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EFFECTS OF pH CHANGES ON CALCIUM-MEDIATED
POTENTIALS IN RAT HIPPOCAMPAL NEURONS IN VITRO
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Abstract—The effects of changes in extra- and intracellular pH (pH, and pH;, respectively) on potentials
mediated by the influx of Ca®* ions were investigated in intracellular “current-clamp” recordings from
CAl pyramidal neurons in rat hippocampal slices. In neurons which exhibited a “regular-spiking”
discharge in response to depolarizing current injection at pH 7.3, perfusion with pH 7.7 medium led to the
development of burst firing. Conversely, neurons which were “burst-firing” at pH 7.3 became regular
spiking upon exposure to pH 6.9 medium. In addition, the rebound depolarization following a
current-evoked hyperpolarization to >—60mV, which in part reflects activation of a low-voltage-
activated Ca®* conductance, was reduced at pH, 6.9 and enhanced at pH,, 7.7. Neither the burst firing
pattern of discharge nor the augmented rebound depolarization observed during perfusion with pH 7.7
medium was due to the reduction in [Cl ], consequent upon the increase in [HCO3], at a constant Peq,.
The magnitudes of the fast afterhyperpolarization which follows a single depolarizing current-evoked
action potential and the slow afterhyperpolarization which follows a train of action potentials were
attenuated and enhanced, respectively, during perfusion with pH 6.9 and pH 7.7 media, compared to
responses obtained at pH 7.3. Reducing pH; at a constant pH,, (by exposure to pH 7.3 HCO, 7/CO,-free
medium buffered with 30 mM HEPES) also attenuated fast and slow afterhyperpolarizations. In
tetrodotoxin- and tetraethylammonium-poisoned slices, perfusion with pH 6.9 and pH 7.7 media reduced
and increased, respectively, the magnitude of current-evoked Ca®*-dependent depolarizing potentials and
their associated slow afterhyperpolarizations, compared with responses obtained at pH 7.3. In contrast,
reducing pH; at a constant pH, elicited only a small reduction in the magnitude of Ca®* spikes but
markedly attenuated the subsequent slow afterhyperpolarization.

The results suggest that, in rat CAl hippocampal pyramidal neurons, Ca®*-dependent depolarizing
potentials mediated by the influx of Ca®* ions through voltage-activated Ca®* channels are sensitive to
changes in pH,. These effects of changes in pH,, are not dependent upon changes in pH; consequent upon
the changes in pH,. Changes in pH, also affect the magnitudes of fast and slow afterhyperpolarizations
mediated by Ca®*-dependent K* conductances. In these cases, however, the effects of changes in pH, are
mimicked by changes in pH; at a constant pH,,, suggesting in turn that the effects of changes in pH, on
fast and slow afterhyperpolarizations may be mediated both by changes in Ca?* influx (reflecting mainly
changes in pH,) and by direct effects of changes in pH; (consequent upon changes in pH,) on
Ca?*-dependent K* conductances. © 1999 IBRO. Published by Elsevier Science Ltd.
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Marked extra- and intracellular pH (pH, and pH,,
respectively) shifts occur in brain tissue not only
during pathophysiological events such as spreading
depression, seizure activity and cerebral ischaemia
but also following the application of neurotrans-
mitters and during normal synaptic transmission
(reviewed in Refs 8, 9 and 31; see also Refs 23, 27, 28
and 38). Furthermore, activity-evoked shifts in both
pH, and pH, are, in turn, able to modulate the events
which initially caused them.*>°” The effects of
changes in pH, on epileptiform and neurodegen-

Abbreviations: AHP, afterhyperpolarization; gy c,), Ca**-
dependent K* conductance; HEPES, N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulphonic acid; HVA, high-
voltage-activated; LVA, low-voltage-activated; NMDA,
N-methyl-p-aspartate; pH;, intracellular pH; pH,, extra-
cellular pH; R,,,, membrane input resistance; TEA, tetra-
ethylammonium chloride; TTX, tetrodotoxin; V. resting
membrane potential.
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erative phenomena have been interpreted largely
in terms of modulation of N-methyl-pD-aspartate
(NMDA) receptor-mediated events, given the sensi-
tivity of this receptor-channel complex to changes in
[H*], (see Ref. 42). However, in light of the impor-
tance of Ca®" ions to the pathogenesis of seizure
activity and neuronal death, together with the known
effects of changes in pH, and pH, on these phenom-
ena,>'?3? modulation of voltage-activated Ca®* con-
ductances by changes in pH, and/or pH; may also
play a role. Indeed, it has recently been reported that
whole-cell Ca®* currents in acutely dissociated adult
rat CAl hippocampal pyramidal neurons under
voltage-clamp are sensitive to changes in both pH,
and pH;.*®>® Nevertheless, given the sensitivity to
changes in pH, and/or pH; of other membrane
conductances as well as various mechanisms involved
in internal Ca®* homeostasis,'®*>47-*® it remains
unclear to what extent changes in pH might affect
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Table 1. Compositions of experimental solutions

Solution
pH 73

pH 7.3 pH 6.9 pH 7.7 HCO; pH 7.3

HCOS HCO7; HCO; fow [C17] HEPES
NacCl 129.0 139.5 104.0 80.5-104.0 116.5
Na methylsulphate 0 0 0 48.5-25.0 0
Kl 3.0 3.0 3.0 3.0 3.0
Ca(l, 2.0 2.0 2.0 2.0 2.0
NaH,PO, 1.5 1.5 1.5 1.5 1.5
MgSO, 1.5 1.5 1.5 1.5 1.5
p-Glucose 10.0 10.0 10.0 10.0 10.0
HEPES 0 0 0 0 30.0
NaHCO; 17.5 7.0 425 17.5 0

All concentrations are given in mM. All HCO 3-containing media were equilibrated with 95%
0,:5% CO,. The HCO 3-free, HEPES-buffered medium was saturated with 100% O, and
titrated to pH 7.3 (at 36°C) with 10 M NaOH.

responses mediated by Ca** influx through voltage-
activated Ca®* channels in neurons which are not
voltage-clamped. In the present study. 1 have there-
fore investigated the effects of changes in pH, and
pH;, on Ca**-dependent depolarizing and hyperpolar-
izing potentials in CAl pyramidal neurons in rat
hippocampal slices.

EXPERIMENTAL PROCEDURES

All aspects of the study were conducted in accordance
with the guidelines established by the National Institutes of
Health for the care and use of laboratory animals and were
approved by the University of British Columbia Animal
Care Committee.

Adult Wistar rats (Animal Care Centre, University of
British Columbia) were anaesthetized with 3% halothane in
air, rapidly decapitated and transverse hippocampal slices
(400 um) prepared as previously described.'? They were
placed on a nylon mesh at the interface between an humidi-
fled atmosphere and artificial cerebrospinal fluid at
36+ 1°C.

The compositions of the standard experimental solutions
used are listed in Table 1. During perfusion with HCO 3-
containing media, the atmosphere in the recording chamber
contained 95% O, with 5% CO,; upon the introduction
of HCO73/CO,-free, HEPES-buffered medium, this was
switched to 100% O,. Tetrodotoxin (TTX: 1 uM), some-
times in combination with tetraethylammonium chloride
(TEA, 5 or 20mM by equimolar substitution for NaCl),
and CoCl, were employed as indicated in the text: in the
case of Co*"-containing solutions, H,PO7 and SO? "~ were
omitted. Media were perfused at a rate of 2 ml/min and
the pH of each solution was re-checked following every
experiment.

Conventional intracellular recordings were obtained
from somata of CAl pyramidal neurons as previously
described.!"!? In brief, microelectrodes (70-120 MQ) were
filled with 4 M potassium acetate and connected to an active
bridge circuit (Axoclamp 2, Axon Instruments, Foster City,
CA, U.S.A)) which allowed the injection of current and
measurement of the membrane potential. The indifferent
bath electrode was a 3 M KCl, 4% agar bridge. Membrane
input resistance (R;,) was determined from current-voltage
plots obtained by passing a series of square-wave current
pulses (>100 ms duration) through the microelectrode and
measuring the resulting hyperpolarizing electrotonic poten-

tials; bridge balance was monitored continuously during
this procedure. In some experiments, changes in perfusate
composition caused small changes in resting membrane
potential (F,,). In these cases, test measurements were
conducted at the original control level, the latter being
achieved by passing steady current through the recording
electrode.

Following the impalement of a neuron and after obtain-
ing control responses in pH 7.3 HCO7/CO,-buffered
medium, the perfusate was changed to one of the test
solutions (see Table 1) and the tests were repeated. Slices
were then reperfused with pH 7.3 HCO73/CO,-buffered
medium and the tests performed once again. Criteria for
inclusion were: (i) in control medium, a stable ¥, of at least
—55mV with an overshooting action potential and R,
measured at V,,, of >20 MQ; (ii) stability of the impalement
during perfusion with test medium; and (iii) recovery from
exposure to test medium. Fifty-five neurons fulfilled these
criteria.

Data were stored on magnetic tape for later analysis.
Selected waveforms were photographed from the screen
of an analogue oscilloscope (Figs 1 and 2) or were ac-
quired by a digital storage oscilloscope and subsequently
printed on a laser printer. Some waveforms were displayed
on a chart recorder (Gould 22008, Gould, Cleveland, OH,
U.S.A.); while the chart-recorder traces accurately reflect
the amplitude of slower potential changes, the frequency
response of the instrument is insufficient to follow fast
action potential discharges and these appear truncated in
figures. Effects of changes in perfusate composition on the
magnitude of the fast afterhyperpolarization (AHP) which
follows a single depolarizing current-evoked action poten-
tial were quantified by comparing the membrane potential
at the peak of the AHP under control and test conditions
(see Ref. 3). For measurement of the slow AHP which
follows a depolarizing current-evoked train of action
potentials, the magnitude of the depolarizing current pulse
employed to evoke the spike train was varied to elicit the
same number of action potentials under control and test
conditions and the membrane potential was measured at
200 ms after the termination of the depolarizing current
pulse. To quantify the effects of changes in pH on the
amplitude of the rebound depolarization following a
current-evoked hyperpolarization, the hyperpolarized
potential from which the rebound depolarization was
elicited and the duration of the hyperpolarizing current
pulse were maintained constant under control and test
conditions, the former by varying the magnitude of the
current employed to produce the hyperpolarization.
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Fig. 1. Changes in pH, modify the pattern of action potential discharge in response to depolarizing
current injection. (A) During perfusion with a pH 7.3 HCO3/CO,-buffered medium, depolarizing current
pulses of 0.2 nA (left-hand record) and 0.5 nA (middle record) evoked regular-spiking patterns of action
potential discharge. Eighteen minutes following the start of exposure of the hippocampal slice to a pH 7.7
medium, a 0.2 nA depolarizing current pulse elicited a burst-firing response (right-hand record). All
records obtained at —65mV (V,, under pH 7.3 conditions). (B) In a different neuron, a 0.5nA
depolarizing current pulse evoked a burst-firing response during perfusion with pH 7.3 HCO3/CO,-
buffered medium (left-hand record). Perfusion with pH 6.9 medium for 15 min converted the burst-firing
response to a regular-spiking discharge (middle record; 0.5 nA depolarizing current pulse). The former
was not re-evoked even when a large amplitude depolarizing current pulse (0.9 nA) was injected
(right-hand record). All records obtained at —60 mV (¥, under pH 7.3 conditions). (C) In a third neuron,
a 0.6 nA depolarizing current pulse delivered at —60 mV (V,,) evoked a burst-firing response during
perfusion with HCO7/CO,-buffered medium at pH 7.7 (left-hand record). The middle and right-hand
records show responses evoked during hyperpolarization of the membrane to —65mV and —-70mV,
respectively. In A, B and C: upper traces, electrode current; lower traces, membrane potential. Scale bars
in C also apply to A and B.

and the mean decrease in R,

n
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was 341 MQ (range

nying n value referring to the number of cells from which
data were obtained. Statistical comparisons were carried out
using Student’s two-tailed f-test with a 95% confidence limit.

RESULTS

In standard pH 7.3 HCO73/CO,-buffered me-
dium, V,, was —65+ 1 mV (mean+S.E.M.; n=55)
and R, was 33+£2MQ. Perfusion with pH 6.9
medium usually evoked a small depolarization (10/16
neurons) and a small decrease in R, (12/16 neurons);
in those neurons which exhibited a response, the

mean depolarization was 2+ 1 mV (range 1-6 mV)

1-7 M€Q). In contrast, exposure to pH 7.7 medium
usually evoked a small hyperpolarization of 3£ 1 mV
(measured in 17/25 responding neurons; range
1-5mV} and a small increase in R, of 3+1 MQ
(measured in 22/25 responding neurons; range
1-8 MQ). The changes in V,, and R,, evoked by
exposure to pH 6.9 or pH 7.7 media were statistically
significant. All of the above changes, which were
qualitatively and quantitatively similar to those
reported in a previous publication from this labora-
tory,'? were fully reversible upon reperfusion with
pH 7.3 medium.
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Fig. 2. A reduction in [C]7], fails to mimic the effect of increased pH, on action potential discharge
pattern and the slow AHP. All records are from the same neuron at —65mV (V,, under pH 7.3
conditions). HCO 3/CO,-buffered media were employed throughout. In the upper row, from left to right,
the pattern of action potential discharge in response to a depolarizing current pulse is shown first under
pH 7.3 conditions and subsequently during perfusion with low-Cl™ medium ([C17],=87.5mM;
methylsulphate-substituted) at pH 7.3 and during reperfusion with standard pH 7.3 medium. The pH of
the medium was then increased to pH 7.7 (lower row, left-hand record) and finally a second period of
reperfusion with standard pH 7.3 medium was performed (lower row, right-hand record). Upper traces,
electrode current; lower traces, membrane potential. Beneath each record of action potential discharge are
chart records at a slower time base to show changes in the slow AHP following a spike train evoked by
a depolarizing current pulse under each of the test conditions. The magnitude of the depolarizing current
pulse was varied as shown to elicit the same number of action potentials during each spike train. The
dashed line indicates V..

Repetitive firing properties

Perfusion with pH 6.9 and pH 7.7 media produced
marked alterations in the pattern of action potential
discharge in response to depolarizing current
injection. Under control pH 7.3 conditions, the most
common response (31/38 neurons) consisted of a
series of fast spikes which exhibited frequency
adaptation (“‘regular-spiking” neurons; Fig. 1A). The
remaining seven neurons displayed an initial burst of
three to six fast spikes superimposed upon a slow
depolarization (‘“burst-firing”” neurons; Fig. 1B). The
proportion of burst firing CAl pyramidal neurons
observed in the present study at pH 7.3 (18%) was
similar to that reported by others under comparable
experimental conditions (e.g., see Ref. 29).

Neurons which exhibited a regular spiking dis-
charge under pH 7.3 conditions displayed a burst
firing pattern of discharge when exposed to pH 7.7

medium in 14/17 cells tested (Fig. 1A). Conversely,
cells which were burst firing during perfusion with
pH 7.3 medium were converted to regular-spiking
neurons during perfusion with pH 6.9 medium in 7/7
trials (Fig. 1B). These findings confirm those of an
earlier study from this laboratory.'? Because inward
Ca®* currents through high-voltage-activated (HVA)
Ca** channels contribute to the slow depolarization
underlying the initial burst of action potentials in
burst firing hippocampal neurons (e.g., see Refs 6
and 61), the results suggest that reductions and
increases in pH,, attenuate and augment, respectively,
HVA Ca®" conductances in rat CAl hippocampal
pyramidal neurons.

Under both pH 7.3 (n=2; see Ref. 30) and pH 7.7
(n=6) conditions, hyperpolarization of the mem-
brane attenuated burst firing, which was replaced by
a regular spiking discharge when firing was evoked
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Fig. 3. Effects of changes in pH, on fast and slow AHPs. In all records, a just-threshold depolarizing
current pulse (upper trace; 6 ms in A, 2 ms in B) was employed to elicit a single action potential (middle
trace) and a 300 ms depolarizing current pulse was employed to evoke a train of action potentials and the
subsequent slow AHP (lower trace). In the latter case, the magnitude of the depolarizing current pulse was
varied as shown to elicit the same number of action potentials under each experimental condition.
HCO 3/CO,-buffered media were employed throughout. (A) Under standard pH 7.3 conditions (left-hand
record) injection of a depolarizing current pulse evoked a single action potential followed by a fast AHP.
After a 25 min period of perfusion with pH 6.9 medium (middle record), a larger current pulse was
required to evoke a single action potential and the fast AHP following the spike was attenuated. Recovery
of the fast AHP is shown 25 min after the start of reperfusion with pH 7.3 medium (right-hand record).
Membrane potential held at —55mV throughout. Beneath each record of a single action potential is
shown a chart recorder trace of the slow AHP following a spike train under the same experimental
conditions in the same neuron. The dashed line indicates —55 mV. All records obtained from the same
neuron. (B) In a different neuron, perfusion with a pH 7.7 medium augmented both the fast and slow
AHPs (middle records), compared to control responses obtained under pH 7.3 conditions (left-hand
records). The AHPs returned to control levels upon exposure to a pH 7.3 medium in which [C]™] was
reduced to 87.5 mM (right-hand records). Membrane potential held at — 60 mV throughout. Dashed line
in the middle chart record indicates —60 mV. In A and B, each trace of a single action potential is
superimposed on a just sub-threshold response. Scale bars in B apply to A. Single action potential
amplitudes truncated for convenience in figure preparation.

4 nA
20 mV
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___J 20 mv
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from hyperpolarized potentials (Fig. 1C). Applica-
tion of CoCl, also abolished burst firing, whether this
was observed at pH 7.3 (n=2; cf. Ref. 4) or pH 7.7
(n=2; not shown). The burst firing pattern of
discharge observed during perfusion with pH 7.7
medium was not due to the reduction in [CI7],
consequent upon the increase in [HCO73], (see Ref.
2). Thus, perfusion with methylsulphate-substituted
media containing 87.5-111 mM Cl~ (the latter the
same as in the high-[HCO7] pH 7.7 medium) at
pH 7.3 failed to elicit a burst-firing discharge pattern
(n=10; Fig. 2).

Fast and slow afterhyperpolarizations

Single action potentials in CA1 pyramidal cells
are followed by a fast AHP due primarily to
a TEA-sensitive Ca®*-dependent K* current ([.)
through large conductance (BK-type) channels.’%3¢
Perfusion with pH 6.9 medium attenuated the fast
AHP (Fig. 3A; also see Ref. 11), thus mimicking the
effects of inorganic Ca®* channel blockers applied at
pH 7.3-7.4.°° The membrane potential at the peak
of the fast AHP was —57:+2 mV under pH 7.3 con-
ditions and — 5142 mV during exposure to pH 6.9
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medium (n=6; P<0.05). Conversely, perfusion with
pH 7.7 medium augmented the fast AHP, the mem-
brane potential at the peak of the fast AHP being
~544+2mV at pH 7.3 and —58+2mV at pH 7.7
(n=6; P<0.05; Fig. 3B). In two additional cells the
effect of pH 7.7 medium on the fast AHP was
obscured by a concomitant increase in the magnitude
of a depolarizing after-potential (see Refs 3, 12 and
55). Reducing [C17], to 87.5-111 mM by substitution
with methylsulphate (pH,, 7.3) failed to mimic the
effects of pH 7.7 medium on the fast AHP; there was
no significant difference between the membrane
potential at the peak of the fast AHP under control
pH 7.3 conditions and pH 7.3, low-[C] "], conditions
(—55+2mV and —54+2mV, respectively; n=4;
Fig. 3B).

A slow AHP, primarily dependent upon a Ca?*-
dependent K* conductance (gx ca)s 15 observed
following a depolarizing current-evoked train of
action potentials.*>->® Perfusion with pH 6.9 medium
attenuated the slow AHP; the membrane potential
measured at 200 ms following the termination of the
depolarizing current pulse was —70+2mV under
pH 7.3 conditions and — 64 +2 mV during exposure
to pH 6.9 medium (n=14; P<0.05; Fig. 3A). Con-
versely, the slow AHP was enhanced at pH 7.7, the
membrane potential attained increasing from
~70+ 1 mV at pH 7.3 to —74+1mV at pH 7.7
(n=18; P<0.05; Fig. 3B). The high pH,-evoked
change in the magnitude of the slow AHP was not
mimicked by a reduction in [Cl "], (methylsulphate-
substituted) at pH, 7.3. Thus, the membrane poten-
tial at 200 ms following the termination of the
depolarizing current pulse was —68+ 1 mV under
both control and low-[Cl™], conditions (n=9;
Fig. 3B).

Ca*" spikes and associated afterhyperpolarizations

In the presence of 1 uM TTX and either 5 mM
(n=5) or 20mM (n=2) TEA, short depolarizing
current pulses applied under pH, 7.3 conditions
evoked slow depolarizing potentials, shown pre-
viously to be mediated by Ca®* influx via HVA Ca**
channels.”® During perfusion with pH 6.9 medium,
the width of Ca** spikes (measured at 50% of their
amplitude, which remained unaffected) was reduced
by 43+4% compared to control responses evoked
at pH 7.3 (n=7; Fig. 4). This effect of low pH,, is
similar to that observed during the application of
organic Ca** channel blockers to CA1 hippocampal
pyramidal neurons at pH 7.4.>° Conversely, during
perfusion with pH 7.7 medium the width of Ca®*
spikes was increased by 38+2% (n=6; Fig. 4).
Addition of 2mM CoCl, to TTX- and TEA-
containing medium abolished Ca*" spikes evoked at
both pH 7.3 (n=4; Fig. 4) and pH 7.7 (n=4; not
illustrated). The results indicate that reductions and
increases in pH,, attenuate and augment, respectively.
depolarizing potentials mediated by Ca®* influx
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through HVA Ca®* channels in CAl pyramidal
neurons. Calcium spikes evoked at pH 7.3 in the
presence of TTX and TEA were followed by a slow
AHP, also previously shown to result from the acti-
vation of a gy c.,.” During perfusion with pH 6.9
medium, the slow AHP following the Ca®* spike was
attenuated, whereas it was enhanced during per-
fusion with pH 7.7 medium (Fig. 4). Thus, peak AHP
amplitude declined from 6.9+0.9 mV at pH 7.3 to
32404 mV at pH 6.9 (n=6; P<0.05) and increased
from 8.3+£1.8mV at pH 7.3 to 19+£2mV at pH 7.7
(n=6; P<0.05).

Effects of changes in pH, at a constant pH,,

The above results indicate that reductions and
increases in pH,, attenuate and augment, respectively,
Ca®"-mediated depolarizing and hyperpolarizing
potentials in rat CAl hippocampal pyramidal
neurons. However, in mammalian central neurons,
acidification or alkalinization of the extracellular
medium produces a cytoplasmic pH shift in the same
direction.>>>? This raises the possibility that changes
in pH,; consequent upon changes in pH, could
account, at least in part, for some of the effects of
changes in pH, on neuronal excitability described
above. For example, although reduced Ca®* influx
under low pH, conditions could account for the
inhibition of potentials mediated by gy )3, a role
for changes in pH, on HVA Ca®* channels them-
selves®® or on Ca®*-activated K™ channels cannot be
ruled out.

To investigate the possible contribution of reduc-
tions in pH; to changes in Ca**-mediated potentials
evoked by exposure to low pH medium, HCO7/
CO,-free medium buffered with 30 mM HEPES was
employed to evoke a fall in pH, at a constant
pH,.'"'*% In contrast to my previous study in
which HEPES in HCO73/CO,-free medium was
10 mM,"! the present experiments employed 30 mM
HEPES to obviate the possibility of a fall in inter-
stitial pH upon the transition from a HCO73/CO,-
buffered to a HCO7/CO,-free medium (see Ref.
15). As illustrated in Fig. 5A, the transition from a
HCO7/CO,-buffered medium at pH 7.3 to a
HCO73/CO,-free medium at the same pH elicited
a reversible reduction in both fast and slow
AHPs. The membrane potential at the peak of the
fast AHP was —59+1mV under HCO7/CO,-
buffered conditions at pH 7.3 and —353+1mV
under HEPES-buffered conditions at the same
pH, (n=6; P<0.05). The membrane potential
attained at 200 ms following the termination of the
depolarizing current pulse employed to evoke a
spike train and the subsequent slow AHP was
—69+2mV and —64x2mV under HCO3/CO7
and HEPES-buffered conditions, respectively (n=13;
P<0.05). Thus, exposure to pH 7.3 HEPES-buffered
medium mimicked the effects of reducing the pH






