurons this protein is generally

regarded as a glial marker.
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Further information about glial and
neuronal cell biology can be found in pre-
viously published reviews by Windle (348),
Nakai (232), De Robertis and Carrea (67),
Kuffler et al. (177), Hydén (143, 144), Las-
ansky (182), Johnston and Roots (156),
Watson (341), Hertz and Schousboe (130)
and Somjen (296).

B. Extracellular and Intracellular
Spaces

Another fundamental question that has
yet to be unanimously agreed upon is the
magnitudes of the extra- and intracellular
fluid spaces in the brain. These magni-
tudes are of crucial importance for exact
estimates of intracellular concentrations
or of fluxes across cell membranes. Certain
drugs affect the magnitude of the fluid
spaces (section III B 2), and unless these
effects are taken into account, gross errors
may be introduced in deduction of any ef-
fects on intracellular concentrations or
transcellular fluxes.

One estimate (e.g., 139, 178) has been
that the extracellular space in the brain
cortex in vivo accounts for only about 5% of
the total volume and is restricted to inter-
stitial clefts of about 150 A (15 nm) width.
Van Harreveld (321, 322) has, on the other
hand, reported that the extracellular space
is considerably larger in vivo, but shrinks
during the period between the arrest of the
circulation and conventional fixation, and
recent determinations of diffusion profiles
for “extracellular markers” support the
concept of an extracellular space of about
15 to 20% (79, 160, 263). This space is
mainly found between nonmyelinated ax-
ons, whereas other cellular elements (and
thus also neurons and glial cells) are sepa-
rated by the narrow slits described above
(328). Accordingly, compounds (e.g., po-
tassium ions, glutamate) which are re-
leased from cells may in any case become
confined to such a small volume that their
concentrations become high enough to ex-
ert biochemical effects on adjacent cells.
The demonstration of an increase in the
extracellular potassium concentration

during excitation of the brain or the spinal
cord proves the correctness of this concept.

During incubation of brain slices irn vi-
tro, the extracellular space increases dur-
ing the first 2 hr (228, 252, 311). This
increase may constitute a considerable
source of inaccuracy if transport studies
are initiated within this period. Once the
extracellular space has approached a
steady magnitude, it should theoretically
be accessible for determination by aid of
extracellular markers. As discussed below
(section III B 2), such determinations are,
however, encumbered with difficulties and
shortcomings.

Also the intracellular space in brain
slices increases during incubation, ac-
counting for most of the “swelling” (fluid
uptake) of incubated brain cortex tissue.
Electron micrographic studies have shown
that the intracellular swelling during in-
cubation in an oxygenated, physiological
medium mainly occurs in glial cells (46,
93, 146, 228, 311). The glial swelling is
even more pronounced after exposure to
potassium-rich, sodium-deficient (146) or
ouabain-containing media (section III B 2),
whereas exposure to a low temperature
(incubation at 0°C) causes a pronounced
neuronal swelling (228) and anoxia or ex-
posure to glutamate affects both cell types
(228, 325). The differences in cellular local-
ization of the swelling evoked by different
agents should be emphasized since they
probably reflect fundamental differences
in the mechanisms of action for these
agents.

II1. Ion Contents
A.In Vivo

1. Intracellular and extracellular ion
concentrations: Effects of barbiturates,
metrazol, ouabain, tetrodotoxin and ami-
nopyridines. The potassium concentration
in grey matter from adult mammals is
about 100 wumol/g fresh weight and the
sodium concentration is about half of this
value; in white matter the potassium con-
centration may be slightly lower, and the
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sodium concentration slightly higher, but
the differences between grey and white
matter are relatively small (for references,
see 130, 160, 322). The concentration of
chloride may increase with an increasing
brain volume (25).2 In the rat cerebral cor-
tex the chloride concentration is thus
about 30 and in the rabbit about 40 umol/g
fresh weight (25, 160). It may be slightly
lower in white matter (314). The deficit
between the sum of the concentrations of
the two major cations (Na* + K*) and the
chloride concentration is probably mainly
accounted for by the content of protein, but
glutamate also is found in the adult brain
in such a high (10 mM) concentration
(e.g., 205, 312, 318) that it may be of impor-
tance (as an anion) in the ion balance.

In the cerebrospinal fluid, most ionic
concentrations are relatively close to those
in plasma but the potassium concentration
is significantly lower, i.e., approximately
3.0 mM (27, 31, 53, 160, 226, 270) and the
chloride concentration is higher, i.e.,
about 130 mM (25, 27, 61, 222). The concen-
tration of glutamate is low, i.e., at most
0.1 mM (20) and probably even lower (for
references, see 131). The maintenance of
constant ionic concentrations in the brain
and the cerebrospinal fluid is based upon a
restriction to free movements between
blood on one hand, and cerebrospinal fluid
and brain tissue on the other, known as
the blood-liquor and the blood-brain bar-
riers. These barriers are so effective that
e.g., intraperitoneally or intravenously in-
jected 2K has scarcely reached equilib-
rium with the potassium in cerebrospinal
fluid and in brain after 18 to 24 hr (31, 61,
237). The ionic movements between the
cerebrospinal fluid and the brain tissue
seem, in contrast, to be relatively unlim-
ited (31), although there is a slight hin-
drance to diffusion of potassium ions into
the brain at the cortical pial surface (246,
254). It is in keeping with a relatively free

exchange between cerebrospinal fluid and
brain extracellular fluid that the “resting”
level of extracellular potassium in cat or
rat brain cortex and in spinal cord grey
substance of the cat consistently has been
found to be between 2.5 and 4.1 mM? by
several groups of investigators in the ab-
sence of anesthesia as well as in animals
anesthetized by ether or several different
barbiturates (159).

Based upon Na*, K* and Cl- equilib-
rium potentials in spinal motoneurons of
the cat, and on the assumption that the
extracellular fluid of the central nervous
system has the same ionic composition as
an ultrafiltrate of cat blood, Eccles (73)
calculated intracellular concentrations of
potassium, sodium and chloride in cat mo-
toneurons to be, respectively, 150, 15 and 9
mM. The more recent finding that the po-
tassium concentration in the extracellular
fluid corresponds to that of the cerebrospi-
nal fluid (3.0 instead of 5.5 mM) will re-
duce the calculated potassium concentra-
tion to about 80 mM. Kuffler and Nicholls
(176) have, in a similar manner, estimated
the intracellular potassium concentration
in leech glial cells to about 110 mM. This
result as well as the high membrane po-
tentials (up to —95 mV) generally ob-
served also in other types of glial cells (for
references, see 130, 296) is in contrast to
the previously widespread concept that
glial cells from the central nervous system
should have a high sodium content and a
low potassium content (68, 93, 112, 158,
166). Measurements of ion contents in
preparations of one cell type have demon-
strated a high content of potassium in mi-
crodissected (107) but not in bulk-prepared
glial cells (105), and high potassium con-
tents as well as low sodium contents have
been found in cultured astrocytes originat-
ing from neonatal animals (97, 183, 186) or
from the C-6 glioma cell line (164, 180, see
also 124). A high content of sodium has,

2 Such a species variation, which has been challenged by Katzman and Pappius (160), might indicate a
relatively high chloride content in glial cells and/or terminal parts of neuronal processes since it roughly
corresponds to the species variation with respect to the relative amount of neuropil (cf. section IT A).

3 The values seem to center around 3.0 mM, e.g., 3.24 + 0.21 mM as an average of 1260 determinations

(254).
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however, been reported in the Schwann
cells of the squid nerve (332, 333).
Electrical or chemical excitation in in-
tact animals has long been known to lead
to a release of potassium and an uptake of
sodium in the brain (43, 44, 51, 207) and
circumstantial evidence was obtained in
the middle 1960’s by Kuffler et al. (176,
244) that stimulation leads to an increase
of the extracellular potassium concentra-
tion in leech ganglia and in Necturus optic
nerve. It is, however, only since 1972 that
reports have appeared from all over the
world stating that repetitive electrical
stimulation of the mammalian cortical
surface or of afferent pathways, or even
physiological stimulation of the optic path-
way (293), leads to a slow (i.e., within 0.1-
0.3 sec) rise of the potassium concentration
in the extracellular fluid of the brain or
the spinal cord (140, 154, 159, 171, 172, 193,
194, 200-202, 229, 297). This rise has gener-
ally been measured to 1 mM* or a few mM,
i.e., from 3 to, at the very most, 10 to 12
mM.3 The upper level of about 12 mM po-
tassium can be exceeded only by massive
electrical, mechanical or chemical excita-
tion leading to spreading depression (cf.
below), and spreading depression in inevit-
ably evoked whenever the extracellular
potassium concentration exceeds 12 mM
(193, 201).% The facts that spreading de-
pression is evoked when the extracellular
potassium concentration rises above 12
mM and that the lowest potassium concen-
tration observed under spreading depres-
sion is 25 to 30 mM (cf. below) indicate that
potassium levels between 12 and 25 to 30
mM are nonexistent, i.e., not stable (193).

Also, during seizures the extracellular
potassium concentration reaches a maxi-
mum of about 12 mM (e.g., 193). A direct
correlation between the level of the extra-
cellular K* concentration and seizure ac-
tivity is unlikely (265), but some connec-
tion (70, 306) may nevertheless be sug-
gested by the well established fact that
exposure of the brain (or certain parts of
the brain) to excess potassium may pro-
voke seizure activity (e.g., 78, 98, 148, 155,
238, 365).

Studies of drug effects on ion distribu-
tion in vivo are hampered by the presence
of the barrier systems. Certain drugs, e.g.,
metrazol, do, however, penetrate the bar-
riers fast and efficiently, and a very dra-
matic swelling of astrocytic processes has
been observed within 5 min after intraper-
itoneal injection of a large dose of metrazol
(150 mg/kg) into rats (see fig. 2 in ref. 66);
for osmotic reasons this accumulation of
fluid must have been accompanied by an
uptake of ions and it is an indication of ion
redistribution at the cellular level that no
changes in total H,O, Na* or K+ were
found in the cerebral cortices (66). Other
drugs have been studied after direct appli-
cation into the central nervous system. In-
tracranial application of ouabain thus
leads to motor hyperactivity and convul-
sions followed by more or less complete
recovery or by death (6, 12, 17, 188, 189,
255). The application of ouabain leads to a
decreased potassium content and an in-
creased sodium content in the brain (189,
331) as well as to a concomitant increase in
the potassium concentration of the perfu-
sion fluid or the cerebrospinal fluid (12,

¢ After physiological stimulation of the optic pathway the increase is thus from 3 to 4 mM (293).

5 Although the diameter of the tip of the potassium-sensitive electrode is small (1-3 pm), it is still
considerably larger than the width of the interstitial clefts (150 A or 0.015 xm). The recorded changes in
interstitial potassium concentrations after activity of adjacent neurons may therefore reflect alterations in a
somewhat expanded extracellular “pocket” and thus represent minimum values (cf. also 306). In opposition
to this view it has been stated (115) that measurements of membrane potentials in the inexcitable (“idle,”
“gilent,” “unresponsive”) glial cells, which have been used to deduce changes in extracellular potassium
concentrations on the assumption that the intracellular potassium concentration remains unaltered (176,
244, 265, 267), have confirmed the upper level of 12 mM. This argument is, however, weakened by the fact
that the membrane potential of a glial cell is determined by the ratio between the intracellular potassium
concentration and the extracellular potassium concentration surrounding the entire cell.

¢ The level of 12 mM can not be exceeded in the spinal cord, where no spreading depression can be evoked
(G. Somjen, personal communication).



DRUG EFFECTS ON ION DISTRIBUTION IN THE CNS 41

255). Morphological investigations have
demonstrated that primarily glial cells are
affected by ouabain and show a very pro-
nounced vacuolization and swelling,
whereas neurons remain largely intact
(17, 56, 184). It is in agreement with a
primarily glial localization of the morpho-
logical effects that the potassium content
in cultured glial cells is decreased more
rapidly than that in neurons after expo-
sure to ouabain, and that a lower concen-
tration (10~% M) of this drug is required to
obtain a maximum effect in glial cells
(184). In the presence of a high concentra-
tion of ouabain (0.5-1 mM) both C-6
glioma cells and C1300 neuroblastoma
cells do, however, show a pronounced loss
of potassium (largest in the glial cells) and
the neuroblastoma cells gain a correspond-
ing amount of sodium (164, 179).
Application of a concentrated solution of
KCl or of ouabain, depolarizing amino
acids, metabolic inhibitors or “labilizing”
(289, 290) drugs, e.g., veratrine, to a local-
ized point of the exposed cortex as well as
massive electrical stimulation lead to the
so-called spreading depression originally
described by Leao (185) and recently re-
viewed by Bures and co-workers (38). This
is a peculiar neurophysiological phenome-
non, during which a wave of suppression of
the normal electrical activity spreads from
an intensely stimulated point of the ex-
posed brain over almost its entire surface
at a rate of 2 to 6 mm/min. The propaga-
tion of the depression is accompanied by a
release of radioactive potassium ions from
brain tissue which has been preloaded
with 2K (34, 36, 170, 335), but no concomi-
tant decline occurs in the total content of
potassium in the brain after a prolonged
period of spreading depression (38). A key
role in the process has been attributed to
the potassium ion (103) and to glutamate
(322, 324, 326). Spreading depression has
been observed in the cerebral cortex, cere-
bellar cortex, basal ganglia and retina
(38), whereas the spinal cord seems to be
immune (296). An essential role of glial
cells (Miiller cells) has been suggested
for propagation of spreading depression in
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the retina (109), and it is in keeping with
the concept of a major role for glial cells in
spreading depression that neurophysiolog-
ical characteristics of spreading depression
have been observed in glial cell cultures
devoid of neurons (337).

During spreading depression, the extra-
cellular concentration of chloride is drasti-
cally reduced (235), whereas the extracel-
lular potassium concentration rises to at
least 30 mM and often to the high level of
60 to 80 mM (88, 159, 193, 208, 258, 335).In
order to maintain electroneutrality, the
extracellular sodium concentration must
be greatly decreased [as has recently been
demonstrated (168)] and if the extracellu-
lar fluid remains isotonic, the concentra-
tion of an anion is probably increased. The
latter could conceivably be glutamate
which is released from retina during
spreading depression (323) and from brain
cortex slices by exposure to electrical
pulses or high concentrations of potassium
(section IV C 2). By aid of histochemical
techniques it has been shown that chloride
ions enter the apical dendrites together
with water (leading to a swelling) and so-
dium ions (320, 322, 327, 329). The cell
bodies of the astrocytes have been ob-
served to shrink, but the volumes occupied
by the astrocytic processes could report-
edly not be measured (52), and it is thus
not known whether chloride enters both
neurons and glial cells or only the former
cell type. In this context it should be re-
membered that after exposure to potas-
sium-rich media, in which the increase in
potassium concentration is compensated
for by a reduction in sodium concentration
(i.e., the situation in brain during spread-
ing depression), swelling and ion uptake
can both qualitatively and quantitatively
be explained as a result of osmotic, electri-
cal and Donnan equilibria (30, 271, 288).

Typical spreading depression is obtained
under moderate barbiturate anaesthesia,
whereas the electroencephalogram ampli-
tude is so low under very deep anaesthesia
that it shows little further alteration; local
treatment with cocaine or procaine or with
high concentrations of CaCl, or MgCl,
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counteracts spreading depression (38).
Treatment of the cortex with tetrodotoxin,
which inhibits the sodium flux of the neu-
ronal action potential, prevents the initia-
tion of spreading depression by electrical
stimulation but not that by application of
concentrated solutions of KCl, indicating
that the stimulus is an increased extracel-
lular potassium concentration rather than
neuronal excitation per se (133, 300-302).
It seems most noteworthy that the propa-
gation of spreading depression can occur
through an area treated with tetrodotoxin
(167, 300-302) because this supports the
concept that neuronal excitation may not
be indispensable for the propagation. In
the presence of drugs inhibiting the potas-
sium flux of the action potential (amino-
pyridines, Ba?*), a large extracellular po-
tassium concentration (about 25 mM) as
well as certain neurophysiological charac-
teristics of spreading depression can be
evoked by a single local surface stimulus
(236).

2. Metabolic manifestations of altera-
tions in ion distribution: Effects of oua-
bain and barbiturates. Fluorometric mea-
surements of NAD*/NADH concentra-
tions’ have shown that the increased ex-
tracellular potassium concentration dur-
ing excitation and spreading depression
(181, 208-210, 276) is accompanied by an
increase in metabolism. During “normal”
excitation, there is a very good correlation
between the external potassium concen-
tration and the magnitude of the meta-
bolic increase (191, 193) suggesting that
the increased potassium concentration per
se might trigger a process requiring en-
ergy. The rate at which NADH oxidation

occurs is decreased by ouabain, whereas
that at which the subsequent reduction
takes place is drastically decreased by phe-
nobarbital or amobarbital (54, 181, 210,
275).% The maintained oxidation observed
in the presence of barbiturates is not due
to a blockade of electron transport at a
later stage of the chain of oxidative coen-
zymes since both NADH and cytochrome a
oxidize and re-reduce with approximately
the same time course (54, 298). The good
correlation between extracellular potas-
sium concentration and metabolism
breaks down during spreading depression,
when the metabolic activity becomes
greater than could be deduced from ex-
trapolation of the normal correlation be-
tween metabolic activity and extracellular
potassium concentration (154, 193). For
this reason, Somjen and co-workers (193)
suggested the existence of a secondary

'source of ADP, i.e., another energy-requir-

ing process leadmg to hydrolysis of ATP,
which becomes evident under pathological
stress when the extracellular potassium
concentration rises above 12 mM. Also
during seizures (provoked, e.g., by intense
electrical stimulation or by metrazol), the
increase in metabolic activity (190, 193) is
larger than that corresponding to the ele-
vation of the potassium concentration al-
though the latter remains below 12 mM, at
least in the extracellular pocket where it is
measured. There is an increase in oxygen
uptake (e.g., 225) and in CO, production
(256) during the seizures, and in spite of a
sufficient oxygen supply to the brain cor-
tex (at least as long as the respiration is
maintained), the lactate production is also
raised (21, 256). In the case of metrazol-

7 Oxidative metabolism in vivo has been estimated by fluorometric monitoring of the concentration of
NADH and other coenzymes of the respiratory chain (41, 42, 154). An increased metabolic demand (e.g.,
during seizures) is in general accompanied by a shift toward a more oxidized state. The fascinating
advantage of this method is that it allows determinations in vivo. It does not distinguish between events
occurring in neurons and in glial cells, and quantitative estimates are uncertain, since alterations in
mitochondrial coenzymes affect the measurements much more than alterations in extramitochondrial

coenzymes (193).

8 Since many data about ion distribution and energy metabolism in vivo originate from experiments on
anaesthetized animals, it seems of major importance from a pharmacological point of view that some
authors have remarked that different results were obtained in awake and in anaesthetized animals (200,

201, 209, 210).
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induced seizures, an increase (up to 20%)
of Na*-K*-ATPase activity has been ob-
served (18).

It is an obvious possibility that the in-
creased metabolism during excitation, sei-
zures and spreading depression may serve
the purpose of redistributing potassium
ions lost from neurons and/or sodium ions
taken up. Evidence to be discussed later
(e.g., a potassium-induced stimulation of
energy metabolism in glial cells) suggests
that the immediate uptake may occur into
glial cells. This would represent an anal-
ogy to the current-carried redistribution of
potassium ions through glial cells sug-
gested by Kuffler and his co-workers on
the basis of their classical experiments in
leech ganglia and Necturus optic nerve, in
which the contained glial cells behave as
perfect K* electrodes® and are electrically
coupled over long distances (>1 mm) (176-
178, 244, 337). Subsequently, the potas-
sium ions must of necessity be reaccu-
mulated into neurons, and there is at pres-
ent no method to estimate whether the
increase of oxidative metabolism observed
in vivo reflects neuronal or glial uptake of
potassium.

B. In Vitro

1. Stimulation of metabolism: Effects of
“labilizers,” ouabain, local anaesthetics,
tetrodotoxin, chlorpromazine, phenytoin,

magnesium, ethanol and barbiturates.
Much of the currently available informa-
tion about energy metabolism and ion con-
tents in the central nervous system in the
presence or absence of drugs originates
from in vitro studies of brain tissue.!° Such
data supplement those obtained in vivo,
since quantitative determinations are eas-
ily obtained and since different cell types
can be studied separately under more or
less physiological conditions. In view of
the increased extracellular potassium con-
centration during excitation, seizures and
spreading depression, the fact is important
that exposure of brain slices to high con-
centrations of potassium, depolarizing
electrical pulses or labilizing drugs (289,
290), e.g., protoveratrine (261, 353, 362)
leads to pronounced increases in the rates
of oxygen uptake, aerobic glycolysis and
CO, production (9, 65, 71, 102, 121, 129,
211, 214, 217, 220, 221, 242, 307, 308).
Simultaneously, there is an accelerated
turnover of the terminal phosphate in ATP
(37, 338) and the concentration of energy-
rich posphates is decreased (352-354, 362).
The substrate requirement for the drug-in-
duced and the electrical stimulation is the
same as that for the potassium-induced
increase of oxygen uptake (130, 352) and
the stimulation is in both cases dependent
upon the presence of a certain concentra-
tion of potassium in the medium (19, 59,

® Glial cells in the mammalian cerebral cortex, in contrast to those in leech ganglia and Necturus optic
nerve, may not behave as perfect potassium electrodes (180, 205, 247, 266, cf., 89), whereas those in spinal

grey matter do (194, 296).

19 The “in vitro” term is used here to comprise both studies using surviving brain tissue prepared directly

from the animal (e.g., brain slices) and those using cultures, i.e., neural tissue grown and maintained in
vitro for at least 24 hr. The latter may be either primary cultures (i.e., cultures started from tissue taken
directly from the living organism) or established cell lines (i.e., cultures obtained from parent cultures by
subculturing, and demonstrating the ability to be subcultured and maintained indefinitely in culture). The
use of cultures in neurobiological work is rapidly increasing (e.g., 77, 279), and cultured tissues and cells
may become of great value in pharmacological and toxicological research, since the preparations, which
functionally are remarkably intact (e.g., 77), can be exposed to an accurately known concentration of a drug
or toxin for a prolonged period (weeks to months) without interference from other tissues or organs. The
development of cultures consisting predominantly or exclusively of one cell type, e.g., either glial cells (22,
76, 292) or neurons (100, 149, 287) is becoming of major importance for studies of the characteristics of the
different cell types in the nervous system, although attempts to grow pure populations of neurons in primary
cultures has until now not been too successful (e.g., 287). Also brain slices are in several respects
metabolically and morphologically well maintained. Their rate of oxygen uptake and content of ATP
compare reasonably well with the corresponding in vivo values (130, 262), and the content of potassium may
under suitable conditions correspond to more than two-thirds of the in vivo value (87, 130, 197).
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352). However, the potassium-induced
stimulation of oxygen consumption is ac-
companied by an increased oxidation of
NAD(P)H, whereas the electrically in-
duced increase in metabolic rate is accom-
panied by an increase in the reduced com-
ponent (57). The anaerobic glycolysis is
decreased by excess potassium (9, 71); this
potassium-induced decrease may be coun-
teracted by morphine, ethanol or barbitu-
rates (309).

A threshold potassium concentration of
about 20 mM is required to exert the potas-
sium-induced respiratory stimulation
(123, 129, 142) as well as the increase in
aerobic glycolysis (307, 308) and the de-
crease in the level of ATP (142, 308). The
maximum effect on oxygen consumption
(i.e., almost a doubling) occurs at about 50
mM K* (129). Approximately identical po-
tassium concentrations are required to ob-
tain threshold and maximum effects on
swelling (section III B 2) in brain cortex
slices (122, 123, 197), whereas the activity
of the Na*-K*-ATPase reaches its maxi-
mum at a distinctly lower concentration,
i.e., 10 to 20 mM (116, 278), corresponding
to the upper limit for the extracellular
potassium concentration in the absence of
spreading depression (section III A 1) and
to the most distinct potassium accumula-
tion and sodium extrusion in brain slices
(section III B 2).

The potassium-induced stimulation of
oxygen uptake is present in grey matter
from the rostral parts of the central nerv-
ous system but absent in typical white
matter and in grey matter from the spinal
cord (125, 126, 130, 272). An increasing
amount of solid evidence is accumulating
that the potassium-induced stimulation of
Na*-K+-ATPase activity, the decrease in
ATP concentration and the increase in
oxygen consumption are pronounced in
glial cells (for references, see 130)." This
conclusion is corroborated by the distinct

HERTZ

morphological effect of ouabain on glial
morphology in cellularly mixed prepara-
tions (17, 56, 184, 299). The question of
whether a potassium-induced stimulation
of the oxygen uptake also is found in neu-
rons has been more ambiguous. Little or
no stimulation was observed in the experi-
ments by Hertz (118), Aleksidze and Blom-
strand (1), Haljamée and Hamberger (105)
and Hertz et al. (127) using, respectively,
microdissected, bulk-prepared and cul-
tured neurons. Bradford and Rose (33) re-
ported, however, approximately the same
reaction to addition of potassium in their
bulk-prepared neuronal and glial cell frac-
tions and, using a microspectrophotomet-
ric technique, Hultborn and Hydén (141)
observed a potassium-induced stimulation
of oxygen uptake in microdissected neu-
rons. The rate of oxygen uptake by synap-
tosomal preparations!> is increased by
electrical stimulation (63) or excess potas-
sium (345) and nerve fibers have been
shown histochemically to be enriched in
Nat+-K*-ATPase activity (298a).

Drugs which affect the distribution of
cations in nervous tissue exert pronounced
effects on the metabolism of brain slices. A
similarity between the effects of excess po-
tassium, electrical stimulation and the la-
bilizing drugs has already been men-
tioned; application of ouabain, which af-
fects the active transport of potassium and
sodium by an inhibition of the Na*-K*-
ATPase (257, 286, 293, 294, 304), may, in
concentrations above 10~¢ M, lead to a
transient increase in the rate of oxygen
uptake (151, 304, 351). The presence of cal-
cium seems to be essential for this stimu-
lation (285, 305, 313) and in the absence of
this ion, a decreased oxygen consumption
is evoked (346). The aerobic glycolysis is
increased during incubation in media
holding 10~* M ouabain (274) and, in con-
trast to the effects exerted by high concen-
trations of potassium, 10~* to 10> M oua-

" The initial stimulation of oxygen uptake in glial cells (and in brain slices (126, 129)) is followed by an
increased rate of respiratory decline (1, 118, 127), which can be counteracted by phenobarbital (125).
'2 It has recently been demonstrated that such preparations may be heavily contaminated (up to 40%) by

glial cells (for references, see 131).
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bain leads also to an increase in the rate of
anaerobic glycolysis (L. Hertz and T.
Arnfred, unpublished experiments). Some
“stabilizing” (289, 290) drugs (e.g., the
local anaesthetics procaine and cocaine)
counteract the increase in membrane
permeability resulting from excitation.
Related to these is tetrodotoxin which in
peripheral nerve (234) and in brain slices
(39, 241) has been found specifically to in-
hibit the sodium conductance mechanism.
Tetrodotoxin (39, 216, 233, 241, 291) and to
some extent 0.1 mM chlorpromazine (215,
261), 1.0 mM procaine or 0.2 mM cocaine
(40, 92, 212, 291) inhibit the electrical stim-
ulation of oxygen uptake with little or no
effect on that exerted by high concentra-
tions of potassium or by dinitrophenol
(104, 212, 218, 241),' and certain anticon-
vulsant hydantoin derivatives, including
phenytoin (0.1 mM), inhibit the oxidative
response evoked by electrical stimulation
in a frequency-dependent manner (82,
104). Other drugs, e.g., magnesium in
high concentrations (10 mM) (129), 0.4%
ethanol (94, 339) or barbiturates (e.g., 0.1
mM pentothal) (94, 213) seem to exert an
almost instantaneous (213, 344) inhibition
of the stimulation regardless of whether it
is evoked by application of electrical pulses
(e.g., 213), high concentrations of potas-
sium (e.g., 94, 213), dinitrophenol (94, 213)
or labilizers (260). At least some of these
drugs do, however, also have some inhibi-
tory effect on the “nonstimulated” oxygen
consumption (94, 213, 342, 344). Ouabain
has both been reported to inhibit (65, 227)
and to enhance (29) the respiratory stimu-
lation, and Gonda and Quastel (102) found
the same percent inhibition of the resting
and the stimulated oxygen uptake after ad-
dition of 1 x 10~* M ouabain.

Some of the drugs which counteract the
stimulation of oxygen uptake by electrical
pulses or excess potassium also prevent
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the concomitant fall of energy-rich phos-
phates. This has been demonstrated with
e.g., 0.4% ethanol (338), 5 x 10~* M oua-
bain (227) or 0.3 mM phenytoin (303). The
latter drug has in accordance with this
been found to inhibit the brain Na*-K*-
ATPase (96, 269); the absence of any effect
has, however, also been reported (83), and
with a certain K*/Na* ratio in the medium
a stimulation has been observed (81).

2. Contents of ions and water: Effects of
ouabain, cocaine, procaine, phenytoin,
acetazolamide, barbiturates, lithium, etha-
nol, tetrodotoxin, protoveratrine and
chlorpromazine. Studies on brain slices to
elucidate drug effects on ion contents are
faster and technically less demanding
than measurements of extracellular ion
concentrations in the central nervous sys-
tem in vivo and may thus be well suited for
a screening of drug effects. As in the intact
brain, reciprocal alterations in different
cell types or between cells and the intersti-
tial space may, however, be obscured
when ion contents are measured in this
composite structure. A deeper insight into
the mechanisms of action for a drug may
therefore either require an attempt to
identify the cellular localization of the al-
terations induced [e.g., by electron micro-
graphic determination of swelling (section
II B); kinetic analysis of different ion com-
partments (section IV C 1 and 2); simulta-
neous use of other drugs specifically affect-
ing certain cell types (15); or work on iso-
lated cells]. Such investigations are in
their beginnings.

Brain slices generally take up fluid
(“swell”) even during incubation in a phys-
iological medium. High concentrations
(>20 mM) of potassium (24, 26-28, 74, 138,
192, 197, 250, 283), electrical stimulation
(10, 240, 310) and ouabain in a concentra-
tion of at least 10> M (29) lead to an
increase in swelling,'* which in the case of

3 High concentrations of at least some of these drugs do, however, also affect the potassium-induced

stimulation (215, 344).

" The swelling is generally expressed as the percent increase of the fresh wet weight resulting from
exposure to the medium and incubation and amounts to at least 10 to 15% (84, 87, 197). A correction has often
been made for the swelling when the contents of potassium, sodium or chloride have been expressed. To this
end, the tissue was considered as consisting of two compartments, i.e., one corresponding to the increase in
weight during the incubation (swelling) and the other to the fresh wet weight; the concentrations of
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potassium and ouabain has been shown to
occur in glial cells (17, 26, 46, 56, 184, 228,
299, 364; cf. section II B). The potassium-
induced swelling is prevented by replace-
ment of all chloride with the indiffusible
isethionate ion (24, 27, 28, 192, 197). This
reflects the fact that the swelling fluid ap-
pears to be a rapidly exchanging, isotonic
fluid expansion composed predominantly
of potassium and chloride ions (24, 283).
The observations that the potassium-in-
duced swelling is diminished by a lowering
of the temperature (24) and that the con-
comitant uptake of ¢Cl follows Michaelis-
Menten kinetics [with respect to both chlo-
ride and potassium (section IV C 2)] seem
to indicate participation of an active trans-
port mechanism. The presence of the po-
tassium-induced swelling in media with
unaltered sodium concentration (197) dem-
onstrates also that it is not a simple, pas-
sive consequence of replacing sodium in
the medium with potassium (30, 271, 288).
Therefore, it has been suggested that the
water uptake during the potassium-in-
duced swelling is secondary to an accumu-
lation of potassium and chloride (possibly
with chloride as the ionic species actively
transported) which probably occurs into
glial cells (24, 27, 28, 121, 130, 197, 241,
249). Such an uptake of potassium without
a concomitant extrusion of sodium would
provide an explanation for the view that

brain tissue is capable of concentrating
potassium to a larger extent than of ex-
cluding sodium (121, 138). The potassium-
induced swelling is efficiently counter-
acted by such drugs as cocaine (291) and
procaine but to a much smaller extent by
phenytoin (C. S. Kjeldsen and L. Hertz,
unpublished experiments).!* It is also
counteracted by acetylcholine (15) and in-
hibited by acetazolamide, an inhibitor of
the enzyme carbonic anhydrase (26). This
enzyme has much higher activity in glial
cells than in neurons (95) and its possible
importance for ion transport in the brain
has been discussed by Bourke and Nelson
(26). Barbiturates (e.g., 0.25 mM pentymal
or pentobarbital) lead to a, probably intra-
cellular, swelling (C. S. Kjeldsen and L.
Hertz, unpublished experiments), the cel-
lular localization and mechanism of which
are unknown.

The content of potassium in brain slices
is lower than that in the brain in vivo,
whereas the sodium content is higher. One
reason for the lower content of potassium
during incubation in vitro is a pronounced
loss of this ion during and immediately
after the preparation of the tissue, which
is followed by a more or less complete reac-
cumulation (10, 29, 84, 147, 169, 197, 251,
cf. 138); it should, however, also be re-
called that the extracellular space!® is in-
creased in brain slices (section II B). A

potassium, sodium and chloride in the compartment formed during the incubation were regarded as
identical to those in the medium (i.e., about 5 mM K* and 120-135 mM Na* and Cl-) and subtracted from the
total amounts of these ions. The remaining amounts (i.e., virtually all the potassium content but only a
fraction of the sodium content) were subsequently calculated as contents per gram remaining (after
subtraction of the swelling) weight. The more recent demonstrations that the swelling is not exclusively,
and not even predominantly, an extracellular phenomenon and that the swelling fluid does not have the
same composition as the medium imply that this correction can no longer be regarded as permissible.

13 The effect of procaine and cocaine on a phenomenon localized in glial cells may either suggest that
these two local anaesthetics exert other effects on the central nervous system than those related to a
“stabilizing” of the membranes of excitable cells or that the potassium-induced swelling of glial cells is
secondary to a potassium effect on neurons.

!¢ Reliable calculation of intracellular ion concentrations in brain slices would be the most meaningful
way of expressing ion contents. Several substances, including sucrose (62), inulin (113) and chloride (317)
have functioned as indicator substances to measure the size of the presumably extracellular and thus, by
subtraction from the total, the intracellular fluid space in brain tissue incubated in vitro. The spaces
accessible to inulin, sucrose and chloride are, however, of unequal magnitude, the “inulin space” being the
smallest and the “chloride space” the largest (28, 132, 249, 250, 283, 330). All of these spaces can accordingly
not delineate the true extracellular space, and studies of temperature effects on the marker spaces and of the
washout of radioactively labelled markers have shown that all extracellular markers, including inulin,
have access to one or more intracellular compartments (2, 47-50, 283). However, kinetic analysis of the
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concomitant initial gain in sodium content
seems more difficult to revert (cf. above),
but a sodium extrusion has been observed
when the tissue is prepared with special
care (10, 87). Massive oxygenation seems
of major importance to obtain as “physio-
logical” contents of both potassium and
sodium as possible (8, 84, 87).

Electrical “stimulation” of neocortical
brain slices'” as developed by Mcllwain
(211, 220) leads to a depolarization and is
accompanied by a considerable sodium
gain and potassium loss (10, 59, 152, 153,
330). The decline in the potassium content
begins immediately, is independent of the
substrate used and reaches a maximum of
about 20 umol/g wet weight after 5 to 10
min (59, 153). Subsequently, the potas-
sium content remains stable at a level
which depends upon the sodium concentra-
tion of the medium (10), and 15 years ago it
was calculated that the potassium concen-
tration in the extracellular clefts may in-
crease as much as 20 to 30 mM (137). Dur-
ing the first 2 to 3 min after the termina-
tion of the stimulation an almost quantita-
tive, substrate-dependent, reaccumulation
of potassium occurs and also the previous
content of sodium is more or less com-
pletely regained (136, 163).

Also the presence of increased potas-
sium concentrations in the incubation me-
dium affects the content of sodium and
potassium in brain slices. An increase of
the external potassium concentration to 15
to 20 mM leads to an enhanced accumula-
tion of potassium and extrusion of sodium
(29, 122, 197), probably reflecting a stimu-
lation of the Na*-K*-ATPase which has its
maximum activity at that potassium con-

centration (section III B1). It is in keeping
with the concept of a 1:1 ion exchange that
the swelling is unaffected below 20 mM
potassium (cf. above). A further increase
of the external potassium concentration
causes a pronounced rise in the sodium
content. This rise is attenuated, but not
abolished, in chloride-free media (where
no increased swelling occurs) and is ac-
cordingly not a simple consequence of the
potassium-induced swelling (197). It may
be comparable to the sodium gain during
electrical stimulation but is more difficult
to explain since the increased sodium con-
ductance resulting from the potassium-in-
duced depolarization of excitable tissue in
general is a transient phenomenon. At the
same time the potassium content in the
tissue, expressed per gram wet weight, is
less increased than could be expected from
the increase in the medium concentration.
The potassium content is affected in ex-
actly the same manner by the external
potassium concentration after incubation
in chloride-free (or glutamate-containing)
media, in which the swelling is not influ-
enced by the external potassium concen-
tration (197). Accordingly, the content of
potassium per gram dry weight is rela-
tively constant between 20 and 50 mM ex-
ternal potassium in the chloride-free and
the glutamate-containing media, whereas
it shows a continuous rise in the potas-
sium-rich, otherwise “normal” medium
(197, cf. 251). These findings led Lund-
Andersen and Hertz (197) to suggest the
hypothesis that the depolarization evoked
by the increase of the external potassium
concentration in any case leads to a potas-
sium loss and a sodium gain, and that the

washout of labelled inulin has indicated the presence of one rapidly exchanging compartment, which does
follow diffusion kinetics and is washed out from brain slices of 0.5 mm thickness with a half-time of about 5
min (196, 198). This component seems to represent the extracellular compartment and may be used to
determine its magnitude; the practical importance of such a determination is, however, probably small since
the procedure is time-consuming and since several compounds, e.g., glucose analogues, penetrate into a
larger “functional extracellular space” in accordance with diffusion kinetics (199).

17 Most studies of the effect of electrical stimulation on metabolism and ion distribution in brain slices
have been performed using slices from the neocortex, which give little or no electrical response to the
stimulation; during recent years such responses have, however, been obtained in slices prepared from
piriform cortex (361), hippocampus (359) or the superior colliculus (161); conceivably metabolic and ionic
characteristics as well as responses to stimulation and drugs may be different in these preparations.



48 HERTZ

potassium loss in the normal medium may
be balanced by a compensatory accumula-
tion of potassium and chloride (cf. 23, 24)
which for osmotical reasons leads to an
increased swelling (cf. above) and thus be-
comes obscured when the potassium con-
tent is expressed in relation to the wet
weight.

The effects of ouabain on ion contents
have been studied extensively and there is
no doubt that both the potassium accumu-
lation and the extrusion of sodium and
chloride are reduced in brain slices ex-
posed to at least a 1078 to 10> M concentra-
tion of this drug (29, 91, 151, 285, 304, 305,
347). It is in keeping with the concept that
the increased potassium accumulation and
sodium extrusion at about 15 to 20 mM
external potassium are brought about by a
stimulation of the Na*-K*-ATPase that
these phenomena are completely abolished
by 10~¢ M ouabain (C. S. Kjeldsen and L.
Hertz, unpublished experiments). In addi-
tion, 10> M ouabain has been found to
reduce the membrane potential in cul-
tured glioma cells exposed to about 10 mM
potassium in a manner consistent with in-
hibition of an ion pump (205). Barbiturates
(0.25 mM amobarbital or 0.25-1.00 mM
pentobarbital) cause a dose-dependent in-
hibition of both potassium accumulation
and sodium extrusion but have little or no
effect upon the increased potassium con-
tent and decreased sodium content at 20
mM potassium (C. S. Kjeldsen and L.
Hertz, unpublished experiments). At a
concentration of 1 to 2 mM, lithium ion
seems to cause a lowering of both potas-
sium and sodium contents (147, 165, 358)
and, if anything, enhances the increased

potassium accumulation and sodium ex-
trusion at 20 mM potassium (165). Ethanol
has, in pharmocological concentrations, an
inhibitory effect on both the Na*-K+-ATP-
ase and the accumulation of potassium
(147).

Tetrodotoxin (40, 108, 216, 219), 50 uM
chlorpromazine (136) and certain local an-
aesthetics, e.g., procaine (40), almost com-
pletely prevent both the potassium loss
and the sodium gain during electrical
stimulation; tetrodotoxin also inhibits a
sodium uptake evoked by protoveratrine
(15) but has no effect on the sodium uptake
evoked by 100 mM potassium (15, 241).18
However, 5 mM procaine does lead to a
substantial reduction (about 50%) of the
sodium uptake evoked by 40 to 50 mM
potassium (C. S. Kjeldsen and L. Hertz,
unpublished experiments). In addition, a
concentration of chlorpromazine as low as
10 xM may enhance the extrusion of so-
dium from brain slices after pretreat-
ment in the cold (19). In the presence of
phenobarbital (0.3 mM) [or other barbitu-
rates (40)], electrical stimulation causes
the usual release of potassium and gain of
sodium. The reaccumulation of potassium
takes place as in the absence of any drug,
but the cells in the slice show a faster
repolarization after termination of the
stimulation (136).?® Phenytoin (0.3 mM)
seems to inhibit the potassium loss and
sodium gain during electrical stimulation
(303), probably due to a stabilizing action
on the cell membrane and/or increased
rates of the restitution processes. The lat-
ter mechanism of action may be suggested
by the observation that 0.5 mM phenytoin
seems to act somewhat differently from

'8 This uptake of sodium is counteracted by acetylcholine in the presence of eserine (15). Since, on the
other hand, acetylcholine has no effect on the protoveratrine-induced sodium uptake, it has been suggested
that the sodium uptake during exposure to 100 mM potassium occurs via a channel which is different from
the neuronal channel activated by protoveratrine and that it possibly occurs into glial cells (15). This
hypothesis is at some variance with the concept (24, 197) that excess extracellular potassium leads to an
uptake of KCl into glial cells. If the chloride ions are accumulated actively and potassium and/or sodium
ions follow as the counterions, relatively minor alterations in experimental conditions might, however,
affect the accumulation of|, respectively, sodium and potassium by alterations of membrane permeabilities

toward the two ions.

' Originally, the membrane potentials observed in neocortical brain slices were presumed to occur in
neurons (137). The large amount of recent information about glial potential measurements in vivo may

conceivably challenge this concept.
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procaine. At an external K* concentration
of 5 mM phenytoin leads to a slightly
decreased potassium content, but a rise of
the external potassium concentration to 10
to 20 mM leads to a larger increase in
potassium content than that observed in
the absence of any drug or in the presence
of procaine (5 mM). This may support the
hypothesis that phenytoin, in addition to
possibly evoking a reduction of ion move-
ments during excitation, may also act di-
rectly upon potassium accumulation (cf.
section I) and may do so only at certain
external potassium concentrations (sec-
tion IV C 2), e.g., 10 to 20 mM where the
Na*-K*-ATPase has its maximum activity
(section III B 1).

IV. Ion Transport

A. In Vivo: Effects of Ouabain,
Barbiturates and Phenytoin

Both membrane potentials and the un-
equal distribution of sodium and potas-
sium ions across cell membranes depend
upon active transport of one or more ionic
species. In vivo studies of penetration of
radioactive substances from the blood into
the brain often reflect penetration through
the blood-brain barrier and will not be
dealt with here. Very useful information
has, however, been obtained after intra-
cranial application of radioactive potas-
sium (246, 247) or by superfusion of the
cortex after previous loading with a ra-
dioisotope (36, 80, 170).2° Also continuous
monitoring of the extracellular K* concen-
tration after an increase evoked by stimu-
lation or electrophoretic application of po-
tassium to the brain parenchyma (202) has
yielded important information about the
rate at which excess potassium is re-
moved. Some of the findings have recently
been reviewed by Katzman and Grossman
(159), who discussed the relative impor-
tance of diffusion, cellular reuptake and
potassium clearance by brain capillaries.
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The uptake into brain capillaries was cal-
culated to lead to an exchange of the total
extracellular potassium (3.0 mM in an ex-
tracellular space of 15%) about every 10
min. It was concluded that this value is far
too small to account for the clearance of
extracellular K+ after rapid local altera-
tions, and the crucial question seems to be
the relative contribution by active, en-
ergy-requiring processes and by diffusion.
Since diffusion per time unit is related to
the square of the distance, Katzman and
Grossman (159) reached the conclusion
that it is only in the case of a point source
(rather than a distributed source) that dif-
fusion will contribute significantly to the
potassium clearance during the time pe-
riod involved. A redistribution of potas-
sium via the current-carried transport
mechanism (section III A 2) suggested for
the leech brain does not seem to contribute
to the extracellular clearance of potassium
in mammalian brain cortex to any greater
extent (99, 202), which is in agreement
with the failure of the contained glial cells
to behave as perfect potassium electrodes
(180, 247, 266, cf., however, 89).

The rate of clearance of extracellular
potassium, i.e., the kinetics for the reduc-
tion of an increased extracellular potas-
sium concentration, might conceivably
help to distinguish between an unsatura-
ble diffusion mechanism and a saturable
active component. There is fairly good
agreement in the literature that the in-
creased potassium concentration declines
more (191) or less exponentially with a
half-time of 1 to 10 sec (193, 201, 202, 268),
but the deviation from a strictly exponen-
tial course has been large enough to sug-
gest a saturable component (298) and G.
Cordingley and G. Somjen (personal com-
munication) observed a considerable faster
removal of extracellular potassium than
can be explained by diffusion. The rate
constant for the decline in potassium con-
centration can be modified, since applica-

2 The in vitro studies by Bourke (23, 24) on chloride uptake and swelling in brain cortex slices have also
been repeated in the superfused monkey cortex where essentially similar results were obtained (27) and
where acetazolamide was found to inhibit both the swelling and the increased influx of C1- evoked by a high

concentration of potassium (26).
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tion of several stimulus trains in close
succession results in a more rapid potas-
sium removal (and a more pronounced
metabolic increase, i.e., NADH oxidation,
cf. section III A 2) after the later trains
(191). Often, the decline continues below
the baseline level. This “undershoot” has
been described in both the brain (191, 202,
268) and the spinal cord (295), and it is
specially pronounced after more intense
stimulation (191, 193, 268). Electrophoretic
injection of potassium during the under-
shoot results in a significantly smaller
than usual elevation of the potassium con-
centration (201).

The undershoot is more distinct in the
absence of anaesthesia (114, 201) and there
seems to be no doubt that barbiturates
(e.g., 60 mg of phenobarbital per kg body
weight) decrease the rate constant for
clearance of excess extracellular potas-
sium (54, 210, 298) and also that the meta-
bolic response persists for a longer time in
the presence of these drugs (section IIT A
2). Phenytoin may exert a similar, al-
though less consistent, effect on potassium
removal (298), and Krnjevic and Morris
(174) observed a pronounced inhibition
(50%) of potassium clearance in the cu-
neate nucleus after superfusion with 10~
M strophantidin. Cordingley and Somjen
(55) found a somewhat smaller (13-25%)
effect in spinal cord grey matter after digi-
toxigenin doses of 100 ug/kg.

Transport kinetics have also been stud-
ied in gliotic scars evoked by freeze lesions
and accompanied by seizure susceptibility
(254); no differences from normal brains
were reported. On the other hand, Glotz-
ner (99) and Ward (339a) have described
membrane properties of glial cells in epi-
leptogenic gliosis (evoked by aluminum
hydroxide injection) of the cat motor cortex
that would facilitate the passive, ion-
carried redistribution of potassium.

In addition to causing a release of intra-
cellular potassium, afferent stimulation
also enhances the glutamate release (150).
No details are known about the kinetics
for the subsequent removal ir vivo.

B. Cultures: Effect of Ouabain

Cultures of neurons and/or glial cells
are well suited for transport studies since
the kinetics often are relatively simple,
the barrier systems are bypassed and neu-
rons and glial cells may be studied sepa-
rately or in cultures containing both cell
types. Latzkovits et al. (183) compared ac-
cumulation of ©®K (or the potassium ana-
log #*Rb) into pure glial and mixed neu-
ronal/glial chick embryo cultures and ob-
served that the uptake followed a simple
exponential course in the glial culture,
whereas the uptake curves for the mixed
cultures indicated a complex interaction
between different compartments. A ki-
netic model analysis suggested a direct up-
take of potassium from the medium into
both cell types plus a transport from one
cell type into the other. In a continuation
of this work (184), ouabain (1-100 x 10~
M) was found to inhibit the glial uptake of
potassium to a larger extent than the neu-
ronal uptake. The latter was concluded to
consist of two components: 1) a main up-
take regulated by intact glial function and
thus sensitive to ouabain, and 2) a second-
ary neuronal uptake directly from the me-
dium and much more resistant to ouabain.

Conceivably, the uptake of potassium
into glial cells and neurons could either
occur in exchange with sodium or together
with an anion, i.e., probably chloride. A
potassium-activated uptake of chloride fol-
lowing Michaelis-Menten kinetics with a
K. (for K*) of about 30 mM has been ob-
served in the NN astroglial line (97), and
active transport of potassium in exchange
with sodium has been reported in the C-6
glioma line (179). In the C-6 cells, potas-
sium influx and efflux are roughly identi-
cal and can be calculated to amount to
about 7 umol/min/g wet weight (180); the
uptake rate for potassium is approxi-
mately the same in the NN glial cells (164)
and in chick glial cells in primary cultures
(183). The sodium fluxes in the C-6 cells
seem to be of about the same magnitude or
slightly higher and from the uptake curve
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for ¥Cl the chloride influx can be calcu-
lated to about 3 umol/min/g (180). These
fluxes are all rather high compared to the
corresponding values in brain slices (cf.
below) and the potassium uptake per gram
wet weight is about 50% of that observed
in vivo after excitation (cf. section V). A 20
times higher uptake rate, i.e., a potassium
uptake of about 150 umol/min/g wet
weight has, however, recently been dem-
onstrated into mouse glial cells in primary
cultures (124). This impressive uptake rate
which increases further with a rise of the
extracellular potassium concentration is
more than intense enough to account for
the in vivo observation that the raised ex-
tracellular potassium concentration re-
sulting from excitation decreases with a
half-time of 1 to 10 sec,?! and supports the
concept that glial cells may be of major
importance for clearance of extracellular
potassium in vivo.

In the C-6 cells, a decrease of tempera-
ture was observed to inhibit the potassium
uptake slightly and, remarkably enough,
to lead to a very pronounced decrease of
both sodium influx and potassium efflux
(179). Ouabain inhibits the Na*-K* ex-
change, but at a concentration of 5 x 10~*
M the potassium influx is only decreased
by about one-third (179).

. Also uptake and release of glutamate
have been studied in cultured cells. A very
efficient uptake has been found in both
glial cell lines and glial cells in primary
cultures (for references, see 131).

C. Brain Slices

. 1. Resting conditions: Effect of ouabain.
The lack of complete information about
intracellular potentials and ion concentra-
tions in brain slices impedes calculation of
electrochemical potentials on either side of
the membranes and makes it difficult, if
possible at all, to establish whether a sin-
gle ion species, e.g., chloride or potassium,

is in electrochemical equilibrium. Also the
thickness of ordinary brain-cortex slices
(0.25 to more than 0.5 mm) may complicate
the determination of membrane-limited
unidirectional fluxes by aid of isotope
tracers (110, 199). If information is sought
about transport phenomena in central
nervous tissue, which may turn out to be
very specific (cf. section V), they must be
studied in this tissue and not in simpler
preparations such as frog skin or periph-
eral nerve which may display quite differ-
ent transport phenomena. Measurements
of influx (uptake) and efflux (washout) by
aid of radioactively labelled ions have been
performed not only in brain slices (28, 59,
84, 86, 119, 162, 169, cf. also 34), but also in
isolated sympathetic ganglia (35, 111, 357)
and in the total frog brain (32, 363). The
influx is measured from the rapidity with
which the tissue becomes radioactive after
exposure to a radioisotope, and the efflux
from the speed with which the radioactiv-
ity subsequently is washed out into a non-
radioactive medium (349). Influx and ef-
flux will be identical, if no net changes in
ion content [and no production (e.g., in the
case of an amino acid)] occur, and one of
these can be calculated from the other
when the magnitude of a possible net
change is known.

Uptake studies have shown that practi-
cally all potassium in brain slices from
adult [but not from newborn (130)] ani-
mals is exchangeable within about 1 hr
(84), and desaturation curves (349) describ-
ing the washout of K from slices previ-
ously loaded with the radioisotope have
indicated the presence of at least two, ki-
netically different compartments (86, 119).
By refinement of the kinetic analysis,
Franck (84) distinguished between one ex-
tracellular and two kinetically different,
rapidly exchanging, cellular compart-
ments. These rapidly exchanging cellular
compartments (half-times, respectively, 5

1 With the potassium-sensitive electrode in an “extracellular pocket” of, e.g., 3 um, a glial cell width of,
eg., 15 um, and a glial content of 50%, a potassium uptake of 150 xmol/min/g cell weight would correspond
to a potassium removal of about 750 umol/min (12.5 umol/sec) per ml of extracellular fluid. An extracellular
potassium concentration of, e.g., 10 mM would thus decline with a half-time of less than 1 sec.
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and 15 min) comprise by far the largest
amount of radioactive potassium in the
tissue and were envisaged by Franck (84)
to represent, respectively, glial cells and
nerve cells plus dendrites (for further de-
tails, see 84).22

From the potassium concentrations and
the rate constants, fluxes between the rap-
idly exchanging cellular compartment(s)
and the medium have been estimated to be
1 to 6 umol/min/g wet weight during incu-
bation in oxygenated physiological media
(59, 84, 86, 119, 169). Under anoxia the rate
constants of the efflux from the rapidly
exchanging compartment(s) are slightly
increased (84, 119), but the concentration
of potassium is lower and the fluxes thus
decreased. Ouabain (10~* M) leads almost
to a tripling of the rate constant, but at the
same time the potassium concentration is
reduced to about one-third (84).

The desaturation curve observed after
loading with radioactive sodium resembles
in principle that obtained with potassium,
since again two or more compartments are
observed. In this case, it is the fastest of
the two rapidly exchanging cellular frac-
tions described by Franck (84) and sug-
gested to represent glial cells, which ac-
counts for most of the intracellularly lo-
cated radioactivity, and the fluxes be-
tween the rapidly exchanging fraction(s)
and the medium can be calculated to about
5 umol/min/g final wet weight (84, 119,
162, 303, 363). Anoxia or metabolic inhibi-
tors have relatively little effect on this
part of the sodium efflux (84, 119, 363), but
ouabain (10~* M) causes a distinct decrease
of the rate constant (84). The sodium ex-

change with the slowly exchanging frac-
tion occurs at a rate of about 0.1 to 0.3

umol/min/g final wet weight (162, 363),
and is decreased by metabolic inhibitors or
by a lowering of the temperature (363), but
not by ouabain (84).

Also the chloride fluxes in brain-cortex
slices amount to a few micromoles per
minute per gram wet weight (23, 283).
Both influx and efflux depend upon the
chloride concentration of the medium, and
the influx into the cellular compartment
has been shown to conform to Michaelis-
Menten kinetics with a K, of 245 mM and
a Vo of 7.7 umol/min/g wet weight (23).

Glutamate is accumulated fast and with
a relatively high affinity into brain cortex
slices; the combination of a fast uptake
and a high affinity probably leads to an
underestimate of the uptake rate in brain
slice experiments, since diffusion will be
rate-limiting, when the low concentrations
in the range of the K, value are used
(131).2 The intense uptake of glutamate
into glial cells in primary cultures has al-
ready been mentioned (section IV B), and
Benjamin and Quastel (14) have used te-
trodotoxin sensitivity of a release of gluta-
mate induced by protoveratrine together
with ouabain as a tool to distinguish be-
tween uptake into neurons and glial cells
in brain slices. They concluded that the
major part of exogeneous glutamate is ac-
cumulated into glial cells and have sug-
gested that also glutamate released from
neurons during excitation may be taken
up by glial cells, converted to glutamine
and returned to the neurons (13). Studies
of “metabolic compartmentation” in the
brain had previously suggested a connec-
tion between a smaller and a bigger meta-
bolic “pool” by a flow of glutamine in one
direction and of <y-aminobutyric acid

*2 These half-times are so short that it has been argued that these compartments represent extracellular
and not cellular phases. In that case the efflux should follow diffusion kinetics, i.e., become 4 times slower
when the thickness of the slice is doubled and 4 times faster when it is halved. The half-time of the larger,
more slowly exchanging of these compartments is, however, only slightly changed (from 12 to 15 min) when
the thickness of the slice is increased from 0.25 to 1.0 mm indicating that diffusion is not the rate-limiting
process (121). These compartments do accordingly not represent an extracellular space and are also far
larger (i.e., contain far more potassium) than the extracellular space in brain tissue (84, 119, 363).

= This qualification does not seem to apply for studies of potassium or sodium fluxes where higher
medium concentrations are used. This can be seen from the previously mentioned observation of a virtually
unaltered potassium efflux when the slice thickness if halved or doubled (121).
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(formed from glutamate) in the other (for
details, see 11, 16, 106, 124, 319).

2. Stimulation: Effects of phenytoin
and ouabain. An increase of the potassium
concentration of the medium from 5 to 55
mM causes a considerable increase in both
efflux and influx of potassium in the rap-
idly exchanging cellular fraction(s) (84,
119). At the same time, the potassium con-
centration in the tissue increases and the
magnitude of the fluxes increases from 1 to
2 umol/min/g wet weight in the medium
with 5§ mM potassium to about 10 umol/
min/g wet weight after the potassium ad-
dition. This increase is inhibited by 10-* M
ouabain (L. Hertz, unpublished experi-
ments).

Also, during application of electrical
pulses, both influx and efflux of potassium
increase to about 10 umol/min/g wet
weight (59, 84, 86). The raised influx con-
tinues during the first minutes after the
termination of the electrical stimulation
[as does the metabolic response (214)] and
leads to a considerable (4-10 wmol/min/g
wet weight) net gain of potassium (10, 59,
163).

Phenytoin has been reported to enhance
the potassium uptake into synaptosomes*
from epileptic foci in the cat brain if the
incubation medium contains 10 mM potas-
sium [c¢f. the maximum Na*-K*-ATPase
activity at 10-20 mM potassium (section
III B 1) and the effect of 15 to 20 mM K+ on
potassium accumulation and sodium ex-
trusion (section III B 2)], but not at lower
potassium concentrations; this stimulation
may be prevented by ouabain, but only at
low sodium concentrations (75).

The curve describing the influx of so-
dium into brain cortex slices seems to be
independent of an increase in the external
potassium concentration (84, 119), but the

tissue is not in a steady state because the
sodium content and the weight increase.
The rate constant of the efflux from the
rapidly exchanging cellular fraction, or at
least from its quantitatively dominant,
possibly glial compartment is also not af-
fected by excess potassium (84, 119).
Franck (84) found analogously that electri-
cal stimulation has little or no effect on the
efflux of #Na, but it has been claimed by
Keesey and Wallgren (162) that the efflux
of sodium is increased by application of
electrical pulses. The identical slopes of
the washout curves with and without stim-
ulation (fig. 4 in their paper) are, however,
not in agreement with this conclusion.

The initial velocity of the chloride influx
into the cellular compartment of brain cor-
tex slices is significantly increased by ex-
cess potassium and follows Michaelis-
Menten kinetics with a K, (for potassium)
of about 30 mM (23). This effect is localized
in glial cells (97). Addition of excess potas-
sium during the washout of *Cl from brain
cortex slices has no effect on the rate con-
stant (119, 283). The chloride content is,
however, increased and the high potas-
sium concentrations lead to a pronounced
increase in a rapidly exchanging, cellular
chloride fraction in brain tissue from
adult, but not from neonatal, rats (283).
The volume of the cells with which chlo-
ride ions rapidly exchange is thus greatly
expanded after exposure to excess potas-
sium. This is in accordance with the ob-
served rapid exchange of the chloride-rich
fluid of the potassium-induced intracellu-
lar swelling (23, 24) and also with the con-
cept that the expansion occurs into glial
cells, which develop at a late stage of onto-
genesis (for references, see 124).

The decreased content of glutamate
after incubation in potassium-rich media

* Detailed studies have been reported on fluxes of sodium, potassium and chloride in synaptosomes and
on the effect of certain drugs on these fluxes (206). From fluxes given per cm?, the fluxes in the absence of
any drugs can be recalculated to about 65 umol/min (sodium), 20 umol/min (chloride) and 2 to 3 umol/min
(potassium) per g wet weight. The sodium and chloride fluxes are high compared to those in brain slices, but
the much larger surface/volume ratio should be kept in mind. In view of the possible contamination of
synaptosomal preparations with up to 40% glial elements (for references, see 131), and the risk of membrane
impairment during the preparation of the synaptosomes, these findings will not be described in further

detail in the present review.
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(with glucose as the substrate) is corre-
lated with an increased efflux of this
amino acid from preparations of brain cor-
tex, spinal cord or retina exposed to excess
potassium (or to electrical stimulation)
after previous loading with *C-glutamate
(7, 119, 120, 157, 230, 323). A similar potas-
sium-induced release of endogeneously
formed glutamate has been observed in
synaptosomes (63) but may be less distinct
in brain slices (203, 204). By aid of chroma-
tography, it has been shown that the in-
creased amount of “C, which is released
after labelling with glutamate, is due
largely to an efflux of unmetabolized glu-
tamate (7, 323).

Both the spontaneous and the potas-
sium-induced releases of glutamate from
brain slices are largely unaffected by pen-
tobarbital (60, 343) but a high concentra-
tion (4 mM) of this drug inhibits the en-
hanced release evoked by electrical stimu-
lation (360). Tetrodotoxin, lidocaine and
procaine have no effect on the stimulated
efflux of glutamate (108, 343) indicating
that the response is no direct result of an
excitation. It is in agreement with this
concept that the potassium concentrations
required for a maximum response are
much higher than those needed for a depo-
larization (123, 343). In synaptosomes, a
maximum release of glutamate is, in con-
trast, evoked by 10 mM potassium (245)
which might suggest that the response in
brain slices occurs from other sources than
synaptosomes. A potassium-induced re-
lease of “C-glutamate from isolated rat
dorsal ganglia, in which exogeneous gluta-
mate seems to be accumulated into glial
cells (280), suggests a glial localization of
the response (273).%

V. Concluding Remarks

The whole field of ion distribution at the
cellular level of central nervous tissue and
especially of drug effects on this distribu-
tion is still so much in its beginnings that

the concluding remarks of this review to a
great extent will be in the form of ques-
tions and vague hypotheses rather than
actual conclusions. One fact that recently
has been firmly established is the physio-
logical (excitation, stimulation of visual
pathways) and pathological (seizures,
spreading depression) increase in extracel-
lular potassium concentration to a level
that would hardly have been believed 5
years ago. These extracellular potassium
concentrations of 10, 30, 60 and even 80
mM attribute a very physiological signifi-
cance to the in vitro studies of brain bio-
chemistry, physiology and pharmacology
under exposure to potassium concentra-
tions of a similar magnitude, which have
been performed since the demonstration
by Ashford and Dixon (9) and Dickens and
Greville (71) in 1935 that incubation in
potassium-rich (about 50 mM) media leads
to a very considerable increase in the oxy-
gen uptake of brain slices. The similarity
between the recent in vivo and the older in
vitro observations is remarkably good. A
reasonably close correlation between the
intensity of energy metabolism in vivo and
in vitro has previously been pointed out
(e.g., 130, 262); during exposure to high K+
concentrations, there seems in both cases
to be an increase in oxidative metabolism
as well as in aerobic lactate formation, and
it has been estimated by several authors
(159, 195, 315, 347) that ion transport may
account for a major part of the energy con-
sumption by the brain both in vivo and in
vitro. The potassium fluxes seem to be
comparable in vivo and in brain slices
since the “stimulated” in vitro value of 10
wpmol of K* per min per g wet weight is
approximately similar to a removal of 10
mM potassium from 15% of the tissue (the
extracellular space) with a half-time of 1 to
10 sec.? Compared to this value, the potas-
sium uptake of up to 150 umol/min/g wet
weight in cultured glial cells is remarka-
bly high. Conceivably the in vivo uptake

3 Attempts to demonstrate a potassium-induced release of glutamate from mouse astrocytes in primary
cultures have, however, failed (L. Hertz, unpublished experiments).

2 With an extracellular potassium concentration of 10 mM and a half-time of 5 sec, 1.39 umol of
potassium is removed from the clefts per sec per ml of extracellular space or 83.4 umol/min/ml. Since the
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rates may, however, have been grossly un-
derestimated since it is likely that the up-
take will occur considerably faster from a
cleft of 150 A width (due to the large sur-
face/volume ratio) than from the extracel-
lular “pocket” of 3 um diameter surround-
ing the potassium-sensitive electrode.
Both during incubation in vitro and un-
der in vivo conditions it has more or less
reluctantly been accepted that there may
be two distinctly different levels of raised
potassium concentrations, i.e., 1) one level
with a maximum of about 10 to 12 mM
which in vivo occurs during excitation and
seizures®” and is accompanied by an in-
crease of energy metabolism, and which in
vitro leads to a stimulation of Nat-K*-
ATPase activity but not of energy metabo-
lism or swelling, and 2) another level, po-
tassium concentrations above 20 mM,
which in vivo only have been observed in
connection with spreading depression and
in vitro lead to immense increases of oxy-
gen uptake, swelling and aerobic glycoly-
sis. The in vivo experiments have not been
able to distinguish between phenomena
occurring in neurons and in glial cells, but
there is a remarkable agreement between
most authors that the stimulation of en-
ergy metabolism and ion transport in vitro
to a large extent occurs in glial cells. If it is
assumed that the stimulated metabolism
mainly serves the purpose of regulating
potassium homeostasis in the extracellu-
lar space, an analogy becomes obvious
with the role of glial cells in the current-
carried potassium redistribution sug-
gested for the leech and amphibian nerv-
ous system (176, 316). One may thus won-
der whether an active mechanism for po-
tassium removal from the extracellular
clefts in the mammalian brain cortex rep-
resents a further phylogenetic develop-
ment from an analogous, passive (current-
carried) system in simpler central nervous
systems (128), and one may also ask what

advantage for brain function is worth the
extra price of an energy-requiring uptake
of potassium ions into glial cells before an
eventual reaccumulation into neurons.
These questions cannot be answered today
but the ultimate possibility is that glial
cells may play a crucial role in higher
mental activity by conveying and regulat-
ing impulses over short distances as origi-
nally suggested by Galambos (30) and
Hertz (117). The studies by Latzkovits et
al. (183, 184) on potassium uptake in the
presence and absence of ouabain strongly
suggest a neuronal/glial interaction in ion
metabolism, and the finding by Sugaya
and co-workers (300-302) that spreading
depression can propagate through a tetro-
dotoxin-treated area may suggest a major
role of glial cells in this in vivo phenome-
non in analogy with the previously estab-
lished importance of these cells for the po-
tassium-induced stimulation of energy
metabolism in vitro. The absence of both
these phenomena in mammalian spinal
cord, which on the other hand seems to
fulfill the requirements for a current-car-
ried redistribution of potassium ions
(through glial cells reacting as perfect po-
tassium electrodes), is thought-provoking
and might give a hint of different mecha-
nisms working at different levels of the
central nervous system.

The role of glutamate in connection with
both excitation and spreading depression
is difficult to evaluate. This compound is
found in much higher concentrations than
other classical or putative transmitters
and might, in addition to its likely action
as a transmitter (175), also play a role in a
possible metabolic interaction between
neurons and glial cells. The lack of effect
by procaine on the potassium-induced glu-
tamate release is in keeping with the con-
cept that this amino acid has other func-
tions in the brain in addition to its possible
role as a transmitter.

extracellular clefts account for about 15% of the volume, this corresponds to about 12.5 umol of potassium

per min per g of brain.

%7 ]t should, however, be remembered that 10 to 12 mM is the upper level observed experimentally in the
“pocket” of extracellular fluid surrounding the electrode and that the concentrations conceivably could be

higher in the narrow extracellular clefts (cf. 306).
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Many drugs other than those mentioned
here do affect ion contents in brain tissue,
but it was felt appropriate to discuss only
drugs of which the effects on ion distribu-
tion at the cellular level in vivo and in
vitro have been studied in some detail.
Even with this approach, no full under-
standing was obtained of the exact mecha-
nism of action for any of the drugs dis-
cussed. The results are probably most
clear-cut with respect to ouabain which in
vitro inhibits the Na*-K+*-ATPase and
may counteract potassium effects on me-
tabolism and ion distribution, and in vivo
delays the response to excitation. It seems
likely that phenytoin may exert both a
stabilizing action counteracting downhill
movements of potassium and sodium dur-
ing excitation (303) and a specific stimula-
tion of potassium uptake in the range 5 to
10 (20) mM potassium (75, 81). The former
of these mechanisms may be reflected by
the stimulus-dependent inhibition of the
electrical stimulation (83). The large delay
of potassium removal and the mainte-
nance of the concomitant metabolic in-
crease in vivo under the influence of bar-
biturates is remarkable; evidence was
given that barbiturates do not affect pas-
sive ion movements during excitation in
vitro (40, 136) or in vivo (cf. the unaltered
“on” response in 54, 275, 298), and that
they also do not inhibit the increased po-
tassium uptake after electrical stimula-
tion (136) in vitro or exert a general block-
ade of energy metabolism in vivo (54, 298).
The latter finding is in accordance with
the concept that it is a decreased function
of neural tissue that affects energy metab-
olism during anaesthesia and not a reduc-
tion in metabolism that affects function
(195). The exact manner(s) in which bar-
biturates affect the nervous system re-
main(s) unknown?® but it might conceiva-
bly be by interference with more or less
unknown mechanisms directly involved in
the regulation of ion distribution between
individual cells or between cells and their
surroundings. Such mechanisms might in-

clude transport processes which are spe-
cific for central nervous tissue. The impor-
tance of a primary anion(chloride) trans-
port in the brain was pointed out by
Bourke and Nelson (26) and this concept is
supported by the inhibitory effect of acet-
azolamide on the potassium-induced in-
crease in swelling and chloride uptake.

If the knowledge about ion distribution
at the cellular level of the central nervous
system continues to progress as it has done
during the past 10 to 15 years, one may
foresee an answer to many questions about
physiological and pharmacological charac-
teristics of the brain cortex and other cen-
tral nerve tissue structures within another
decade. In the view of the present author,
such progress will to a major extent origi-
nate from a further development within
the domains which have contributed ex-
tensively to our present understanding of
ion metabolism at the cellular level of the
central nervous system, i.e., electrophysi-
ological monitoring of local ion concentra-
tions and of changes in energy metabolism
in vivo and studies of ion turnover and
energy metabolism in individual cell types
in vitro. Only integration of results ob-
tained within each of these fields will ulti-
mately lead to an understanding of ion
distribution at the cellular level of the
nervous system, of the physiological im-
portance of ion homeostasis and of the
mechanism of action for neurotropic drugs
affecting ion distribution.
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