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Abstract. The use of ion-sensitive microelectrodes enabled us to follow the
dynamic changes in extracellular pH (pH,) together with those in the extracellu-
lar concentration of some biologically important ions, particularly K+ and Ca2+.
Activity-related changes in pH, were studied in isolated spinal cords of frogs and
in spinal cords of rats in vivo. Repetitive electrical stimulation of an afferent
input led either to triphasic alkaline-acid-acid changes (90% of frogs) or to
triphasic alkaline-acid-alkaline changes (10% of frogs and rats) with the greatest
changes in the lower dorsal horns. The transient acid shift by as much as
0.15-0.25 pH units is dominant and builds up during the stimulation. The
changes in pH, were also found in response to various adequate stimuli applied
to the skin on the hind limb. Using specific inhibitors of Na*/H* excharige,
K*-CI~ co-transport, CI"/HCO;~ exchange, the Nat/K* pump and carbonic
anhydrase, we found pH, homeostasis to be impaired and stimulation-induced
changes in pH, decreased. We conclude that the pH, changes evoked by elec-
trical or adequate stimulation of an afferent input are not determined by
changes in extracellular strong ion concentration differences due to accumula-
tion of lactate, since we found no effect of NaF, a metabolic blocker of lactate
production. However, lactate accumulation has been demonstrated during
seizures, spreading depression and anoxia. Recently, it has been recognized that
the observed pH, changes can affect permeability of membrane ionic channels,
neuronal excitability and glial cell function.
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The depolarization of neurons is accompanied by translocation of ions, par-
ticularly of H*, Na*, K+, Cl-, Ca**, HCO;-, and of other molecules across
their membranes, which modifies the extracellular ionic composition and
extracellular space (ECS) volume (for review see Nicholson 1980, Sykova
1983, 1986, Thomas 1984). Recently, it has been recognized that changes in
pH, by only several tenths of pH units evoke marked effects on neuronal ionic
channels (Krishtal & Pidoplichko 1980, Iljima et al 1986, Konnert et al 1987),
affect neuronal excitability (Gruol et al 1980, Balestrino & Somjen 1988)
and glial cell function (Deitmer & Schlue 1987, Walz & Hinks 1987).
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The use of ion-sensitive microelectrodes enabled us to follow the dynamic
ionic changes, including pH, in ECS of the central nervous system (CNS) as a
result of neuronal activity. Until recently, the dynamic changes in the ex-
tracellular pH (pH,) have been recorded under a variety of pathological
experimental conditions. Transient changes in pH, by several tenths of pH
units with dominating acid shifts of 0.1-0.5 pH units were found in the rat
cortex and cerebellum during local surface electrical stimulation (Urbanics et
al 1978, Kreig et al 1983), seizures (Siesjo et al 1985), spreading depression,
anoxia and ischaemia (Lehmenkiihler et al 1981, Kreig et al 1983, Harris &
Symon 1984, Mutch & Hansen 1984). Under more ‘physiological’ conditions,
the changes in pH, by as much as 0.25 pH units were found during repetitive
electrical stimulation in the isolated rat optic nerve or vagus nerve (Ransom
et al 1985, Endres et al 1986) and in the spinal cord of rats and frogs during
stimulations of peripheral nerves (E. Sykova and J. Svoboda, unpublished
work 1987, Chvital et al 1988).

The mechanism of activity-evoked transient changes in pH, and the
mechanisms by which pH, is stabilized are far from clear and probably not the
same under physiological and pathophysiological conditions. According to
Stewart (1981), the pH, in body tissues is determined by three independent
variables: 1) extracellular strong ion difference ([SID],) (strong ions means
completely dissociated ions); 2) extracellular total weak acid concentration
([Awe); and 3) partial pressure of CO, (pco). These three independent
variables completely define pH, and other dependent variables such as
[H*], [HCO;-], [OH], and [CO;"].. Out of these three independent vari-
ables, changes in [SID], represented by the value of strong base cations minus
strong acid anions are likely to be the most important mechanism involved in
the activity-related pH, changes in the CNS, since substantial changes in
[Au)e and pco, are unlikely (Stewart 1981, Kreig et al 1983). The extracellu-
lar changes in the concentration of strong ions, particularly Na*, K+, Ca?*,
Cl- and possibly lactate, occur during neuronal activity and may therefore
considerably affect pH,. It may be useful to state here Stewart’s (1981)
important conclusions, so simple and so different from conventional thinking:
... ‘1. Given the assumption that [A,,] stays constant and that pcg, is not
affected by membranes because they are so CO, permeable, it then follows
that body fluids can only interact across membranes by exchanging strong
ions so as to alter their [SID] values.

2. Only [SID] changes can bring about changes in [H*], [HCO;"], or any
other dependent variable, assuming constant pco, and [A,,].

3. Transport of weak ions, or dependent variable ions, such as H*, HCO;",
and OH-, across membranes separating body fluids cannot result in changes
of [H*], [HCO;7], etc, unless these ions are accompanied by strong ions, and
then it is the effect of strong ions on [SID] that determines the [H+], [HCO,"],
etc, not the transport of the H* etc. Dependent ion transport is essentially
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irrelevant to the determination of [H*], [HCO;7], etc. . . .’

In our studies we examined transient changes in pH, in the spinal dorsal
horns of rats and in isolated spinal cords of frogs evoked by electrical as well
as by adequate stimulation of the afferent input, i.e. by relatively ‘physio-
logical’ stimulation. In all experiments in vivo as well as in vitro, triphasic
changes in pH,, alkaline-acid-alkaline, were found, and they exhibited a
typical depth profile in the spinal dorsal horns which corresponded to
stimulation-evoked neuronal excitation. We explored the origin of these
changes and the mechanisms of post-stimulation pH, homeostasis. We pro-
vide an interpretation of the observed activity-related pH, changes and an
insight into the pH, regulatory mechanisms operating in the CNS.

Methods

Experiments were performed either on rats anaesthetized by Nembutal
(pentobarbitone) or on isolated spinal cords of frogs. Rats were immobilized
and ventilated with air enriched with a gas mixture of 5% CO,95% O,.
Arterial blood pressure was monitored and rectal temperature was main-
tained at 37 °C. Inhibitors of enzymic activity and of ionic transports were
applied in an artificial cerebrospinal fluid which was pre-warmed to 37 °C and
bubbled with 5% CO,/95% O,. Dissection of the isolated spinal cord was
described in detail by Czéh et al (1981). Bicarbonate-buffered Ringer solution
at 18-20 °C, pH 7.30-7.35 either of standard composition or with added
inhibitors was used for spinal cord superfusion.

Double-barrelled ion-sensitive microelectrodes were used to measure
dynamic changes in extracellular ionic activity. The ion-sensitive barrel con-
tained either a pH-sensitive cocktail (Fluka) or K+*-sensitive Corning 477317
or a Ca?*-sensitive cocktail (Fluka). The second barrel served as the reference
electrode. For further details see Kiiz et al (1975) and Chvétal et al (1988).

Results and discussion

Activity-dependent changes in pH,

High-frequency repetitive electrical stimulation (10-100 Hz) of a peripheral
nerve evoked transient extracellular acidification in the dorsal horns of rats
and frogs by as much as 0.15-0.25 pH units. The acid phase reached a plateau
(a so-called ‘ceiling’ level) after about 15-20 s of stimulation, i.e. it had a
slower rise time than the simultaneously recorded increase in [K*]. which
reached a plateau after 6-9 s. The acid phase had a rise time almost as fast as
the decrease in [Ca?*], (Fig. 1). When stimulation continued for more than
20-30 s, the pH, began to return to the base line, as did the [K*], and [Ca?*],
(Chvital et al 1988). The acid shift was preceded by a very small initial
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FIG. 1. Simultaneous records of changes in extracellular pH, [K*} and [Ca2*] in the
8th spinal cord segment of the isolated frog spinal cord. Changes produced by
stimulation of the 8th dorsal root at a frequency of 30 Hz applied for 120 s were
recorded in the lower dorsal horn, at a depth of 350 um from the dorsal spinal surface.
Tips of the three doubie-barrel ion-sensitive microelectrodes were about 100 pm
apart.

alkaline shift (less than 0.01 pH units) lasting 1-2 s, clearly visible during only
some experiments (Fig. 2). The initial alkaline shift was less pronounced in
the dorsal horns than the previously described alkaline shift in the rat cortex
during direct tissue stimulation (Kreig et al 1983). The latency of the initial
alkaline shift corresponded to the rise in [K*]..

A typical depth profile of the stimulation-evoked acid shifts was found in
the spinal cord of rats and frogs, with the greatest changes in the lower dorsal
horn (Fig. 3). The depth profile of pH, changes corresponded well to the
maximum of focal potentials elicited by single electrical stimuli, to the depth
profiles of stimulation-evoked increases in [K*]. (Czéh et al 1981) and to
decreases in [Ca?*], (Chvital et al 1988).

When stimulation was discontinued, the pH, returned to the base line with
an approximately similar time course as the simultaneously recorded K+
transients. The post-stimulation K+ undershoot recorded in the rat spinal
cord in vivo was associated with an alkaline shift below the original pH, base
line by 0.02-0.03 pH units (Fig. 2). While the post-stimulation K* undershoot
is present regularly in the mammalian spinal cord, it is present only rarely in
the frog spinal cord (Sykova 1983). The recovery in the isolated frog spinal
cord was frequently not smooth but a second spontaneous acid shift occurred
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depth ( pm)
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FIG. 3. Distribution of changes in extracellular pH in the Ls spinal cord segment of a
rat. Changes in pH, in response to repetitive electrical stimulation at a frequency of
100 Hz applied for 60 s were recorded at various depths in the spinal cord, as
measured from the dorsal spinal surface. Stimulation was delivered through a pair of
needles inserted intramuscularly into the planta.

during post-stimulation recovery to the original pH, base line, which was
associated with a spontaneous increase in [K*], with a similar time course
(Figs. 1 and 2). All four stimulation-evoked pH, changes, 1) the initial
alkaline shift, 2) the stimulation-related acid shift, 3) the post-stimulation
alkaline shift (‘pH, undershoot’) and 4) the post-stimulation acid shift, were
found to increase with the stimulation frequency and intensity in a manner
similar to that previously described for K+ and Ca?* transients (Czéh et al
1981, Chvatal et al 1988).

Transient acid shifts by 0.02-0.06 pH units were also found in the corres-
ponding lumbar spinal segments when adequate stimuli (pinching of the toes
with a pair of forceps, pinching of the skin, heat application) were applied to
the skin of the ipsilateral hind limb (E. Sykovd & J. Svoboda, unpublished
work 1987).

Spontaneous elevations in [K*]. due to spontaneous neuronal firing were
often seen in the frog spinal cord, especially when the cord was superfused
with elevated [K*] or ouabain. The spontaneous elevation in [K*], was always
accompanied by acid shifts of a similar time course.
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FIG. 4. Effects of ouabain applied to the spinal surface of the rat spinal cord.
Simultaneous records of changes in pH, and [K*], in the L; spinal cord segment at a
depth of about 700 um were evoked by repetitive electrical stimulation at a frequency
of 30 Hz applied for 30 s through a pair of needles inserted into the planta. Note that
the rise time of acid shift and its recovery to the base line are slowed down and the
post-stimulation alkaline shift disappeared 5 and 15 minutes after application of 10~°
M ouabain.

To summarize, stimulation-evoked neuronal activity leads to rather compli-
cated pH, changes, triphasic alkaline-acid-alkaline shifts. The most promin-
ent is the transient acidification which builds up during the stimulation. The
overall activity-related change of acid-base balance does not last longer than
the changes in [K*], and [Ca?*], and presumably [Cl- ], and [Na*],,i.e. the
changes in [SID]..

pH, homeostasis: application of inhibitors

Various inhibitors of enzymic activity and of ion transport were used to study
pH. homeostasis. We studied their effects on base line pH,, initial alkaline
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shift, acid shift which developed during the stimulation, and post-stimulation
alkaline or acid shifts. The results are summarized in Table 1.

Alkaline shifts in pH,. The origin of the initial alkaline shift remains
obscure. One of the reasons is that the alkaline shift is very small, inconstant
and short-lasting, nevertheless apparently not an artifact. In fact, an electrode
artifact imitating an initial acid shift and resulting from measurement of pH as
a potential difference between the very high resistance barrel containing the
ion-exchanger and the low-resistance reference barrel, was seen in several of
our experiments (see Fig. 2). We offer several hypotheses concerning the
origin of the initial alkaline shifts and post-stimulation alkaline shifts which
are based on our data as well as those of others, being aware of the fact that
all the described alkaline shifts do not necessarily have the same mechanism.

Since it has been recognized that changes in pH, are the consequence of
alterations in [SID],, we can hypothesize about the initial and post-
stimulation increase in [SID].. An increase of only 3 mM in [SID]. would
account for a 0.05 pH unit alkaline change. The source of an increase in
[SID], might be due to K* which accumulate in ECS, the movement of CI-
into glial cells (K*-Cl- co-transport), etcetera. The post-stimulation alkaline
shift was found to be effectively blocked by furosemide, suggesting that
K+*-Cl- co-transport may play an important role in pH, homeostasis. Another
interesting possibility is that the increase in [SID], results from the reduction
of the volume of ECS (Sykovd 1987), without a comparable reduction in
impermeable [HCO;"].. However, the [HCO;"], could double as a result of
extracellular space shrinkage. We cannot exclude the possibility that the
initial alkaline shift is due to flow of [HCO;~] down its electrochemical
gradient, which in neurons results in efflux.

The uptake process, represented by the K* undershoot and almost cer-
tainly involving the Na*/K+ pump, seemed to have the same time course as
the post-stimulation alkaline shift. Both were found to be selectively blocked
by ouabain. At all concentrations tested (from 10~ M to 10~* M), ouabain
prolonged the post-stimulation recovery of [K*], and pH, to their base lines
(Fig. 4). Furthermore, the superfusion of the spinal cord with ouabain in-
creased the resting level of [K*], by as much as 1.1 mM and evoked an acid
shift in pH, base line by 0.07 pH units. These data demonstrate that both
post-stimulation pH, and K* homeostasis are related to the Na*/K* pump
activity.

Acid shifts in pH, related to stimulation. With respect to Stewart’s ideas, itis
unlikely that the observed acid shifts result from a direct movement of H*
through the neuronal membrane, even when changes in surface [H*] may
occur through Na*/H* exchange or the H* channel (Meech & Thomas 1987,
Thomas 1984). The observed acid shifts of 0.15-0.25 pH units could be either
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FIG. 5. Depression of simultaneously recorded changes in pH, and [K*], in the
lower dorsal horn of the isolated frog spinal cord by superfusion of the cord with SITS

(1073, 10~ and 1073 M). Changes were evoked by tetanic stimulation of the 8th dorsal
root at a frequency of 30 Hz apptlied for 60 s.

a consequence of ion movements leading to alterations in [SID]. of about
8-12 mM (for calculations see Kreig et al 1983) or due to the metabolic
production of acid.

In our experiments, the observed attenuation of acid shifts due to amiloride
was about 20-40%, to furosemide 60-80% and to SITS 80-90% (Fig. 5). The
fact that NaF, which blocks the glycolytic portion of metabolic processes and
lactate production, is almost without effect suggests that under the relatively
‘physiological’ conditions in our experiments the dominating mechanism is
not alteration in [SID)]. due to lactate production. Ion extrusion mechanisms
across cell membranes (Na*/H* or CI-/HCO;~ exchange or K*-Cl- co-
transport) play an important role in pH, homeostasis. A decrease in [SID], is
probably due to extrusion of Cl- or HCO,;", since production of strong
acid anions is unlikely. Lactate may be produced under extreme conditions,
e.g. seizure, spreading depression or anoxia. Siesjo et al (1985)
found that lactic acid values during seizures were not significantly altered
during the first 30-60 s. They suggest that the Na*/H* exchange across cell
membranes is enhanced due to increased Na* permeability. The resulting
influx of Na* and efflux of H* would lead to extracellular acidification.
Another argument against the role of lactate production in stimulation-
evoked acid shifts is the fact that normalization of extracellular lactate con-
tent is slow, lasting about 15 minutes after the seizures, while the pH recovery
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observed in our experiments (especially in vivo) was almost as fast as the
build up and never longer than the recorded changes in extracellular concen-
tration of K+ and Ca?*. There is other evidence against extracellular lactate
accumulation. When the peripheral nerve was stimulated for five or more
minutes the pH, changes (similarly, the changes in [K*], and [Ca?*].) were not
enhanced; on the contrary, once they had attained a plateau, the acidification
(and the elevated [K*], and [Ca?*], gradually decreased to the original base
line (E. Sykova et al, unpublished work 1987). The situation in the spinal cord
may, however, be different from that in the cerebellum and cortex where
long-term direct tissue stimulation may lead to accumulation of lactate (Kreig
et al 1983).

Carbonic anhydrase in the brain is found predominantly in the glia and
myelin (see Kreig et al 1983). Since the fluid in the extracellular space is
buffered by an HCO;~-CO, system, inhibition of carbonic anhydrase by
application of acetazolamide (4.0 or 8.0 mM) could result in changes of pH..
Indeed, acetazolamide evoked an alkaline shift of the pH, base line by about
0.05 pH units. The stimulation-evoked acidification was depressed and the
post-stimulation alkaline shift was enhanced. Our findings, as well as those of
Kreig et al (1983), provide evidence that carbonic anhydrase and glia play a
significant role in pH, homeostasis.

Post-stimulation or delayed acid shifts were always accompanied by a
spontaneous rise in [K*]. and were selectively blocked by 4 mM Mn?* while
the acid shifts which build up during the stimulation were depressed by only
60-80% (E. Sykové et al, unpublished work 1987). This suggests that post-
stimulation acid shift is postsynaptic in nature, while the pH, changes during
the stimulation arise from activity in neurons, as well as in pre-synaptic
afferent fibres themselves (see Sykova 1983).

Conclusions

We conclude that acid-base changes in neuronal microenvironment occur
under physiological as well as pathological conditions and may significantly
affect CNS function. ‘

It is apparent that the Na*/H* exchange, K*-Cl~ co-transport, Na*/K+
pump activity, CI-/HCO,~ exchange (or Na*-H*-HCO,/Cl~ exchange), car-
bonic anhydrase and, presumably, the extracellular space shrinkage due to
neuronal and/or glial cells swelling play an important role in pH, homeostasis.
One of the pertinent questions at the present time is to what extent the
changes in pH, are due to ionic changes in neurons or in glial cells or due to
changes in extracellular space volume. We need to study and clarify the role
of glia in activity-related pH, homeostasis. Recently described HCO;™ con-
ductance in the glial cell membrane (Astion et al 1987) points to the mechan-
ism that will tend to buffer temporary changes in pH, at the expense of glial
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pH;. To elucidate further the mechanisms of acid-base changes in the ex-
tracellular space may require the use of methods other than those available at
present. However, it is evident that the described pH, changes are of phy-
siological significance and as such support the concept of the extracellular
space as a dynamic structure maintaining the brain cell microenvironment and
communication channel between cells.
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DISCUSSION

Frémter: 1 should like to add to your list of possible mechanisms that might
explain these observations: rheogenic Na*-HCOj5 co-transport. When the cell
depolarizes on stimulation, HCO; could enter the cell, leaving the extracellu-
lar fluid more acidic. The blocking effect of SITS supports this interpretation.

Oberleithner: This is indicated by your work with furosemide and SITS.
Rheogenic Na*-HCOj; co-transport depends on the cell membrane potential.
We have done similar experiments in frog distal cells, where this system is
present. HCOj;™ is moved across the basolateral cell membrane because of
changes in membrane potential. I think that you could explain elegantly most
of the your findings, if you postulate rheogenic Na*-HCOj co-transport.

Sykovd: 1 agree, that is possible.

Schlue: Is the pH in the extracellular spaces of the spinal cord different from
the pH in the bathing medium?

Sykovd: The resting pH level in vitro was essentially the same as that in
Ringer solution, i.e. pH 7.3-7.35. In rat spinal cord the extracellular pH (pH,)
is slightly more acidic (7.1-7.25) than the pH of blood. We also measured the
extracellular pco; and po,; these were within the physiological range.

We measured pH, within the spinal cord in vivo and found that it varies at
different depths from 7.1 to 7.25. In dorsal horn we described the various K*
concentrations which are related to the spontaneous activity of the inter-
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neurons (Sykova et al 1983). Many neurons in the dorsal horn fire spon-
taneously. This spontaneous firing is accompanied by permanent elevation of
the extracellular K* concentration in the lower dorsal horn, and may also be
accompanied by a decrease in pH..

Morad: In the experiments where you increase the K™ concentration in the
bath, H* was secreted into the extracellular space. In those experiments, did
you add SITS to see whether you could dissociate the efflux of K* from
depolarization?

Sykova: Not yet.

Morad: 1t’s curious that K* always seems to be coming out at the same time
that H™ is coming out.

Sykova: In the spinal cord there are spontaneous changes of K*. Sometimes
there is a burst of firing, especially in isolated spinal cord, which is associated
with the K+ increase, and with a spontaneous acid shift that follows a similar
time course.

Morad: But when you added SITS, did the K* efflux decrease?

Sykovd: Yes, but the depression of the K* transients with SITS was only
about 20-30%, while there was nearly complete inhibition of the pH change.

Grinstein: You showed that in vivo there was a much greater inhibition of the
K" flux than in vitro.

Sykova: The effect of SITS is generally the same in the spinal cord of the rat
in vivo and the spinal cord of the frog in vitro. I showed the experiment in vivo,
in which the inhibition of K+ accumulation 15 minutes after the application of
3mM SITS was greater, but less than the inhibition of the acid shift. In vivo we
applied SITS to the surface of the spinal cord, and therefore used a higher
concentration than that used in vitro (see Fig.5).

Grinstein: You don’t have any explanation for why the K* flux is depressed
by SITS?

Morad: The issue is whether the neurons are firing. In the presence of SITS,
you can say that you are blocking some excitatory process so the neurons aren’t
all firing, resulting in accumulation or depletion of ions. To investigate this, I
would simply increase the K* concentration, as you did. You can then examine
whether H* accumulates and how it is affected by SITS. In this way, you can
decide whether this is a secondary or primary phenomenon.

Sykova: Yes, SITS can partially block excitation. However, when we applied
SITS, we observed an almost immediate, rapid effect on pH, while the K*
accumulation was not substantially depressed. The effect on K™ transients was
slower, i.e. it required a longer application of SITS.

Thomas: You are expecting SITS to diffuse a long way. This rat presumably
still has an intact blood supply.

Sykovd: That is completely intact. You have to apply SITS in higher concen-
trations. In vivo we recorded pH and K™ changes at a depth of 700 um, applied
3 mM SITS to the spinal surface, then recorded five and fifteen minutes later.
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Thomas: Whereas the frog spinal cord doesn’t have a blood supply and soitis
more accessible.

Schiue: You stated that part of the changes in external pH are due to
shrinkage of the extracellular space. Is it possible to exclude this contribution in
the same experiment by blocking KCI uptake, for example, with furosemide?

Sykova: The inhibition of transient extracellular pH changes with
furosemide varies from 40-80%. One question is what is the source of that
shrinkage of the extracellular space? We don’t know whether only the neurons
or the glial cells or both are swelling. A possible relationship between swelling
of the cells and pH, changes is under investigation in our laboratory.

Kaila: 1 wonder whether KCl co-transport has to be implied in the increase in
cell volume. If the product of the extracellular concentrations of K* and CI
increases, that would account for cell swelling caused by an influx of ions
through plasmalemmal channels.

Sykovd: Several mechanisms have been proposed for the activity-related
shrinkage of the extracellular space, including transport of KCl. We can’t tell at
the moment what is the main mechanism of that shrinkage, or to what extent
the glial cells, neurons and/or fibres are swelling.

Thomas: The HCO; efflux that you would predict, Kai, to occur through
GABA -activated channels would cause an extracellular alkalinization rather
than an acidification.

Kaila: Yes, a GABA-activated bicarbonate conductance should produce an
initial alkalosis at the extracellular surface.

Sykova: There is an initial alkalinization.

Kaila: 1t looks very fast. Do you think it could be truncated by the slow
response time of the H*-selective microelectrode?

Thomas: It might, in addition, be swamped by the subsequent acidification.

Sykova: That’s exactly what happens. If you block the acidification or slow it
down, the initial alkaline shift becomes larger. These are two antagonistic
processes. It was shown in cerebellum by Kraig et al (1983) that the size of the
initial alkaline shift depends on the frequency of stimulation. The alkaline shift
seems to be related to synaptic activity.

Thomas: Eva, you are not sure where the pH changes are, presumably your
recording site is chosen simply as an area of maximal changes. You don’t know
how close you are to the main front. We are all interested in H* fluxes over
some distance. In snail neurons the effect was magnified by reducing the
buffering power. Have you looked at extracellular buffering power?

Sykovad: We haven’t, but I assume that the buffering power is about 30-34
mM.

Thomas: Your solutions contain HCO5 but that was a lousy buffer for the
space outside the snail neuron. The buffering power could be much lower than
you think. Would it be possible to add 20 mM Hepes to your solution?
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Sykova: It would be possible in experiments on isolated frog spinal cord, but
essentially we obtained the same results in vivo and in vitro.

Thomas: In the frog spinal cord it might be very interesting if you were to do
the experiment with a higher concentration of Hepes.
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