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Role of Glia in K™ and pH Homeostasis in
the Neonatal Rat Spinal Cord
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ABSTRACT  Stimulation-evoked transient changes in extracellular potassium
((K"].) and pH (pH,) were studied in the neonatal rat spinal cords isolated from
3-13-day-old pups. In unstimulated pups the [K™], baseline was elevated and pH, was
more acid than that in Ringer’s solution (3.5 mM K*, pH 7.3-7.35). The [K*], and pH, in
3-6-day-old pups was 3.91 + 0.12 mM and pH, 7.19 + 0.01, respectively, while in
10-13-day-old pups it was 4.35 + 0.15 mM and 7.11 * 0.01, respectively. The [K*],
changes evoked in the dorsal horn by a single electrical stimulus were as large as 1.5-2.5
mM. Such changes in [K*], are evoked in the adult rat spinal cord with stimulation at a
frequency of 10—~30 Hz. The maximal changes of 2.1-6.5 mM were found at a stimulation
frequency of 10 Hz in 3-6-day-old animals. In older animals the [K*], changes progres-
sively decreased. The poststimulation K*-undershoot was found after a single stimulus as
well as after repetitive stimulation.

In 3-8-day-old pups, the stimulation evoked an alkaline shift, which was followed by a
smaller poststimulation acid shift when the stimulation was discontinued. In pups
3—4-days-old the stimulation evoked the greatest alkaline shifts, i.e., by as much as 0.05
pH units after a single pulse and by about 0.1 pH units during stimulation at a frequency
of 10 Hz. In 5-8-day-old pups, the alkaline shift became smaller and the poststimulation
acid shift increased. Stimulation in 10-13-day-old pups produced an acid shift of
0.03-0.07 pH units, which was preceded by a scarcely discernible alkaline shift. MgCl, (20
mM) 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 superfusion of the cord with 10 mM KCl resulted
in acid shifts of 0.10-0.14 pH units.

We conclude that the [K*], ceiling level and the character of pH, transients in the spinal
cord are closely related to gliogenesis. Our results suggest that glial cells buffer the
activity-related [K*], increase and alkaline pH, shifts in the extracellular space.

INTRODUCTION

Neuronal activity is accompanied by long-term ionic
and volume changes in the neuronal microenvironment
(for review see Ballanyi and Grafe, 1988; Nicholson,
1980; Sykova, 1983, 1989). There is evidence that glial
cells play an important role in extracellular ion homeo-
stasis, as suggested by Hertz (1965) and Orkand et al.
(1966), particularly by buffering activity-related extra-
cellular K* changes ([K*1,) (for review see Walz, 1989).
Despite many studies of ion and volume changes using
ion-selective microelectrodes, the role of glia in the
regulation of other ionic shifts is far from clear. Recent
findings of stimulation-evoked extracellular pH
changes (pH,) in the brain led to investigation of the role
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of glia in the regulation of pH,. Activity-related varia-
tions in pH, have been demonstrated in the cerebral
cortex (Urbanics et al., 1978), in the cerebellum (Chesler
and Chan, 1988; Kraig et al., 1983), in the hippocampus
(Krishtal et al., 1987; Somjen, 1984), in the spinal cord
(Chvatal et al., 1988; Sykova and Svoboda, 1990), and in
the optic nerve during development (Ransom et al.,
1985b). The changes found in the brain or in the spinal
cord were not simple monophasic shifts. In the spinal
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cord the changes are triphasic—alkaline-acid-acid in
the isolated frog spinal cord (Chvatal et al., 1988) and
alkaline-acid-alkaline in the adult rat spinal cord in
vivo (Sykova and Svoboda, 1990). The initial alkaline
shift is often masked by the dominating acid shift.

In this study, we attempted to investigate the role of
glia in the regulation of pH,. The enzyme carbonic
anhydrase (CA), which is mainly located in glial cells
and myelin (Cammer and Tansley, 1988; Giacobini,
1962; Rousel et al., 1979) and which catalyzes the
reversible conversion of CO, and water to HCO5;™ and
H™, can be expected to play an important role in pH,
regulation. Moreover, the findings that glial cell mem-
branes are highly permeable to HCO;™ led to the sug-
gestion that glial cells can buffer transient changes in
acid-base balance in the extracellular space at the ex-
pense of their intracellular pH (Astion and Orkand,
1988; Kettenmann and Schlue, 1988). Since glial prolif-
eration, maturation, and myelinization occur to a great
extent postnatally (Gilmore, 1971; Gilmore et al., 1982;
Sims et al., 1985; Yamate and Ransom, 1985) and CA
activity likewise increases postnatally (Davis et al.,
1987), important developmental changes in pH and K*
homeostasis were expected in the spinal cord of mam-
mals. We studied such changes in isolated neonatal rat
spinal cord from 3-13-day-old pups.

MATERIALS AND METHODS
Preparation

Experiments were performed on 3-13-day-old rat
pups (Wistar). Animals were decapitated and the lum-
bosacral spinal cord was dissected in a chamber with
cold (9-11°C) modified Ringer’s solution of the following
composition (in mM): NaCl 113.0, KClI 3.5, CaCl, 2.0,
Na,HPO, 2.0, NaHCO; 28, glucose 1 g/l. The isolated
cord was placed in a small chamber and the preparation
was continuously perfused with Ringer’s solution. Dur-
ing 1-2 h the temperature was increased to 21-23°C.
The solution was saturated with 95% O, and 5% CO,
(pH 7.3-7.35). In some experiments the oxygenation of
the preparation was enhanced by addition of hydrogen
peroxide (Walton and Fulton, 1983); however, the re-
sults from spinal cords perfused with a solution not
containing hydrogen peroxide were no different. Solu-
tions with 20 mM MgCl, or 5 mM acetazolamide (Ciech)
had a reciprocally reduced Na™ concentration.

Stimulation and Recording

Microelectrodes were inserted into the cord from the
dorsal spinal surface. Recordings were made from lum-
bar segments L, or Ls. The dorsal root of the same
segment was stimulated supramaximally (rectangular
pulses of 5 V or less; duration 0.1 ms) with fine bipolar
silver electrodes.

Local field potentials were recorded with the refer-
ence barrel of an ion-selective microelectrode. K* activ-

ity was recorded with double-barrelled K*-selective
microelectrodes filled with a liquid ion-exchanger
(Corning 477317) prepared by the procedure described
previously (K#iz et al., 1974). K" -selective microelec-
trodes were calibrated in solutions containing 3, 4, 5, 6,
8, or 10 mM KCl in 150 mM NaCl. Basically, the same
procedure was adopted to prepare the double-barrelled
pH-sensitive microelectrodes (Chvatal et al., 1988;
Sykova and Svoboda, 1990). In principle, the reference
channel was filled with 0.15 M NaCl solution while the
pH-sensitive channel contained, in a siliconized tip, a
200-1,000 um celumn of liquid Hydrogen lon Ionophore
II-Cocktail A (Fluka). The backfilling solution was com-
posed of (mM): KH,PO, 40.0, NaOH 23.0, NaCl 15.0 (pH
7.0). Electrode sensitivity was tested in standard solu-
tions the pH of which was 7.0, 7.2, 7.4, 7.6, 7.8, or 8.0
with a background of 150 mM NaCl and 3 mM KCl. The
slope of the electrodes was about 57 mV/unit of pH
change and the electrodes had a resistance of 700-1,800
M(). The electrical arrangements were the same as
described for K*-selective microelectrodes (Kriz et al.,
1974). Each channel of a double-barrelled microelec-
trode was connected to one input of a differential ampli-
fier. Microelectrodes were inserted into the spinal cord
using two micromanipulators.

RESULTS
Resting Level of [K*], and pH,

The resting values of [K*], and pH, in the unstimu-
lated spinal cord were established by comparing the
potentials of the K™ -selective microelectrode and pH-
sensitive microelectrode in Ringer’s solution above the
surface of the isolated cord with that in the spinal dorsal
horn. The [K*] in the Ringer’s solution was 3.5 mM and
pH was 7.30-7.35 as measured by a pH meter. In
3-6-day-old pups the actual [K*], value in the spinal
dorsal horn was 3.91 = 0.12 mM (n = 14, mean * S.E.
of mean). The pH, in the spinal dorsal horn was
7.19 = 0.01 (n = 14), i.e., by about 0.16 pH units more
acid than that in Ringer’s solution. The actual values of
[K*], in 10-13-day-old animals were significantly
higher than those in 3-6-day-old animals, i.e.,
4.35 = 0.15 mM (n = 10; P < 0.05). The pH, in 10-13-
day-old pups was 7.11 = 0.01 (n = 10), i.e., by 0.24 pH
units more acid than in Ringer’s solution, i.e., it was
significantly more acid than in 3-6-day-old animals
(P < 0.01).

Stimulation-Evoked Transient Changes in [K*],
and pH,

The stimulation of peripheral nerves or dorsal roots
with single electrical pulses results in an increase of
[K*],in the spinal dorsal horn of adult rats that does not
exceed 0.3 mM, and in an acid shift in pH, of about 0.005
pH unit. During repetitive electrical stimulation the
[K"], increases by 1.0-1.5 mM at a stimulation fre-
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Fig. 1. Stimulation-evoked pH, and [K '], changes in the spinal dorsal horn of rats 3 and 10 days old,
Note that the stimulation of the dorsal root with a single electrical pulse and at a fre}guency of 10 Hz evoked

an alkaline shift in the 3-day-old pup, which was accompanied by an increase in |

Je; when stimulation

was discontinued the poststimulation acid shift of smaller amplitude appeared, which was accompanied by
a K*-undershoot. In the 10-day-old rat the [K*], increase was smaller; there was a slight initial alkaline
shift, which was followed by an extracellular acid shift.

quency of 10 Hz and by 2.5-3.5 mM at 30 Hz when the
K" ceiling level is achieved (Svoboda et al., 1988). The
transient pH, changes during repetitive stimulation are
dominated by an acid shift of 0.1-0.2 pH units that is
preceded by an initial alkaline shift of about 0.005 pH
units (Sykova and Svoboda, 1990).

In the neonatal rat spinal cord the stimulation-
evoked changes of [K* ], were much larger than in adult
animals. We found that in 3—-13-day-old pups the [K*],
changes evoked by a single electrical stimulus are as
large as those evoked in the adult rat spinal cord with
repetitive stimulation at a frequency of 10-30 Hz, i.e.,
by as much as 1.5-2.5 mM (Fig. 1). The maximal
changes were evoked in animals 3-6 days old with
repetitive electrical stimulation at 10 Hz (Fig. 2), and
corresponded to about 2.1-6.5 mM (3.38 + 0.67, n = 6,
mean * S.E. of mean). In older animals the [K*],
changes decreased, but even in 7-13-day-old pups the
K™ ceiling level was still higher than in adult rats. The
stimulation frequency higher than 10 Hz did not evoke
greater changes. It is therefore evident that the so-
called K™ ceiling level is achieved in neonatal spinal
cords in vitro at a lower frequency than in adult animals
in vivo and that the younger the rat the greater the
stimulation-evoked K™ transients.

The depth profile of [K*], changes was the same as in
the adult rats. The greatest [K* ], changes were found in
areas of maximal field potential, i.e., in Rexed laminae
III-V. The clearance of [K*], changes in the neonatal
spinal cord was as fast as in the adult cord. The post-
stimulation K*-undershoot was found after single elec-
trical pulses as well as after repetitive stimulation.

The stimulation-evoked pH, transients in newborn
rats differed substantially from the pH, transients
found in adult animals. In 3-8-day-old pups the stimu-
lation-evoked dominating alkaline shift was followed by
a smaller poststimulation acid shift when the stimula-
tion was discontinued. Single pulses evoked alkaline
shifts of as much as 0.05 pH units; repetitive stimula-
tion at a frequency of 10 Hz evoked an alkaline shift of
about 0.1 pH units (Figs. 1, 3, 4). The alkaline shifts
were greatest in 3—4-day-old pups. In pups 5-8 days old
the alkaline shift became smaller and the poststimula-
tion acid shift was greater (Fig. 4). In some 7-9-day-old
animals the changes during stimulation became bipha-
sic, i.e., alkaline-acid shifts (Fig. 4). In 10-13-day-old
pups stimulation evoked the fast acid shifts by about
0.03-0.07 pH units, which was preceded by a scarcely
discernible initial alkaline shift (Fig. 1) as is the case in
adult rats. However, the dominating acid shifts in these
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Fig. 2. |[K'], and pH, changes in the spinal dorsal horn in rats 3-13
days old. Each column represents data from animals 3—4 days old
(n = 6); 5-6 days old (n = 4); 7-8 days old (n = 4); 1011 days old
(n = 4); and 12-13 days old (n = 3; mean + S.E. of the mean). All
recordings at a depth of about 200 pm, stimulation frequency 10 Hz.

animals were still smaller than in adult rats in vivo and
were not followed by the typical poststimulation alka-
line undershoot (Sykova and Svoboda, 1990).

These findings show that the activity-related in-
crease in [K*],, the K* ceiling level, and the alkaline-
acid shifts in pH, in spinal cord change during the
postnatal development.

Effect of Mg®"

Mg?* and some other divalent cations are known to
block Ca%*-dependent presynaptic transmitter release.
The application of 20 mM MgCl, lowered the stimula-
tion-evoked [K*], increase by 50-65%. As has been
originally suggested for the isolated frog spinal cord, the
[K*]. changes in high Mg?* are apparently due to the
K™ release from primary afferents themselves (Sykova
and Vyklicky, 1977). Fig. 3 shows the typical effect of
Mg?* on pH, and [K*], changes evoked by repetitive
electrical stimulation (10 Hz) in the dorsal horns of pups
3 and 10 days old. In both animals the [K*], changes
decreased after blockade of synaptic transmission by
Mg?*. However, while the alkaline shift was also re-
duced by about 50-60% in 3-6-day-old pups, the Mg?*
application had no effect on the acid shifts in 10-13-
day-old pups. Our results suggest that the activity-
related acid shifts in the latter group of pups are not
directly related to synaptic activity.

Effect of the CA Inhibitor Acetazolamide

In 3-8-day-old pups, when the dominating stimula-
tion-evoked pH, change was the alkaline shift, acetazo-
lamide in a 5 mM concentration had either no effect on
the alkaline shifts or it slightly enhanced them. This
enhancement was apparently due to the blockade of the
poststimulation acid shifts (Fig. 4). In the spinal cords of
pups 10 to 13 days old the typical stimulation-evoked
acid shifts decreased by 70-80% after application of
acetazolamide. Acetazolamide had no effect on simulta-
neously recorded changes in [K*]..

K*-Evoked pH, Changes

We examined the extent to which the [K*], changes
evoked by stimulation are related to the observed alka-
line or acid shifts in pH,. In the isolated frog spinal cord
(Chvatal et al., 1988) and in the rat cerebellar cortex
(Kraig et al., 1983) perfusion of the tissue with Ringer’s
solution containing elevated [K*] results in an acid shift
in pH, of about 0.2 pH units. In 3-13-day-old pups
perfusion of the spinal cord with 10 mM K" in Ringer’s
solution elevated [K*], at a depth of 200 wm by about
7.5-9.5 mM (Fig. 5). Elevation of [K™" ], after perfusion of
the nervous tissue is known to be a function of time and
is attenuated with depth (Chvatal et al., 1988; Kraig et
al., 1983). Concomitantly with the [K*], increase, the
pH, in the dorsal horn progressively decreased (Fig. 5).
The maximal evoked acid shift in the isolated cord of
3-6-day-old pups was by 0.10-0.14 pH units (n = 7). In
10-13-day-old animals the acid shift was about the
same, i.e.,by0.10-0.12 pH units (n = 3). A change to the
original Ringer’s solution containing 3.5 mM K"
promptly returned [K*], and pH, to the original base-
lines,
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Fif' 3. Effect of 20 mM Mg?* on pH, and [K" ], changes in rats 3 and 10 days old. Note decrease of the
alkaline shift, decrease of the poststimulation acid shifts, and decrease of[K*], changes. Only the acid shift
that occurred during stimulation in the 10-day-old rat remained unaffected.
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Fig. 4. Effect of acetazolamide (5 mM) on pH, changes evoked by stimulation at a frequency of 10 Hz in
3-, 7-, and 10-day-old rats. The alkaline shift was not changed, while the acid shifts during and after
stimulation were substantially decreased.
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Fig.5. Simultaneous pH, and [K* ], records in the dorsal horn of rats 4 and 11 days old during perfusion
with a Ringer’s solution containing 10 mM K*. All recordings at depth of 200 pm.

Our results show that the KCl-evoked depolarization
of neurones and glial cells in the neonatal rat spinal cord
is accompanied by an acid change in the pH, baseline.

DISCUSSION
K™ Homeostasis

Our study shows that stimulation of the afferent
input produces much larger changes in [K*], in the
immature rat spinal cord than in the adult spinal cord
(see also Walton and Chesler, 1988). Similar larger
stimulus-evoked [K*], changes were found in the imma-
ture optic nerve (Connors et al., 1982; Ransom et al.,
1985a) and the cerebral cortex (Hablitz and Heine-
mann, 1987, 1989; Mutani et al., 1974). The changes are
larger in spite of the facts that the extracellular space
(ECS) in immature nervous tissue is wider and that
stimulation does not cause ECS shrinkage (Ransom
et al., 1985b; Svoboda and Sykova, 1989), which can
aggravate theionic changes. It is also of interest that the
presynaptic release of K™ is greater in the immature
spinal cord than in the isolated frog spinal cord. After
synaptic blockade by Mg?* we still found about 35-50%
of stimulation-evoked [K"], increase due to the K*
release from primary afferents compared with 10-35%
in the frog spinal cord (Fig. 3; Davidoff et al., 1988;
Nicoll, 1979; Sykova and Vyklicky, 1977). Our results
also show that [K*], is elevated to 3.91-4.34 mM K" in
the unstimulated rat spinal cord, as in the adult rat
spinal cord in vivo (Svoboda et al., 1988) and in the
isolated frog spinal cord (Sykova et al., 1983) where
[K*], is elevated due to spontaneous activity of spinal
interneurones. The [K*], baseline in 10-13-day-old
pups was significantly higher than that in 3—6-day-old
pups, suggesting that the level of spontaneous activity
increases with age.

The enhanced ionic changes in the ECS in immature
tissues could be due to some homeostatic mechanisms
not yet fully developed. It has been estimated that the
[K*], increase per single stimulus would be about 1 mM
if the processes responsible for K* clearance are not
acting (Adelman and Fitzhugh, 1975). A variety of
studies have shown that both neurones and glial cells
are involved in K* clearance in the CNS (for reviews see
Sykova, 1983; Walz, 1989). A part of the K* that accu-
mulates in the ECS is removed by immediate reuptake
by active neurones (Kriz et al., 1975) and by diffusion in
the ECS. The rest has been shown to be taken up by glial
cells, either by a spatial buffer mechanism (Gardner-
Medwin, 1980; Newman, 1986; Nicholson and Phillips,
1981; Orkand et al., 1966; Sykova et al., 1988), or by K*
uptake either by pumping K* via the Na/K pump or by
channel-mediated KCl uptake (for review see Walz,
1989). Since the [K*], recovery after stimulation does
not significantly differ in the immature and adult rat
spinal cord (see K* undershoots in Figs. 1 and 3), it is
possible that gliogenesis significantly decreases the
[K*], ceiling level, i.e., enhances the K* clearance dur-
ing stimulation. The higher K* ceiling level in imma-
ture animals and the fact that it is attained at a lower
stimulation frequency therefore speak in favor of the
role of glia in the regulation of [K*]..

On the other hand, the rate of K* release from neu-
rones determines the activity-related increase in [K™],.
Obviously, this factor can also change during develop-
ment (Connors et al., 1982) as well as the properties,
distribution, and density of K™ and Cl~ channels (for
further discussion see Walton and Chesler, 1988; Walz,
1989). Thus the postnatal alterations in the amplitude
of [K"], increase can include several mechanisms,
namely the changes in the rate of K* reuptake, the rate
of K release from neurones, the regulation of ECS
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volume and maturation, and/or increase in the number
of glial cells.

It is reasonable to assume that the large [K*], tran-
sients attained in the immature spinal cord even with a
single electrical stimulus (by 1.5-2.5 mM) can modulate
neuronal activity and spinal cord transmission in the
neonatal rat spinal cord and may play a role in spinal
cord development. The smaller [K™], transients in adult
rats can be the result of glial cell participation in K*
homeostasis, even when the mechanisms by which glial
cells are involved are not yet completely clear. The
number of astrocytes and oligodendrocytes changes,
and their maturation and the myelinization of fibers
occurs postnatally (Connors et al., 1982; Gilmore, 1971,
Gilmore et al., 1982; Sims et al., 1985; Yamate and
Ransom, 1985). The membrane properties of glial cells
may also change postnatally including the density of K*
channels or glial Na*/K* ATPase sensitivity to in-
creased [K*]. (Grisar and Franck, 1981).

pH. Homeostasis

During the first 8 postnatal days, stimulation of the
afferent input evoked large alkaline changes in the
extracellular microenvironment, which were followed
by slow and small acid shifts after stimulation has been
discontinued. These changes progressively decreased
during further development. The acid shift became the
dominating pH, change about 10 days after birth, at the
same time that the K™ ceiling level started to decrease.
Alkaline shifts evoked by stimulation have been found
in the unmyelinated rat optic nerve of the 1-day-old
pups, while the acid shift occurred at about 10 days and
later, when [K*], changes became smaller (Ransom
et al., 1985b). In the rat optic nerve, proliferation of
astrocytes, oligodendrocytes, and myelination also oc-
curs postnatally (Foster et al., 1982) and the time course
correlates well with the observed development of the
acid shift and with the decrease in the K* ceiling level
(Ransom et al., 1985b).

The pH, baseline in the adult rat spinal cord in vivo in
the dorsal horns is about 7.15, i.e., it is more acid by
about 0.2 pH units than that in the cerebrospinal fluid
(Sykova and Svoboda, 1990). In the immature rat spinal
cord the pH, was also more acid than that in Ringer’s
solution. The pH, was significantly more acid in 10-13-
day-old pups (about 7.1) than in 3-6-day-old pups (about
7.2). It has been shown in a number of studies that pH,
in the mammalian CNS is more acid than that in
arterial blood and cerebrospinal fluid (Cragg et al.,
1977; Kraig et al., 1983, 1986; Siesjo et al., 1985; Sykova
and Svoboda, 1990). The mechanism of continuous acid
extrusion from cells to the interstitial fluid is far from
clear. In addition to classical membrane acid extrusion
mechanisms, both neurones and the glia can extrude
lactic acid. Recent studies of cultured neurones and
astrocytes revealed that the glia can effectively extrude
lactic acid (Walz and Mukerji, 1988).

It is reasonable to assume that glial cells regulate pH,
at the expense of their intracellular pH. It has been
found that astrocytes show an alkaline shift during
stimulation-evoked extracellular acid shifts or during
the extracellular K* increase (Chesler and Kraig, 1989;
Walz, 1989). The mechanism of the alkaline shift in glial
cells is not yet clear, but the basic transport processes
that regulate pH in glia have recently been described
(Astion and Orkand, 1988; Astion et al., 1989; Ballanyi
and Schlue, 1990; Deitmer and Schlue, 1987, 1989;
Kettenmann and Schlue, 1988). These involve
amiloride-sensitive Na'/H™ exchange, SITS-sensitive
Cl"/HCO;~ exchange (astrocytes and neuropile glial
cells), and SITS-insensitive Na"-HCO3;~ cotransport
(oligodendrocytes).

We thus conclude that, in the spinal cord as in the
optic nerve (Ransom et al., 1985b), the occurrence of
stimulation-evoked acid shifts is related to gliogenesis.
In our experiments, the acid shift was effectively
blocked by the CA inhibitor acetazolamide. On the other
hand, the alkaline shift, but not the acid shift, was
directly related to synaptic activity. It was found that
when snail neurones are depolarized under voltage
clamp, their surface pH, at first increased, i.e., it be-
came alkaline and then decreased, i.e., became acid
(Thomas, 1988). In hippocampal slices, electrical stimu-
lation with a single electric pulse induced a long-lasting
extracellular alkaline shift (Krishtal et al., 1987). The
initial alkaline shift, which is masked by acidification in
adult animals, was unmasked in the isolated frog spinal
cord during the application of acetazolamide (Chvatal
et al., 1988; Sykova, 1989). The alkaline shift was also
found in the isolated frog spinal cord after application of
excitatory amino acids (Endres et al., 1986). The alka-
line changes described in the rat spinal cord (Sykova
and Svoboda, 1990), the cerebellum (Chesler and Chan,
1988; Kraig et al., 1983), the hippocampus (Krishtal
et al., 1987), and the vagus nerve (Endres et al., 1986)
were not affected by membrane transport inhibitors or
by metabolic blockers, with the exception of Ca?* and
H™ channel blockers. Therefore, there is a good reason
to suppose that the initial alkaline shifts in adult ani-
mals and the alkaline shifts in immature nervous tissue
occur in the neuronal microenvironment during neu-
ronal and fiber activity, that the glial cells buffer the
alkaline shifts, and that they are, at least partly, re-
sponsible for the long-term poststimulation acid shifts
in the ECS.
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