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ANOXIA-EVOKED INTRACELLULAR pH AND Ca?" CONCENTRATION CHANGES
IN CULTURED POSTNATAL RAT HIPPOCAMPAL NEURONS
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Abstract—The ratiometric indicators '27’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein and Fura-2 were employed to
examine, respectively, intracellular pH (pldnd calcium ([C&'];) changes evoked by anoxia in cultured postnatal rat hippocampal
neurons at 3. Under both HC@/CO,- and HEPES-buffered conditions, 3-, 5- or 10-min anoxia induced a triphasic change in

pHi; consisting of an initial fall in pk a subsequent rise in phi the continued absence of @nd, finally, a further rise in pHipon

the return to normoxia, which recovered towards preanoxic steady-statalpls if the duration of the anoxic insult was5 min.

In parallel experiments performed on sister cultures, anoxia of 3, 5 or 10 min duration evoked rises |nvf@ih, in all cases,
commenced after the start of the fall in pHeached a peak at or just following the return to normoxia and then declined towards
preanoxic resting levels. Removal of externaPCmarkedly attenuated increases in fCg but failed to affect the pHhanges

evoked by 5 min anoxia.

The latency from the start of anoxia to the start of the increase jropstrved during anoxia was increased by perfusion with
media containing either 2 mM Na20 mM glucose or JuM tetrodotoxin. Because each of these manoeuvres is known to delay the

onset and/or attenuate the magnitude of anoxic depolarization,

the results suggest that the risiesarpkld during anoxia may be

consequent upon membrane depolarization. This possibility was also suggested by the findings trad 2@, known blockers
of voltage-dependent proton conductances, reduced the magnitude of the riseolbspi¥ed during anoxia.

Under HCQ /CO,-free conditions, reduction of external Nay

substitution withN-methyl-glucamine (but not LT) attenu-

ated the magnitude of the postanoxic alkalinization, suggesting that increaseéH “Naxchange activity contributes to the
postanoxic rise in pHIn support, rates of pHecovery from internal acid loads imposed following anoxia were increased compared
to control values established prior to anoxia in the same neurons. In contrast, rateseafgqudry from acid loads imposed during
anoxia were reduced, suggesting the possibility that/Na exchange is inhibited during anoxia.

We conclude that the steady-state pt$ponse of cultured rat hippocampal neurons to transient anoxia is independent of changes
in [Ca?"]; and is characterized by three phases which are determined, at least in part, by alteration$in ékahange activity
and, possibly, by a proton conductance which is activated during membrane depolariget@80 IBRO. Published by Elsevier

Science Ltd.
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Recent studies suggest that changes in intracellular pH (pH

the fact that pharmacological inhibitors of the antiport are

may mediate at least some of the effects of anoxia and/or effective cardioprotective agents. Similar mechanisms

ischaemia on central neuronal function (reviewed in Refs
67 and 75). However, it remains unknown whether neuronal
viability following transient anoxia is influenced primarily by
changes in pHwhich occur during anoxia, or whether pH
changes in the period immediately following anoxia are
more important. In hepatocytes and myocytes, for example,
tissue injury following transient anoxia appears to be
mediated not by the fall in pHluring the anoxic insult, but
by activation of Nd/H* exchange in the immediate
postanoxic period, and subsequent rises in, piracellular
Na' concentration ([N4];) and, via reverse mode N&Ca*
exchange, intracellular calcium concentration
([Ca?™];).>%834394353The importance of N&H™ exchange

in determining viability in these cell types is emphasized by
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AbbreviationsBCECF, 2,7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluor-
escein; [C&");, intracellular free C& concentration; EGTA, ethylene-
glycolbis(@-aminoethyl etherN,N,N’,N'-tetra-acetate; EMEM, Eagle’s
minimum essential medium; g4+, voltage-activated proton conduc-
tance; HEPESN-2-hydroxyethylpiperaziné¥-2-ethanesulphonic acid;
[Na*];, intracellular Nd& concentration; [Na],, extracellular Na
concentration; NMDG, N-methyl-p-glucamine; pk intracellular pH;
pH,, extracellular pH; TTX, tetrodotoxin.
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may operate in central neurons, given both the established
involvement of reverse NdCa&" exchange in anoxia-
induced CNS white matter injury (reviewed in Ref. 72), and
the correlation between poor metabolic recovery and the
degree of intracellular alkalosis following ischaemia in the
brain (e.g., Ref. 82). Indeed, the potential importance of
alterations in N&/H* exchange activity for neuronal viability
following ischaemic/anoxic insults has been highlighted by
the finding that inhibition of N&/H* exchange in cultured rat
neocortical neurons following the combined application of 2-
deoxyn-glucose and potassium cyanide results in neuropro-
tection, which was ascribed to a slower restoration of toH
normal values from the intracellular acidosis caused by meta-
bolic inhibition and, possibly, reduced internal Niaading””
Because pHmay play an important role in the pathophy-
siology of cell death following anoxia and/or ischaemia, a
knowledge of the pHchanges evoked by anoxia in central
neurons and the mechanisms involved in the regulation of
neuronal pkboth during and following anoxia may provide
insights into the pathogenesis of neurodegenerative phenom-
ena. Although anoxia is known to elicit changes in pbthin
vivo and in slice preparationis vitro (e.g., Refs 21, 47, 54,
56, 57 and 67), it is difficult to separate the contribution of
various cell types (including glia) to the changes observed
under these experimental conditions, and a variety of factors
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(including variations in extracellular pH, gHmay hinder the
characterization of mechanisms which contribute to the
changes in pH In addition, although changes in neuronal

A. Diarraet al.

NaCl. In solutions containing 2 or C*, H,PO; and SG~ were
omitted.

pH, associated with glutamate receptor-mediated excitotoxi- Induction of anoxia

city and metabolic inhibition have been descriéd,these
insults are not a completely valid model for the direct action

of anoxia on central neurons (see Ref. 18). In the present

study, therefore, we have characterized the phianges

Anoxic media were prepared immediately prior to use by adding 1—
2 mM sodium dithionite (an ©scavengeff to the media defined
above, bubbling vigorously with 5% G05% N, or argon (HCQ/
CO,-buffered media) or 100% Nor argon (HEPES-buffered media)
and, if necessary, readjusting the pH of HEPES-buffered media to pH

which occur in response to transient anoxia in cultured rat 7.35. During anoxia, the atmosphere in the recording chamber was
hippocampal neurons, an experimental preparation in which switched to 5% C@95% N, or argon (HCQ/CO,-buffered media)

the pH-regulating mechanisms operating under normoxic
conditions have been extensively characteriz&dand in
which changes in pHcan be reliably quantified and their
underlying mechanisms investigated.

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 Univer-

sity of British Columbia Animal Care Committee.

Cell culture

Primary cultures of hippocampal neurons from four-day postnatal
Wistar rats (Animal Care Centre, University of British Columbia) were
prepared as described previou$Briefly, rat pups were anaesthetized,

or 100% N or argon (HEPES-buffered media). Th©, in NaS,0,4-
containing media, measured with a Radiometer ABL 500 blood gas
analyser calibrated for lopO, values, was<1l mm Hg fi=4). In
order to verify that the results obtained with sodium dithionite reflected
only its O, scavenging properties, control experiments were performed
by inducing anoxia with media saturated for 24 h with 100% argon or
5% CQ/95% argon (for HEPES- and HGQ@CO,-buffered media,
respectively). The measuredO, values in these media were
<1 mm Hg =2 in each case) and the pehanges evoked by a 5-
min exposure to either of the solutions were indistinguishable from
those induced by exposure to 1-2 mM,8#D,-containing media (also
see Ref. 18).

Microspectrofluorimetry

Fura-2 and 27'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
(BCECF) were employed to estimate f&3 and pH, respectively.
Full details of the methods employed have been described
previously?7870n brief, coverslips plated with neurons were placed

decapitated and the hippocampi removed. The hippocampi were in loading medium (which contained the same elements as the standard

enzymatically and mechanically dissociated and the resulting cell

pH 7.35 HEPES-buffered medium with the iso-osmotic addition of

suspension was underlain with fetal bovine serum and centrifuged at3 mm NaHCQ in place of NaCl) containing either sM Fura-2 acet-

150x g at 4C for 10 min. The cells were then re-suspended and plated
at a density of 4 10° neurons/crionto glass coverslips coated with
poly-p-lysine and laminin. The initial growth medium was Eagle’s
minimum essential medium (EMEM,; Life Technologies, Grand Island,
NY, U.S.A.) supplemented with 5% horse serum and 5% fetal bovine
serum. After 24 h, this medium was half-changed with N2-supple-
mented EMEM. The cultures were then fed every four to five days
by half-changing the existing medium with N2-supplemented EMEM.
Glial cell proliferation was inhibited 48 h after initial plating by adding
cytosine arabinoside to a final concentration oful. Neurons were
used seven to 12 days after plating.

Solutions

The standard HCEYCO,-free, HEPES-buffered perfusion medium
contained (mM): NaCl 136.5, KCI 3, NgRO, 1.5, MgSQ 1.5, p-
glucose 10, CaGI2 and HEPES 10 (titrated with 10 M NaOH to pH
7.35 at 37C). The standard HCQCO,-buffered medium contained
(mM): NaCl 126.5, KCI 3, NaHC@20, NaHPQ, 1.5, MgSQ 1.5,p-
glucose 10 and Cagp; it was saturated with 5% Gf95% air, giving
a pH of 7.35 at 37C. pH 6.8 and pH 7.75 HCQOCO,-buffered media
contained 5.8 and 46 mM NaHGQrespectively; the changes in
NaHCG; concentration were balanced by equimolar changes in NaCl
concentration. During perfusion with HGGcontaining media, the
atmosphere in the recording chamber contained 5%/%@ air.
When 40 mM NHCI was added, an equimolar amount of NaCl was
omitted. In HCQ /CO,-free, HEPES-buffered media in which Na

concentration was 2 mM (employed to assess the contribution of

Na*/H* exchange to the pHesponse to anoxia), NaCl was reduced
to 0.5mM by substitution with eitherN-methylp-glucamine
(NMDG™) or Li*, and HCI or LiOH, respectively, were used to titrate
the solutions to pH 7.35 at 3C. In order to maintain extracellular Na
concentration ([N4],) constant during an experiment, media devoid of

oxymethyl ester for 60 min at 36 or 2uM BCECF acetoxymethyl
ester for 30 min at room temperature. They were then mounted in a
temperature-controlled perfusion chamber so as to form the base of the
chamber and were superfused at a rate of 2 ml/min for 15 min with the
initial experimental solution at 3T prior to the start of an experiment.

All experiments were performed at &7.

[Ca**]; and pH were measured using the dual-excitation ratio
method, employing a digital fluorescence microscopy system (Atto
Instruments Inc., Rockville, MD, U.S.A.; Carl Zeiss Canada Ltd.,
Don Mills, Ontario, Canada). The excitation wavelengths were 488
and 452 nm for BCECF, and 334 and 380 nm for Fura-2. Fluorescence
emissions from individual neurons loaded with either BCECF or Fura-
2 were obtained simultaneously from multiple neuronal somata and
raw emission intensity values at each excitation wavelength were
corrected for background fluorescence prior to calculation of ratios,
which were acquired every 3—-20 s. Calibration of the Fura-2 signal
was not attempted (see Ref. 7) and the effects of experimental
manoeuvres on [CG4]; are presented as changes in background-
corrected emission intensity ratidzdy/lsg) values. The one-point
high-K*/nigericin technique was employed to convegy|.s, ratios
into pH values. Analysis was restricted to those neurons able to retain
BCECF (as judged by raw emission intensity values) throughout the
course of an experimeftln studies where information was required
on the effects of anoxia on both [€3; and pH, measurements of
[Ca®']; and pH were performed separately in parallel experiments
conducted on sister cultures.

Data analysis

In order to compare results obtained under different experimental
conditions, a number of parameters were defined and measured.
Figure 1A illustrates the typical changes in;mserved in response
to a 5-min anoxic insult. The pHesponse was characterized by: (i) a

Na* could not be employed because anoxia was induced with sodium decrease in pHollowing the induction of anoxia; (ii) a rise in pkh

dithionite (see below). However, 2 mM Nas considerably less than
the apparenk,, of the Na'/H* exchanger in cultured rat hippocampal
neurons for external Na (K,=23-26 mM)®% In addition, we
confirmed that the recovery of piffom internal acid loads imposed
by the NH; prepulse technique was abolished during perfusion with
HEPES-buffered medium containing 2 mM external'Na= 3; data

not shown). For C&-free media, C& was omitted, [Mg"] was
increased to 4 mM and 1QOM EGTA was added. Solutions contain-
ing 20 mM glucose were prepared by iso-osmotic substitution for

the continued absence of@nd (iii) a further intracellular alkaliniza-

tion upon the return to normoxia which, in some cases (see Results),
gradually recovered towards preanoxic steady-statevplies. The
measured parameters were as follows. (1) The magnitude of the acidic
shift induced by anoxiaApHiaciq), i-e. the difference between the
preanoxic steady-state pldnd the minimum pHobserved during
anoxia. (2) The magnitude of the rise injaHiring anoxia 4 pHjanoxia).

i.e. the difference between the minimum;pebched during anoxia and
the pH immediately prior to the return to normoxia. This measurement
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Fig. 1. Parameters measured in the study. (A) A representative trace of tbbaniges evoked by a 5-min period of anoxia in rat hippocampal neurons. The
response to anoxia was characterized by a fall iffpbwing the induction of anoxia, followed by a rise in piH the continued absence of@pon the return
to normoxia, a further internal alkalinization occurred which, in the example shown, recovered towards the preanoxic steadyestaktelpiicated on the
trace are the parameters measured in the study: (i) the magnitude of the acidic shift induced byAutdxia)); (i) the magnitude of the rise in ptduring
anoxia QpHianoxia); (iii) the magnitude of the alkaline shift observed following the return to normaXE(.ainey); and (iv) the interval between the induction
of anoxia and the time-point at which pstarted to increase in the continued absence,df.Q). The trace is a mean of data obtained simultaneously from 20
neurons on a single coverslip. (B) A representative trace of changes in background-subtgitigdratio values in response to 5-min anoxia in rat
hippocampal neurons. The response to anoxia was characterized by an increade;ifisteatio value (representing an increase in {gg, followed by
the recovery of théss4/I3go ratio value to preanoxic resting levels. The parameter measured was the magnitude of the incredgg/igghatio value evoked

by anoxia A[Ca?*];). The trace is a mean of data obtained simultaneously from 18 neurons on a single coverslip.

Table 1. Effects of anoxia on intracellular pH

Duration of anoxia Buffer ApHj(acia tacid pH; recovery ApHjGaaline) n

(min) (pH units) (s) (%) (pH units)

3 HCG; /CO, 0.15+0.01 92+ 12 8+2 0.12+0.01 3
HEPES 0.18-0.03 97+ 12 14+5 0.12+0.02 5

5 HCG; /CO, 0.14+0.01 120+ 12 108+ 9 0.18+0.03 14
HEPES 0.17-0.02 106+ 9 102+ 24 0.25+ 0.03* 17

10 HCG/CO, 0.14+0.02 110+ 13 262+ 34 0.29+0.02 7
HEPES 0.16+ 0.02 109+ 9 290+ 43 0.36+ 0.03* 8

ApHjcig) is the magnitude of the acidic shift induced by anoxiggis the time from the induction of anoxia to the time at which ptdrted to increase in the
continued absence ofpH, recovery is the percentage recovery of fidvards preanoxic resting levels in the continued absence cdil@ulated according
to the equation: percentage piecovery= 100X (ApHianoxiaf APHiacia), Where ApHianoxiay IS the magnitude of the rise of pldbserved during anoxia;
ApHaikaine) IS the magnitude of the alkaline shift observed following the return to normokia: 6.05 for difference from corresponding value obtained
under HCQ@ /CO,-buffered conditions. In all cases, piWas 7.35.

was employed to calculate the percentage recovery gft@hards established previously that rates ofpetovery are consistent between
preanoxic resting levels in the continued absence p&€ording to two consecutive internal acid loads imposed in the absence of a test
the equation: percentage pkecovery= 100X (ApHianoxia) APHiacia))- treatment® In view of the fact that changes in pHlicit changes in

In the example shown in Fig. 1A, the percentage mdovery calcu- Na™/H* exchange activity? control rates of pHrecovery were
lated according to this equation was 94%. (3) The magnitude of the compared to rates of phecovery under a test condition at the same
alkaline shift observed following the return to normoxdpHiciaiine) absolute values of pH

i.e. the difference between the preanoxic steady-stateapd the A given experimental manoeuvre was performed on a minimum of
maximum pH observed following the anoxic insult. (4} defined three (usually five or more) populations of cultured cells. Data are
as the time between the induction of anoxia and the time-point at which presented as meansS.E.M., with the accompanyingvalue referring

pH started to increase in the continued absenceof O to the number of cell populations (i.e. the number of coverslips) from

Typical changes imhgs4/13g ratio values evoked by 5-min anoxia are  which data were obtained. The total number of neurons from which
illustrated in Fig. 1B. The measured parameter was the magnitude of data were obtained was 1386. Statistical comparisons were carried out
the increase in this4/l g, ratio value evoked by anoxia[Ca®']), i.e. using Student’s two-tailed-test, paired or unpaired as appropriate,
the difference between the preanoxic steady-dtatésg, ratio value with a 95% confidence limit.
and the pealkkss//|3go ratio value evoked by anoxia.

Na*/H* exchange activity was assessed by measuring the rate of
recovery of pkifrom internal acid loads imposed by the lprepulse
trﬁg?ﬁéggee%g?g;eg' %g,%%gff p?gggmggsbrgﬁllgdgﬁ‘t]a'gie?f iahe Characterization of the effects of transient anoxia on intra-

each experiment in which rates of ptécovery were examined, two  Cellular pH

consecutive intracellular acid loads were imposed, the first being Initiallv. the effect Hof . Its of 3. 5 and
employed to calculate control rates of pilcovery for a given popula- n','a Y, ,e erects on p'_o anoxic nsults or 3, 5 an
tion of neurons and the second being performed either during orimme- 10 min duration were examined under HEAQO,-buffered

diately following an anoxic insult (see Fig. 6A and D). We have conditions at a constant pH(7.35). The results are

RESULTS
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summarized in Table 1. The pehanges in response to 5-min A
anoxia were typified by a decrease in;pdllowing the induc-

tion of anoxia, a subsequent rise in jpid the continued 7.6 - Anoxia _20
absence of @and, finally, a further intracellular alkaliniza-
tion upon the return to normoxia which, in nine of 14 cell
populations examined, gradually recovered towards
preanoxic steady-state pMalues (Figs 1A, 2B). This tri-
phasic pattern of pHthanges was also observed in response
to 3- and 10-min anoxic insults (Fig. 2A and C, respectively).
The magnitude of the acidic shift observed during anoxia
(ApHiciay) Was not affected significantly by the duration of 7.1 1
the anoxic insult (Table 1). However, both the extent of the 70 | - 04
rise in pH observed in the continued absence g{@easured
as percentage plrecovery) and the magnitude of the alkaline 6.9 T y y y v 0.0
shift observed following the return to normoxiaHiikaine) 0 3 10 15 20 % 0
appeared to increase progressively as the duration of the Time (min)

anoxic insult increased. At least a partiat 60%) recovery B
of pH; from the postanoxic intracellular alkalinization was
observed in all of three and in none of seven cell populations
subjected to 3- and 10-min anoxia, respectively (see Fig. 2).

The sustained increases injometimes observed following

anoxia were not due to a decline g, values consequent

upon a deterioration in membrane integrity (see Ref. 70).

pHi

DHCI / VEC/

- 0.8

Anoxia r40

pH;

UDEI / N?EI

Role of changes in intracellular fre@a" concentration

It is well established that a complex relationship exists in
neurons between changes in intracellulat Ebncentration
and [C&"]; (e.g., Refs 45 and 51). Furthermore, as noted in
the Introduction, in peripheral cell types, activation of iNd*
exchange in the postanoxic period (see below) may contribute
to anoxia-evoked increases in [C4. In order to examine the Time (min)
possible relationship between changes in {Qaand pH c
evoked by transient anoxia, we measured changésg g,
ratio values evoked by 3-, 5- and 10-min periods of anoxia
under HCQ@/CO,-buffered conditions in sister cultures to
those employed in the pkheasurements.

Typical changes inlss4lagy ratio values observed in
response to 3-, 5- and 10-min anoxic insults are illustrated
in Fig. 2A—C. The [C&']; response to 5-min anoxia was
characterized by a 1.680.14 (= 14) increase in thé;z/lzg0
ratio value, which reached a maximum at or immediately
following the end of the anoxic insult and then recovered
towards preanoxic resting levels (Fig. 2B). The magnitude
of the increase ifg34/l3g ratio values A[Ca?"];) was a func-
tion of the duration of the anoxic insult, being 0.60.21 6.9 . . . . . 0
(n=3) and 3.42t 0.43 (=7) in response to 3- and 10-min 0 5 10 15 20 25 30
anoxic insults, respectivelyP(<0.05 for the differences Time (min)
betw_een 3- and 5-min anoxic groups and 5- and 10Tm'n Fig. 2. Changes in pHand [C&']; evoked by transient anoxic insults.
anoxic groups). Recovery bf;/Isgratio values to preanoxic  jjustrated are changes in popen circles) and background-subtracted
resting levels was observed in all cell populations following 134134 ratio values (representing changes in {ga continuous lines) in
3- or 5-min anoxia (see Fig. 2A and B), and in the majority of response to 3- (A), 5- (B) and 10-min (C) anoxic insults. In A-C; ahtl
neurons (82/100 neurons in the seven neuronal pOpulationS[CélH]i measurements were performed on sister cultures in parallel experi-

. . . . ) ments under identical HCOCO,-buffered conditions. In each case, the pH
exa_tmlned) subjeqted to 10-min anoxia (Fig. ZC)- T_he obs_er— response to transient anoxia was characterized by an initial fall in pH
vation that [C&"]; is not permanently elevated in the immedi-  (which commenced prior to the increase in thg/lsg ratio value), a subse-
ate postanoxic period reflects findings made in cultured quent rise in pHin the continued absence of, @vhich commenced at a
neurons following exposure to excitotoxic concentrations of Z‘ﬂﬂi;‘;;ﬁsi;h?r:gci)eoistgrzgi'i!c@ﬁgﬁéﬁt"}‘l’a'Uf;iig”saal‘ufgghr‘zrc'é‘\t/‘;gz'
glu'[a_maté’lz or fo'!owlng tra,nSIGnt ischaemian vivo.™ In towards preanoxic resting levels undsgr 3egglch experimental condition,
addition, an anoxic insult did not leave neurons refractory whereas pkremained elevated following the 10-min anoxic insult. Records
to stimulation. Thus, in three neuronal populations in which are means of data obtained simultaneously from 16 and 18feHC&*];
[Ca?"]; had recovered to preanoxic steady-state levels follow- traces, respectively) neurons in A, 20 and 20 neurons in B, and 25 and 15
ing a 10-min anoxic insult, transient application of 201 N- neurons in C. Note the change in scalelfgy/lsg ratio values from A to C.
methylp-aspartate (see Ref. 8) evoked transient increases in
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PH,
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Fig. 3. Changes in pHand [C&"]; evoked by anoxia in the absence of
external C&". Compared to responses obtained in the presence of 2 mM
external C&" (see Fig. 2B), the rise in background-subtradtggl ;g ratio
values (continuous line) evoked by 5-min anoxia was markedly reduced in
the absence of external €a(note the change in scale for thgy/lsg ratio
values between this figure and Fig. 2B). In contrast, the removal of external
C&' failed to significantly modify any of the components of the;pH
response (open circles) to anoxia. Records are means ;cdrEH 3341350
ratio value data obtained simultaneously from 10 and 19 neurons, respec-
tively, in two experiments performed on sister cultures in parallel experi-
ments under identical HCOCO,-buffered conditions.

[Ca%*]; indistinguishable from those observed in neurons
which had not been previously subjected to anoxia (data not
shown; see Ref. 12).

We also compared the time-courses of the changegfhig,
ratio values and the pHhanges evoked by corresponding
anoxic insults, and found that reductions in;pdtarted to
occur after a significantly shorter delay following the induc-
tion of anoxia than increases ligg4/I 35 ratio values in each of
the 3-, 5- and 10-min anoxia groups (see Fig. 2A-C). In the 5-
min group, for example, the time required flagy/1sg ratio
values to start to increase in response to anoxia was
102+ 15s fp=14), compared to 3% 5s (=14) for pH
to begin to fall P<0.05). Indeed, at 100 s following the
start of 5-min anoxia (i.e. at approximately the time-point at
which l33413g ratio values started to rise), pHad reached
89% of the maximum anoxia-evoked acidic shift. Although
anoxia-evoked reductions in pHccurred more quickly than
anoxia-evoked increases lp4l3gp ratio values, the subse-
quent rise in pHwhich took place in the continued absence
of O, started to occur at a similar time to the rise in thg/lsgo

Table 2. Effects of changes in perfusate compositi
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ratio value (see Fig. 2). Thus, the latency to the start of the pH
increase following the induction of 5-min anoxia was
120+ 12 s f=14), whereas, in 14 sister culturesgy/lsgg
ratio values started to increase after X025 s @ > 0.05).

The above observations indicate that activation of Mg
exchange in the immediate postanoxic period (see below) is
unlikely to mediate the increases in [ evoked by anoxia
because, in the majority of cases, fChin the postanoxic
period declined to normal resting levels, even under condi-
tions where the postanoxic intracellular alkalinization was
maintained (see Fig. 2C). Furthermore, the results suggest
that rises in [C&"]; do not initiate the internal acidic shift
observed during anoxia, a possibility supported by experiments
in which anoxia was imposed under externafGfree condi-
tions. In the absence of external Tathel33415g, ratio value
increase evoked by 5-min anoxia was reduced to .01
(n=4; P<0.05 for difference in the rise iths34l3go ratio
values observed in response to 5-min anoxia in the presence
of external C&"; Fig. 3; also see Ref. 18). In contrast, the
magnitudes of the acidic shift observed during anoxia and the
postanoxic alkaline shift were not significantly different to
those observed in the presence of externad*Gdable 2,

Fig. 3).

Effects of changing extracellular pH

Because pkideclines under anoxic conditioirsvivo,®” we
examined the effects of reducing pbin the steady-state pH
response to 5-min anoxia. The results are summarized in
Table 2 and a typical response is illustrated in Fig. 4A. Redu-
cing pH, to 6.80 from the normal value of 7.35 reduced
steady-state pHprior to the induction of anoxia from
7.22+0.10 =8) to 6.81+0.11, confirming the steep
dependence of ptbn pH, in rat hippocampal neurorisThe
magnitude of the fall in pHevoked by anoxia during perfu-
sion with pH 6.80 medium was not significantly different to
that observed under pH7.35 conditions. In contrast, the
magnitudes of the rise in pHbbserved during anoxia and
the postanoxic internal alkaline shift were significantly
reduced. Recovery from the postanoxic internal alkalinization
occurred in all of eight cell populations subjected to 5-min
anoxia under p§l6.80 conditions (see Fig. 4A). The effect of
a reduction in pHwas also examined on the rise in [Ch
evoked in sister cultures by 5-min anoxia (Fig. 4B). In agree-
ment with previous reports (e.g., Ref. 38), the anoxia-evoked

on on the intracellular pH response to 5-min anoxia

Perfusate Buffer ApHjgacig) tacid pH; recovery ApHjGaikaiine) n
(pH units) (s) (%) (pH units)
0 [Ca&'], HCGO;/CO, 0.13+0.01 103+ 24 100+ 10 0.17+0.04 4
pH,=6.80 HCQ/CO, 0.15+0.01 144+ 9% 61+ 12* 0.08+0.01* 8
pH,=7.75 HCQ/CO, 0.07+=0.03* 137+ 29 146+ 10* 0.26+ 0.03* 4
2 mM [Na*], (NMDG™) HEPES 0.12- 0.01* 241+ 13* 30 7* 0.05+ 0.04* 6
2mM [Na*], (Li %) HEPES 0.15£0.03 189+ 29* 53+ 12* 0.28+0.03 8
+TTX (1 pM) HEPES 0.16-0.01 182+ 12* 35+ 8* 0.22+0.02 6
20 mM glucose HEPES 0.300.03* 144+ 8* 40+ 6* 0.21+0.03 6
+ Zn?* (250—1000.M) HEPES 0.18t0.02 125+ 11 48+ 9* 0.18+0.05 8
+ Cd?*" (1000uM) HEPES 0.21+-0.03 120+ 11 64+ 9* 0.14+0.06 4

Unless noted otherwise, gk 7.35 and glucose concentratisrl0 mM. ApHicig)

is the magnitude of the acidic shift induced by anoxigis the time from

the induction of anoxia to the time at which péiarted to increase in the continued absence,ppB recovery is the percentage recovery of, ppivards
preanoxic resting levels in the continued absence,afalculated according to the equation: percentaga@tdvery= 100X (ApHianoxiaf APHiacia)), Where
ApHianoxia) IS the magnitude of the rise of pldbserved during anoxiapHiaiaine) is the magnitude of the alkaline shift observed following the return to
normoxia. [C&"],, extracellular C&" concentration. P < 0.05 for difference from control value obtained under the same buffering conditions (see Table 1).
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HCGO; /CO,-buffered conditions. (A) Reducing pHrom 7.35 to 6.80 produced a fall in pH{When pH had stabilized at the new steady-state level, a 5-min
period of anoxia evoked a fall in pHthe magnitude of which was similar to that observed during 5-min anoxia undét.gblconditions, followed by a rise in

pH; in the continued absence of,@nd a postanoxic internal alkaline transient, the magnitudes of which were smaller than those observed following 5-min

anoxia under pki7.35 conditions (compare with Fig. 2B, the same experiment performed,a p5lunder identical buffering conditions). The trace is a mean
of data obtained simultaneously from 10 neurons. (B) pis reduced from 7.35 to 6.80 and a 5-min period of anoxia evoked a rigg/lgy, ratio values
which was smaller than that observed undey B35 conditions (compare with Fig. 2B). Note the incomplete recovery diihis, ratio values to preanoxic
resting levels under pt6.80 conditions, possibly reflecting inhibition of €aextrusion mechanisms under low gpH, conditions (see Discussion; also Ref.
37). The trace is a mean of data obtained simultaneously from seven neurons. (C) IncreafiomptB35 to 7.75 evoked an increase in steady-stateAobt

min anoxic insult produced a fall in pHhe magnitude of which was less than

that observed undgr 38 conditions, and a postanoxic internal alkalinization,

the magnitude of which was greater than that observed undgr 88 conditions. pHailed to recover from the postanoxic alkalinization (compare with Fig.

2B). The trace is a mean of data obtained simultaneously from 15 neurons
in 13341380 ratio values which was larger than that observed undey HB5

.{Wpsthcreased from 7.35to 7.75, and a 5-min period of anoxia evoked a rise

conditions (compare with Fig. 2B). The trace is a mean of data obtained

simultaneously from eight neurons.

rise inlssflsgq ratio values was reduced to 0.69.12 =5)
during perfusion with pH 6.80 mediumP& 0.05 for the
difference from the magnitude of the rise g lsgq ratio
values evoked by 5-min anoxia under pAH35 conditions;
see above).

We also examined the pldnd [C&"]; responses to anoxia
under high pH conditions. Increasing pHrom 7.35 to 7.75
increased steady-state jpptior to the induction of anoxia
from 7.11+ 0.06 to 7.39= 0.05 1=4). When a 5-min anoxic
insult was imposed under gH.75 conditions, the magnitude
of the anoxia-evoked fall in phivas reduced compared to the
change observed at gH.35, whereas the magnitudes of the
rises in pHboth during and following anoxia were increased
(Table 2, Fig. 4C). Recovery from the postanoxic internal
alkalinization occurred in none of four cell populations
subjected to 5-min anoxia under pH.75 conditions (see
Fig. 4C). Examined in four sister cultures, the rise in
[Ca?"]; evoked by 5-min anoxia under gH.75 conditions
was greater than that observed under control,(7t85)
conditions, the rise irgz413g0 ratio values being 3.15 0.28

(n=4; Fig. 4D) during perfusion with pH 7.75 medium
(P < 0.05 for the difference from the magnitude of the rise
in I334l3gpratio values evoked by 5-min anoxia under, 35
conditions; see above).

Role ofHCO;5

In order to assess the possible contribution of HG®the
changes in steady-state f#¥oked by anoxia, we imposed 3-,
5- and 10-min anoxic insults under nominally HELQO--
free, HEPES-buffered conditions. The results are summarized
in Table 1. The magnitudes of the acidic shifts observed under
HCO; -free conditions were similar during 3-, 5- and 10-min
anoxic insults, and were not statistically different to the corre-
sponding values obtained under HEAQO.-buffered condi-
tions. In addition, there was no statistical difference between
the magnitudes of the postanoxic alkaline shifts observed
after 3-min anoxia under HCOCO,-buffered or HCQ/
CO,-free conditions. Following 5- or 10-min anoxia,
however, the postanoxic alkaline shifts observed under
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Fig. 5. Steady-state pldhanges evoked by anoxia under reducedjlaonditions. The experiments shown in A and B were performed during perfusion with
HCO; /ICO,-free, HEPES-buffered media. (A) The external’Nfependence of anoxia-evoked changes invpis examined by substituting NMDGor all
but 2 mM external N&. This produced a fall in pHvhich was elevated towards normal resting values by addition of the weak base trimethylamine (TMA,;
10 mM). Under these conditions, a 5-min period of anoxia evoked a fall jnthel magnitude of which was significantly smaller than that observed under
normal [Na'], conditions. The magnitude of the postanoxic intracellular alkalinization was also markedly attenuated. The trace represents a mean of data
obtained simultaneously from 23 neurons. (B) The replacement of all but 2 mM externhalittel i * evoked a transient intracellular acidification followed by
a recovery of ptj despite continued exposure to reduced Needium (see Refs 2 and 70). Under these conditions, a 5-min period of anoxia evoked a fall in
pH; and a postanoxic internal alkalinization, the magnitudes of which were not statistically different from those observed in the presence of hiyrmbag[Na
trace represents a mean of data obtained simultaneously from 17 neurons.

HEPES-buffered conditions were significantly larger than the acid loads were imposed both during anoxia and immediately

corresponding changes observed under HEID,-buffered
conditions (Table 1). In a manner similar to that observed
under HCQ@/CO,-buffered conditions, none of eight cell
populations examined under HgGree conditions exhibited
recovery of pHfrom the postanoxic alkaline shift following
10-min anoxia, whereas 10 of 17 and four of five cell popula-

following the return to normoxia. The experiments were
performed in HEPES-buffered media, under which conditions
recovery of pklfrom an imposed acid load in hippocampal
neurons reflects NaH™ exchange activity:>6066.70Ag llu-
strated in Fig. 6A, pHrecovery from an imposed acid load
was slowed during anoxia. Rates of jpidcovery from acid

tions subjected to 5- and 3-min anoxia, respectively, showed loads imposed under anoxic conditions were compared to

at least a partial ¥ 50%) recovery of pHtowards preanoxic
resting levels.

Role ofNa"/H* exchange

The Na'/H* exchanger in rat hippocampal neurons is
insensitive to amiloride, amiloride analogues and benzoyl
guanidinium compounds (e.g., HOE 694); Mid* exchange
was therefore blocked by substituting all but 2 mM external
Na* with NMDG™* under HCQ /CO,-free, HEPES-buffered
conditions?30.66.70Under these conditions, where the fall in
pH; observed upon the introduction of Naeduced medium
had been compensated for by the addition of the weak bas
trimethylamine?7°the magnitudes of both the anoxia-evoked
acid shift and the postanoxic rise in pitere significantly
reduced compared to changes observed in the presence
normal [Na], (Table 2, Fig. 5A). The reduced magnitude
of the acidic shift might reflect a reduction in ATP hydrolysis
under reduced [N&, conditions!6'” The markedly reduced
magnitude of the postanoxic alkaline shift, on the other hand
suggests that activation of N&H* exchange contributes to
the rise in steady-state plbserved following the return to
normoxia. This possibility was supported by experiments in
which Li* was employed as the external Nsubstitute (L,
in contrast to NMDG, can act as a substrate for NH*
exchange}? Thus, in the presence of Lj the magnitude of
the rise in pKlafter a 5-min anoxic insult was not significantly

different from that observed in the presence of normal exter-

nal Na" (Table 2; Fig. 5B).

control rates of pHrecovery at the same absolute values of
pH;, and the resulting plots of the pHependence of the rates
of pH, recovery before and during anoxia are presented in Fig.
6B. Measured at the common test;@ifl7.05, the mean rate of
pH; recovery from internal acid loads imposed during anoxia
was reduced by 43%\& 5; P < 0.02; Fig. 6C). In contrast to
results obtained during anoxia, rates of ;pkecovery
increased when internal acid loads were imposed in the period
immediately following the return to normoxia (Fig. 6D).
Rates of pHK recovery from acid loads imposed following
the return to normoxia were compared to control rates of
pH; recovery at the same absolute values of (fFg. 6E)

eand, as illustrated in Fig. 6F, plfecovery rates measured at
the common test ptof 7.05 were increased by 249%- 6;
P < 0.01) in the postanoxic period.

of Taken together, the results suggest that Mg exchange
activity is reduced during anoxia and strongly activated
following the return to normoxia. In particular, the findings
are consistent with the possibility, raised earlier, that the

,increase in steady-state ptdbserved following anoxia
reflects, at least in part, an increase in"N&* exchange
activity.

Effects of tetrodotoxin and high glucose concentration

The results presented above suggest that changes;in pH
evoked by transient anoxia in rat hippocampal neurons reflect,
at least in part, alterations in NEAH* exchange activity.
However, the N&/H* exchanger is an electroneutral trans-

To further assess the possibility that anoxia produces port mechanisi? and anoxia leads to membrane depolariza-

changes in the activity of the N&H™ exchanger, intracellular

tion. In order to investigate whether membrane depolarization
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Fig. 6. The effects of anoxia on the recovery of; fitdm imposed intracellular acid loads. Traces in A and D were obtained under identical /80@free,
HEPES-buffered conditions. (A) Following the first fHnduced internal acid load, pias allowed to recover to normal resting values. The neurons were
then exposed to an anoxic medium and a second internal acid load was performed. The recovdrpmiftbid acid load imposed under anoxic conditions was
slowed. The trace represents a mean of data obtained simultaneously from eight neurons. (B)sensipitty of the rate of pHecovery plotted from data
obtained in the experiment shown in /@) Control data from recovery prior to anoxia)) data obtained during anoxia. Rates were evaluated at 0.05-unit
intervals of pH (C) Mean rate of pHecovery (= S.E.M.;n=>5) measured at a test pbf 7.05. @) Control; (J) during anoxia. Rates of pliecovery were
reduced significantly under anoxic conditio’s< 0.02). (D) Following an initial internal acid load, pt¥as allowed to recover to normal resting values. A 5-
min period of anoxia was then imposed, which resulted in a normal decline; ifolbived by a return of pHtowards normal resting values in the continued
absence of @ Following the return to normoxia, a second acid load was performed. The recoveryfodptthe acid load imposed following the transient
anoxic period was hastened. The trace represents a mean of data obtained simultaneously from 20 neurons.;(&rEitesfiyof the rate of pHecovery
plotted from data obtained in the experiment shown in @®). Control data from recovery prior to anoxia@)) data obtained following anoxia. Rates were
evaluated at 0.05-unit intervals of piF) Mean rate of pHrecovery (+ S.E.M.;n= 6) measured at a test pbf 7.05. @) Control; (J) following anoxia. Rates

of pH; recovery were increased significantly following the transient anoxic inBuit .01).

might influence the pHesponse to anoxia, we examined the maximum value in the postanoxic period; under control
effects of tetrodotoxin (TTX) and perfusion with 20 MM conditions (5-min anoxia, HEPES-buffered medium), this
glucose-containing medium, both of which are known to interval was 3.3- 0.2 min f1=17), whereas in the presence
delay the onset and/or reduce the magnitude of anoxic depo-of TTX the interval was 8.% 1.0 min f=6; P <0.05; Fig.
larization13.22:24,26,3840,72.798he results are summarized in  7A) and during perfusion with Li-substituted medium the

Table 2. interval was 9.3+ 1.3 min (=8; P <0.05; Fig. 5B).

Neither the magnitude of the decrease in; mHserved Next, we examined the effects on pbf 5-min anoxia
during anoxia nor the magnitude of the postanoxic internal imposed in the presence of 20 mM glucose (neurons were
alkalinization was significantly affected byudM TTX (Fig. superfused for 10 min with the high-glucose medium prior

7A). Interestingly, however, TTX significantly prolonged the to the induction of anoxia). As illustrated in Fig. 7B, exposure
latency to the rise in pHobserved during anoxid,fq and to medium containing 20 mM glucose evoked a slow increase
concomitantly reduced the extent of the rise in, pHserved in pH; of 0.15+ 0.02 pH units = 6); although the basis for

in the absence of O Because TTX is known to delay the this effect was not examined, the rise in;phiy reflect acti-
onset of anoxic depolarization, the results are consistentvation of Na'/H* exchange, as described in some peripheral
with the possibility that the rise in pldbserved during anoxia  cell types (e.g., Ref. 32). Once phiad stabilized at the new
may be determined, at least in part, by a mechanism activatedresting level, a 5-min anoxic insult resulted in an acidic shift
in response to membrane depolarization. The latter possibility which was significantly larger than the corresponding change
was also supported by findings that the effects of TTX in observed under control (10 mM glucose) conditions (Table 2;
delaying the onset and reducing the magnitude of the rise inalso see Refs 40, 61 and 67). However, in a manner reminis-
pH observed during anoxia were mimicked by reducing cent of the effects of TTX and reduced [Ng, the latency to
[Na*], to 2 mM (Table 2). In addition, both TTX and low- the start of the rise in pHduring anoxia and the extent to
[Na*], (Li *-substituted) medium increased the time between which pH increased in the absence of @ere increased
the end of anoxia and the time-point at which;peached a  and reduced, respectively, under high-glucose conditions
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Fig. 7. Effects of TTX and high glucose concentration on the nr@idponse to anoxia. Records in A and B were obtained under;iA0Q)-free, HEPES-

buffered conditions. (A) A 5-min period of anoxia imposed in the presences TTX produced a fall in pkiwhich was followed by a small rise in pkh the

continued absence of,0and a postanoxic internal alkalinization. The trace is a mean of data obtained simultaneously from 12 neurons. (B) Increasing the

concentration of glucose from the normal value of 10 mM to 20 mM evoked a slow rise in steady-stathpH pH had stabilized at the new resting level, a

5-min period of anoxia imposed in the presence of 20 mM glucose evoked a large fall liruplfeminiscent of the effects of TTX (see A), only a limited
recovery of pkloccurred in the continued absence of Dhe trace is a mean of data obtained simultaneously from 19 neurons.

(Table 2). The magnitude of the postanoxic internal alkalini- 7.6 -
zation was not significantly affected by 20 mM glucose,
compared to control responses obtained during perfusion
with medium containing 10 mM glucose (Table 2). However,
again in a manner reminiscent of the effects of TTX and
reduced [Nd&],, high glucose concentration increased the
latency to the time-point at which pleached a maximum
value in the postanoxic period to 6:80.6 min (1=6;
P<0.05 for the difference from control values obtained
during perfusion with 10 mM glucose; Fig. 7B).

Anoxia

pH,;

Possible contribution of a voltage-activated proton conduc- 6o
tance "o 3 6 9 12 15 18

The results obtained with TTX and under reduced {Na Time (min)
and high-glucose conditions SUggeSt.that manoeuvres whichrig. 8. Effect of Zi#* on the pHresponse to anoxia. Under control, HEPES-
are known to delay or attenuate anoxic depolarization reducebuffered conditions (continuous line), a 5-min period of anoxia evoked a
the extent to which pHincreases in the absence of @nd fall in pH; followed by a marked increase in pté above preanoxic resting

reduce the rate of rise of pkh the immediate postanoxic levels in the continued absence of &d, upon the return to normoxia, an
alkaline transient which slowly recovered towards preanoxic steady-state

perlo_d._ l_n turn, the f_lndlngs _SqueSt the IOOSS"?"”Y that an pH; levels. A parallel experiment was performed on a sister culture in the
alkalinizing mechanism activated by depolarization may presence of 25AM zn?* (open squares). In this case, the magnitudes of
contribute to the pHresponse to anoxia in hippocampal the decrease in plabserved during anoxia and the increase ingii$erved
nerons. One such alkalnizing. mecharism might be-a [IeUE O DS I o e
voltage-aptlyated pr_otor_l conductandgQ, an identitying diminished. Traces represent the meang gf data obtaine% simultaneously
characteristic of which is blockade by Znand Cd*.* from 16 and 14 neurons in the absence and presence?of Erspectively.

We therefore examined the effects of 250—-1Q08 Zn2*

on the pH response to 5-min anoxia; data obtained in the
presence of different concentrations of?Znvere not signifi-
cantly different and the results, which are presented in Table Cultured postnatal rat hippocampal neurons respond to
2, were therefore pooled. When 5-min anoxia was imposed in anoxia with an initial fall in pk a subsequent increase in
the presence of 71, the magnitudes of the acidic shift pH;in the continued absence of@nd, finally, a postanoxic
observed during anoxia and the alkaline shift observed after internal alkalinization which recovers towards preanoxi¢ pH
anoxia were not significantly different from values obtained in levels provided the duration of the anoxic insultss5 min.

the absence of Zn (Fig. 8). However, in a manner reminis-  The removal of external HCPDfailed to affect the changes in
cent of the effects of TTX, reduced [Nk and high glucose ~ pH; observed during anoxia although, following 5- and 10-
concentration (see above), Zrreduced the extent of the rise  min periods of anoxia, the magnitudes of the postanoxic alka-
in pH; observed in the absence of @able 2) and delayed the  line shifts observed under HEPES-buffered conditions were
onset of the peak alkalinization observed following anoxia greater than the corresponding changes observed in the
(which occurred at 5.% 0.4 min in the presence of 2 presence of HCQ/CO,. The latter findings may reflect a
n=8; Fig. 8). Similar results were obtained when anoxia greater intracellular buffering power in the presence than in
was imposed in the presence of 1 mMZX{Table 2). the absence of HCQCO,,2® although we cannot rule out a

DISCUSSION
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possible contribution from changes in the activities of HEO  exchange activity is unlikely to be responsible for this rise in
dependent ppregulating mechanisms in the postanoxic pH;, because there were no significant differences between
period>>%” Given the association between an internal alkalo- either the latencies to or the magnitudes of the rises in pH
sis and poor cell survival following transient ischaemia (see observed during anoxia when externalNaas replaced by
Introduction), the greater postanoxic alkalinization observed NMDG™ (under which circumstances Néd* exchange is

in the present experiments under HEPES-buffered conditionsblocked) or Li* (under which circumstances the N&i*

may be related to previous findings that cellular damage exchanger remains active). This finding parallels observations
induced by anoxia is worsened when buffering power is made in peripheral cell types, where anoxia-evoked falls in
reducec>"* pH; are not augmented by pharmacological blockade ¢fNa
exchange (e.g., Ref. 62). Although it has been suggested that
rat CNS neurons possess a monocarboxylate transporter
which contributes to pHegulation? in our hands the trans-

A fall in pH; appears to be a universal response of central port inhibitora-cyano-4-hydroxycinnamic acid (5—10 m#)
neurons to anoxia and/or ischaertid?®” In the present  fails to affect steady-state pkh the great majority of rat
study, anoxia evoked a decrease in pefore any measurable  hippocampal neurons and, examined in five populations of
rise in [C&"];, a finding which is consistent with tha vivo cultured neurons under HEPES-buffered conditions, 5 mM
intracellular H" concentration and [G4]; measurements of  a-cyano-4-hydroxycinnamic acid paradoxically increased
Silver and Erecinsk& and the magnitude of the fall in pH  the percentage recovery of pbbserved during 5 min anoxia
was not affected by the removal of external?CaThese (Diarra A., unpublished observations). Thus, the rise in pH
observations indicate that a rise in fC3, and subsequent observed in the absence of @ unlikely to be mediated by
displacement of protons from shared intracellular binding lactate/H™ co-transport, a finding consistent with those of
sites, activation of Cd/H* exchange and/or Casequestra-  others who have reported that lactate transport does not
tion by internal organelle®;5*does not initiate the fallinpH  play a major role in pHhomeostasis during anoxt&®¢
evoked by anoxia. On the other hand, the fact that pH  Two findings suggest, albeit indirectly, that the rise in pH
declined before [CH]; increased raises the possibility that observed during anoxia may be consequent upon membrane
anoxia-evoked falls in pHmnay play a role in promoting the  depolarization. First, the latencies from the start of anoxia to

The fall in intracellular pH during anoxia

rise in [C&];, for example, by displacing C& ions from the onset of the rises in pland [C&™]; were similar, and it is
shared binding site®,impairing C&* uptake and/or evoking ~ well established that the rapid rise in [€§ evoked by
Ca&* release from intracellular stor&sinhibiting Ca?* extru- anoxia coincides with membrane depolarizatféf™®
sion?” blocking K* conductancesand/or hastening the onset  Second, manoeuvres which are known to delay the onset
of energy failure'® and/or attenuate the magnitude of anoxic depolarization,

It has been suggested that NE* exchange contributes  including perfusion with low pH (Fig. 4} reduced N&
only minimally to H" extrusion from brain tissue during concentration (Fig. 5§ or high-glucose (Fig. 7§86
hypoxia® In the present study, rates of pkécovery from media and the application of TTX (Fig. 73/°®also delayed
acid loads imposed during anoxia were reduced compared tothe onset of the rise in ptébserved under anoxic conditions.
rates of pHrecovery established in the same neurons prior to In addition, we have observed that a rise in steady-state pH
the induction of anoxia. The result suggests that inhibition of occurs in cultured postnatal rat hippocampal neurons during
Na*/H* exchange may occur during anoxia, although this membrane depolarization evoked by exposure to media
possibility must be tempered by the fact that an increased containing either veratridine (30M) or high concentrations
rate of production of intracellular acid may contribute to the (25-50 mM) of K" (Diarra A., unpublished observations;
reduction in the rate of pHecovery observed during anoxia also see Ref. 63). Depolarization-induced internal alkaliniza-
(see Ref. 33). Of particular interest was the fact that the tions have been described in a variety of cell types, where
apparent reduction in N@H* exchange activity during they are mediated variously by N&HCO;3; co-transport (e.g.,
anoxia occurred even when pHvas held at a constant Ref. 9), voltage-activated proton conductances (e.g., Ref. 46)
value (i.e. pH 7.35); thus, in hippocampal neurons, a fall in or a reduction in the driving force for passive tdntry across
pH, (as occurén vivo) may not be an absolute requirement for the plasma membrane (e.g., Ref. 63). This labordtaryd
reduced antiporter activity. An alternative possibility is that other$® have been unable to demonstrate"M4CO; co-
the decline in intracellular ATP concentration evoked by transport in rat hippocampal neurons and, furthermore, the
anoxig'® may mediate the reduction in N&AH™ exchange rise in pH which occurred under anoxic conditions was not
activity. Although the ATP-dependence of the Md™* affected by the removal of external HGOON the other hand,
exchanger in hippocampal neurons has not been examinedthe fact that both Z# and Cd™ reduced the magnitude of the
it is established that ATP depletion directly inhibits ™M&* rise in pH suggests that g+ activated during anoxic depo-
exchange activity in peripheral cell types and in cell lines larization might contribute to the pkthange. Although we
stably transfected with NdH* exchanger isoform. have confirmed the effect of Zhin attenuating the rise in gH
Given the sensitivity of N&/H* exchangers to reductions in  observed during anoxia in acutely dissociated adult rat hippo-
pH,, 3% the external acidosis which occurs during andria ~ campal CAl neurons (Sheldon C., unpublished observations),
vivoor in slice preparationis vitro would act to augment any  given the many effects of Zf and Cd* on ligand- and/or
direct inhibitory effect of anoxia on N@H ™" exchange activity. voltage-gated ionic conductances.electrophysiological
studies will be required to substantiate or refute the possibility
that agy+ may contribute to the pHesponse to transient
anoxia in hippocampal neurons. The residual rise in pH

The fall in pH observed during anoxia was followed by a observed during anoxia in the presence ofZ(see Fig. 8)
rise in pH in the continued absence obResidual Na/H* or Cc#* may reflect a reduction in net™Hinflux consequent

The rise in intracellular pH during anoxia
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upon a reduction in the inward driving force on the proton
during membrane depolarizatiéh but this possibility also
requires further investigation.

Voltage-dependent H currents and/or a reduction in
passive H entry could provide mechanisms for limiting
falls in pH under conditions of energy failure (such as
anoxia), where N&H* exchange is inhibited, in particular
because both processes proceed without increasing][Na
and, in consequence, without further reducing the cellular
energy staté??35” However, although recoveries of pH
from anoxia-induced intracellular acidifications have been
observed previously in the CA1 region of hippocampal slices
subjected to combined anoxic and hypoglycaemic ingiits,
in the majority of such studies (as well @&s vivo) pH;
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normal pH values is an absolute requirement for itd*
exchange activation in the postanoxic period. Although the
factor(s) which promote(s) increased MeE* exchange
activity in hippocampal neurons following anoxia remain(s)
unknown, one possibility is an anoxia-induced change in
the activities of intracellular second messenger system(s)
which, in turn, act to regulate NéH* exchange. For example,
intracellular cyclic AMP concentration increases in the
immediate postanoxic period (e.g., Ref. 78) and we have
recently found that increases in intracellular cyclic AMP
concentration activate N@H™" exchange in rat hippocampal
neurons’?

Although Na'/H™* exchange was stimulated in the immedi-
ate postanoxic period, [C4]; returned to normal resting

decreases and does not recover in the continued absence ofalues. This finding indicates that postanoxic activation of
0, (e.g., Refs 61 and 69). Given the fact that voltage-activated Na*/H* exchange does not necessarily lead to an increase

proton conductances are inhibited by reductions ig, fithe

in [Ca?*]; in hippocampal neurons, even though it would be

difference between the latter reports and the present findingsexpected to promote a rise in [Nrand, in this way, favour

(at pH, 7.35) may be related to the reduction in yp#hich
occurs during anoxian vivoand in slice preparations vitro.
Indeed, in the present study, whengbs reduced from 7.35
to 6.80, the magnitude of the rise in pblbserved during
anoxia was reduced.

The rise in intracellular pH following anoxia

The final phase of the plesponse was a postanoxic inter-
nal alkalinization. In contrast to the rise in pihich occurred
during anoxia (see above), the rise in;pbbserved after

reverse Na/Ca?* exchange (see Refs 4, 20, 29 and 80).
Indeed, an increasing body of evidence suggests that activa-
tion of Na"/H* exchange and a return to physiological;pH
rather than cytosolic Ga overloadper se precipitates injury

in peripheral cell types following anoxia/ischaemia (e.g., Refs
5 and 65). In this regard, activation of N&™ exchange
following metabolic inhibition in cultured rat neocortical
neurons has been found to promote cell déatand the
present results suggest the possibility that a similar associa-
tion may exist in hippocampal neurons subjected to anoxia. In
particular, reducing pkor [Na*], (NMDG™* substitution),

anoxia appeared to be mediated, at least in part, by activationmanoeuvres which inhibit NdH* exchange and thereby

of Na*/H* exchange in the immediate postanoxic period. reduce the magnitude of the postanoxic internal alkaline
This possibility does not exclude potential contributions shift, are known to be neuroprotective (e.g., Refs 19 and 74).
from other mechanisms, such as synthesis of ATP (see Ref. Activation of Na"/H* exchange in the immediate post-
16) and alkalinizing mechanism(s) activated by continued anoxic period could modulate neurodegenerative processes

membrane depolarization (e.g., voltage-activated proton not only via changes in pHand pH,’™ but also by contri-

conductances) in the period immediately following anoxia

buting to the internal Na load at a time at which Na

(see above and Refs 10 and 73). Given the known inhibitory influx via voltage-activated Nachannels is declining due

effect of reductions in pglon Na'/H* exchange activity}4*
a reduced interstitial pH in the immediate postanoxic period
would act to limit any increase in N@H* exchange activity

to membrane repolarizatioid:?>48857°The rapid return to
normal or above-normal pHalues in the immediate post-
anoxic period could, for example, trigger the onset of the

at this time. Indeed, in the present study, the magnitude of the mitochondrial permeability transitiotf. On the other hand,

postanoxic internal alkalinization was significantly reduced
when pH was lowered from 7.35 to 6.80 (also see Ref. 77),

an increase in [N&]; and a reduction in the transmembrane
Na* gradient may contribute to a worsening of energy

suggesting a possible reason for the fact that internal pH state}*? a reduction in C& extrusion and C& buffering

“overshoots” have been observed only infrequently following
transient anoxic insultén vivo or in slice preparationsn
vitro,42:54.82

Activation of Na"/H* exchange following anoxia/ischae-

by internal organelle€*¢ a decline in glutamate reuptake
or even an increase in €aindependent glutamate
release?526480pgtentiation ofN-methyln-aspartate receptor-
mediated current® and early osmotic injury® Further

mia has been extensively documented in peripheral cell experiments are required to differentiate between these, and

typeg8394352 and, recently, N&H™' exchange has been
shown to mediate the recovery of pfdllowing metabolic
inhibition in cultured rat neocortical neurofsln peripheral
cell types, postanoxic activation of NAd* exchange is

thought to occur as an integrated response to both the fall

in pH, which occurs during anoxia and the restoration of
normal pH values in the postanoxic period. In this regard,

other, possibilities.

CONCLUSIONS

The intrinsic pH response of cultured postnatal rat hippo-
campal neurons to transient anoxia consists of peranoxic
acidic and postanoxic alkaline shifts, both of which are inde-

of particular interest are the present findings that postanoxic pendent of changes in [€4; and may reflect, at least in part,

activation of Na/H* exchange in hippocampal neurons
occurs even when pHipon the return to normoxia is not
reduced from preanoxic resting levels and even whepigpH

changes in the activity of the acid-extruding ™ * exchanger.
In addition, ag,+ activated by membrane depolarization may
contribute to a rise in pHwhich occurs in the continued

maintained at a constant value throughout the pre- andabsence of @and to the internal alkalinization which occurs
postanoxic periods. These findings indicate, respectively, immediately following the return to normoxia. Although the

that neither an anoxia-evoked fall in piHor a return to

magnitudes of the pHhifts observed in the present study are



1014 A. Diarraet al.

sufficient to affect a variety of processes critical to neuronal AcknowledgementsWe are grateful to Ms S. Atmadja and Ms M.
function, including the activities of ionic conductances (e.g., Grunert for the preparation of the neuronal cultures, and to Ms A.

P - _ Grant for performing thggO, measurements. Financial support was
Refs 7 and 76), the contribution, if any, of the;giianges to provided by an operating grant to J.C. and K.G.B. from the Heart

O, deprivation injury in cultured rat hippocampal neurons and stroke Foundation of British Columbia and Yukon.
remains to be determined.

REFERENCES

1. Abdel-Hamid K. M. and Baimbridge K. G. (1997) The effects of artificial calcium buffers on calcium responses and glutamate-mediated excitotoxicit
cultured hippocampal neurorideurosciencé1, 673—-687.
2. Baxter K. A. and Church J. (1996) Characterization of acid extrusion mechanisms in cultured fetal rat hippocampal detoyssl.493,457-470.
3. Bevensee M. O., Cummins T. R., Haddad G. G., Boron W. F. and Boyarsky G. (1996) pH regulation in single CA1 neurons acutely isolated from the
hippocampi of immature and mature rals Physiol.494,315-328.
4. Boening J. A., Kass I. S., Cottrell J. E. and Chambers G. (1989) The effect of blocking sodium influx on anoxic damage in the rat hippocampal slice.
Neuroscienc83, 263—-268.
5. BondJ. M., Chacon E., Herman B. and Lemasters J. J. (1993) Intracellular pH #nddDaeostasis in the pH paradox of reperfusion injury to neonatal
rat cardiac myocytesAm. J. Physiol265,C129-C137.
6. Choi D. W. and Koh J. Y. (1998) Zinc and brain injudy. Rev. NeuroscR1, 347-375.
7. Church J., Baxter K. A. and McLarnon J. G. (1998) pH modulation df Gasponses and a €adependent K channel in cultured rat hippocampal
neuronesJ. Physiol.511,119-132.
8. Church J., Fletcher E. J., Abdel-Hamid K. and MacDonald J. F. (1994) Loperamide blocks high-voltage-activated calcium chaNnelstiaylab-
aspartate-evoked responses in rat and mouse cultured hippocampal pyramidal nalensPharmac45s, 747-757.
9. Deitmer J. W. and Schlue W.-R. (1989) An inwardly directed electrogenic sodium—bicarbonate co-transport in leech glial Rigjisiol. 411,
179-194.
10. Demaurex N., Orlowski J., Brisseau G., Woodside M. and Grinstein S. (1995) The mammatiki Nantiporters NHE-1, NHE-2, and NHE-3 are
electroneutral and voltage independent, but can couple to*acoHductancel. gen. Physiol106,85-111.
11. Demaurex N., Romanek R. R., Orlowski J. and Grinstein S. (1997) ATP dependenc¥®idf'Nxchange: nucleotide specificity and assessment of the
role of phospholipidsJ. gen. Physiol109,117-128.
12. Dubinsky J. M. (1993) Intracellular calcium levels during the period of delayed excitotoxicijeuroscil3, 623-631.
13. Ekholm A., Kristian T. and Siesjd. K. (1995) Influence of hyperglycemia and of hypercapnia on cellular calcium transients during reversible brain
ischemia.Expl Brain Res104,462-466.
14. Erecinska M. and Dagani F. (1990) Relationships between the neuronal sodium/potassium pump and energy metabolism: éffé¢ss ah&
adenosine triphosphate in isolated brain synaptosodng®n. Physiol95,591-616.
15. Erecinska M. and Silver I. A. (1992) Relationships between ions and energy metabolism: cerebral calcium movements during ischaemia artd subseque
recovery.Can. J. Physiol. Pharmad@.0, S190-S193.
16. Erecinska M. and Silver I. A. (1994) lons and energy in mammalian bPagg. Neurobiol 43,37-71.
17. Fowler J. C. and Li Y. (1998) Contributions of Néux and the anoxic depolarization to adenosindriphosphate levels in hypoxic/hypoglycemic rat
hippocampal slicedNeuroscienc&3, 717-722.
18. Friedman J. E. and Haddad G. G. (1993) Major differences ffi @sponse to anoxia between neonatal and adult rat CA1 neurons: rolé'oaGa
Nag . J. Neuroscil3, 63—-72.
19. Friedman J. E. and Haddad G. G. (1994) Removal of extracellular sodium prevents anoxia-induced injury in freshly dissociated rat CA1 hippocampal
neuronsBrain Res.641,57-64.
20. Friedman J. E. and Haddad G. G. (1994) Anoxia induces an increase in intracellular sodium in rat centraimeitronBrain Res.663,329-334.
21. FujiwaraN., Abe T., Endoh H., Warashina A. and Shimoji K. (1992) Changes in intracellular pH of mouse hippocampal slices responding to lypoxia and
or glucose depletiorBrain Res572,335-339.
22. Fung M.-L. and Haddad G. G. (1997) Anoxia-induced depolarization in CA1 hippocampal neurons: rofed#pé¢mdent mechanisnBrain Res762,
97-102.
23. Gleitz J., Tosch C., Beile A. and Peters T. (1996) The protective action of tetrodotoxintayaldagain on anaerobic glycolysis, ATP content and
intracellular Na and C&" of anoxic brain vesiclesNeuropharmacolog@5, 1743-1752.
24. Grigg J. J. and Anderson E. G. (1989) Glucose and sulphonylureas modify different phases of the membrane potential change during hypoxia in ra
hippocampal sliceBrain Res489,302-310.
25. Guatteo E., Mercuri N. B., Bernardi G. and afel T. (1998) Intracellular sodium and calcium homeostasis during hypoxia in dopamine neurons of rat
substantia nigra pars compaciaNeurophysiol80, 2237—-2243.
26. Hansen A. J. (1985) Effect of anoxia on ion distribution in the bri@hysiol. Rev65,101-148.
27. Hartley Z. and Dubinsky J. M. (1993) Changes in intracellular pH associated with glutamate excitotdxidigyirosci.13, 4690—4699.
28. Herman B., Gores G. J., Nieminen A.-L., Kawanishi T., Harman A. and Lemasters J. J. (1990) Calcium and pH in anoxic and toXdciinfRey.
Toxic.21,127-148.
29. Hoyt K. R., Arden S. R., Aizenman E. and Reynolds I. J. (1998) ReverséQOsd exchange contributes to glutamate-induced intracellul& Ca
concentration increases in cultured rat forebrain neurgiodec. Pharmac53, 742—749.
30. Jakubovicz D. E. and Klip A. (1989) Lactic acid-induced swelling in C6 glial cells vi&/Na exchangeBrain Res.485,215—-224.
31. Jean T, Frelin C., Vigne P., Barbry P. and Lazdunski M. (1985) Biochemical properties of tftd Nexchange system in rat brain synaptosomes.
J. biol. Chem260,9678-9684.
32. Juntti-Berggren L., Arkhammer P., Nilsson T., Rorsman P. and Berggren P.-O. (1991) Glucose-induced increase in cytoplasmic pH irppesitseatic
is mediated by N&H™* exchange, an effect not dependent on protein kinask kiol. Chem266,23,537—-23,541.
33. Kaila K. and Vaughan-Jones R. D. (1987) Influence of sodium—hydrogen exchange on intracellular pH, sodium and tension in sheep cardiac Purkinje
fibres.J. Physiol.390,93-118.
34. Karmazyn M. (1996) The sodium—hydrogen exchange system in the heart: its role in ischemic and reperfusion injury and therapeutic ingaitations.
J. Cardiol. 12,1074-1082.
35. Kiedrowski L. and Costa E. (1995) Glutamate-induced destabilization of intracellular calcium concentration homeostasis in culturad genebiell
cells: role of mitochondria in calcium bufferiniylolec. Pharmac47,140-147.
36. Kiedrowski L., Brooker G., Costa E. and Wroblewski J. T. (1994) Glutamate impairs neuronal calcium extrusion while reducing sodium\gadant.
12,295-300.
37. Koch R. A. and Barish M. E. (1994) Perturbation of intracellular calcium and hydrogen ion regulation in cultured mouse hippocampal neurons by
reduction of the sodium ion concentration gradiehtNeuroscil4,2585-2593.
38. Kristian T., Katsura K., Gidds. and SiesjdB. K. (1994) The influence of pH on cellular calcium influx during ischerBieain Res.641,295-302.



39.

40.
41.

42.
43.

44,

45.

46.
47.

48.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

Intracellular pH response to anoxia 1015

Lazdunski M., Frelin C. and Vigne P. (1985) The sodium/hydrogen exchange system in cardiac cells: its biochemical and pharmacologicapdopertie

its role in regulating internal concentrations of sodium and internalJplfholec. cell. Cardiol17,1029-1042.

Li P.-A. and Siesj®. K. (1997) Role of hyperglycaemia-related acidosis in ischaemic brain daratgephysiol. scandl61,567-580.

Lukacs G. L., Kapus A., Nanda A., Romanek R. and Grinstein S. (1993) Proton conductance of the plasma membrane: properties, regulation, and
functional role.Am. J. Physiol265,C3-C14.

Mabe H., Blomqvist J. and Siésh K. (1983) Intracellular pH in the brain following transient ischendiacerebr. Blood Flow Metat8, 109-114.
Maddaford T. G. and Pierce G. N. (1997) Myocardial dysfunction is associated with activation/ef'Nexchange immediately during reperfusiém.

J. Physiol.273,H2232-H2239.

Mahnensmith R. L. and Aronson P. S. (1985) The plasma membrane sodium—hydrogen exchanger and its role in physiological and pathophysiological
processe<Circulation Res56, 773—788.

Meech R. W. and Thomas R. C. (1980) Effect of measured calcium chloride injections on the membrane potential and internal pH of snail neurones.
J. Physiol.298,111-129.

Meech R. W. and Thomas R. C. (1987) Voltage-dependent intracellular plelix aspersaneuronesJ. Physiol.390,433-452.

Melzian D., Scheufler E., Grieshaber M. and Tegtmeier F. (1996) Tissue swelling and intracellular pH in the CAL1 region of anoxic rat hippocampus.
J. Neurosci. Meth65, 183-187.

Meng H. and Pierce G. N. (1991) Involvement of sodium in the protective effect Wf\Beimethyl)-amiloride on ischemia—reperfusion injury in
isolated rat ventricular walll. Pharmac. exp. TheR56,1094—-1100.

Nedergaard M. and Goldman S. A. (1993) Carrier-mediated transport of lactic acid in cultured neurons and astmocyt&hysiol265,R282—R289.

Nicholls D. G. (1989) Release of glutamate, aspartate;yaadinobutyric acid from isolated nerve terminals Neurochem52, 331-341.

OuYang Y. B., Mellergal P., Kristim T., Kristiznova V. and Siesj@B. K. (1994) Influence of acid—base changes on the intracellular calcium
concentration of neurons in primary cultuiexpl Brain Res101,265-271.

Phillis J. W., O'Regan M. H. and Song D. (1998)N-thyl-N-isopropyl)-amiloride inhibits amino acid release from the ischemic rat cerebral cortex:

role of Na*—H* exchangeBrain Res.812,297-300.

Piper H. M., Balser C., Ladilov Y. V., Scfea M., Siegmund B., Ruiz-Meana M. and Garcia-Dorado D. (1996) The role dfHNaexchange in
ischemia—reperfusioBasic Res. Cardiol91,191-202.

PirttilaT.-R. M. and Kauppinen R. A. (1992) Recovery of intracellular pH in cortical brain slices following anoxia studied by nuclear magnetic resonance
spectroscopy: role of lactate removal, extracellular sodium and sodium/hydrogen exddangesciencet7, 155-164.

Pirttila T.-R. M. and Kauppinen R. A. (1993) Extracellular pH and buffering power determine intracellular pH in cortical brain slices during and
following hypoxia.NeuroRepor6, 213-216.

PirttilaT.-R. M. and Kauppinen R. A. (1994) Lactate efflux and intracellular pH during severe hypoxia in rat cerebralrceitiexstudied by nuclear
magnetic resonance spectroscogurosci. Lett178,111-114.

PirttilaT.-R. M. and Kauppinen R. A. (1994) Regulation of intracellular pH in guinea pig cerebral aoctéixostudied by**P and*H nuclear magnetic
resonance spectroscopy: role of extracellular bicarbonate and chldrideurochem62, 656—664.

Poole R. and Halestrap A. (1993) Transport of lactate and other monocarboxylates across mammalian plasma mémbranebysiol.264,
C761-C782.

Qian T., Nieminen A.-L., Herman B. and Lemasters J. J. (1997) Mitochondrial permeability transition in pH-dependent reperfusion injury to rat
hepatocytesAm. J. Physiol273,C1783-C1792.

Raley-Susman K. M., Cragoe E. J. Jr, Sapolsky R. M. and Kopito R. R. (1991) Regulation of intracellular pH in cultured hippocampal neurons by an
amiloride-insensitive N&/H™* exchangerJ. biol. Chem266,2739—-2745.

Roberts E. L. Jr, He J. and Chih C.-P. (1998) The influence of glucose on intracellular and extracellular pH in rat hippocampal slices during and afte
anoxia.Brain Res.783,44-50.

RuB U., Balser C., Scholz W., Albus U., Lang H. J., Weichert A., Scholkens B. A. and Gogelein H. (1996) Effects of/thié-ddechange inhibitor Hoe

642 on intracellular pH, calcium and sodium in isolated rat ventricular myocifégiers Arch.433,26—34.

Sachez-Armass S., Mdrtez-Zaguila R., Martnez G. M. and Gillies R. J. (1994) Regulation of pH in rat brain synaptosomes. |. Role of sodium,
bicarbonate, and potassiuth.Neurophysiol71, 2236—-2248.

Sachez-Prieto J. and Goflea P. (1988) Occurrence of a large Ldndependent release of glutamate during anoxia in isolated nerve terminals
(synaptosomes)l. Neurochem50, 1322-1324.

Satoh H., Hayashi H., Katoh H., Terada H. and Kobayashi A. (1995)HNaand Na/C&" exchange in regulation of [Ng and [C&']; during
metabolic inhibition Am. J. Physiol268,H1239—-H1248.

Schwiening C. J. and Boron W. F. (1994) Regulation of intracellular pH in pyramidal neurones from the rat hippocampudéyyeddent ClI-HCO;
exchangelJ. Physiol.475,59-67.

SiesjoB. K., Katsura K. and Krisfia T. (1996) Acidosis-related damag&dv. Neurol.71,209-233.

Silver I. A. and Erecinska M. (1990) Intracellular and extracellular changes éf[@ahypoxia and ischemia in rat brain vivo. J. gen. Physiol95,

837-866.

Silver I. A. and Erecinska M. (1992) lon homeostasis in rat drairivo: intra- and extracellular [C4] and [H'] in the hippocampus during recovery

from short-term, transient ischemia. cerebr. Blood Flow Metall2, 759-772.

Smith G. A. M., Brett C. L. and Church J. (1998) Effects of noradrenaline on intracellular pH in acutely dissociated adult rat hippocampal &€l neuro

J. Physiol.512,487-505.

Strupp M., Jund R., Schneider U. and Grafe P. (1991) Glucose availability and sensitivity to anoxia of isolated rat perondahnériRhysiol261,
E389-E394.

Stys P. K. (1998) Anoxic and ischemic injury in myelinated axons in CNS white matter: from mechanistic concepts to therhpmrats. Blood Flow
Metab.18, 2-25.

Tanaka E., Yamamoto S., Kudo Y., Mihara S. and Higashi H. (1997) Mechanisms underlying the rapid depolarization produced by deprivation of oxygen
and glucose in rat hippocampal CA1 neuramwitro. J. Neurophysiol78, 891-902.

Tombaugh G. C. (1994) Mild acidosis delays hypoxic spreading depression and improves neuronal recovery in hippocampaNslicesci.14,
5635-5643.

Tombaugh G. C. and Sapolsky R. M. (1993) Evolving concepts about the role of acidosis in ischemic neuropdthdEgpchem61, 793—-803.

Tombaugh G. C. and Somjen G. G. (1997) Differential sensitivity to intracellular pH among high- and low-threshotti@ants in isolated rat CA1
neuronsJ. Neurophysiol77,639-653.

Vornov J. J., Thomas A. G. and Jo D. (1996) Protective effects of extracellular acidosis and blockade of sodium/hydrogen ion exchange duying recov
from metabolic inhibition in neuronal tissue cultude.Neurochem67, 2379—-2389.

Whittingham T. S., Lust W. D. and Passonneau J. V. (1984hAitro model of ischemia: metabolic and electrical alterations in the hippocampal slice.

J. Neurosci4, 793-802.

Xie Y., Dengler K., Zacharias E., Wilffert B. and Tegtmeier F. (1994) Effects of the sodium channel blocker tetrodotoxin (TTX) on cellular ion
homeostasis in rat brain subjected to complete ischeBnain Res.652,216—224.

Yamaguchi S., Endo K., Kitajima T., Ogata H. and Hori Y. (1998) Involvement of the glutamate transporter and the sodium—calcium exchanger in the
hypoxia-induced increase in intracellularCan rat hippocampal slice®rain Res813,351-358.



1016 A. Diarraet al.

81. Yamamoto S., Tanaka E., Shoji Y., Kudo Y., Inokuchi H. and Higashi H. (1997) Factors that reverse the persistent depolarization produced by

deprivation of oxygen and glucose in rat hippocampal CA1 neuirorgro. J. Neurophysiol78,903-911.
82. Yoshida S., Busto R., Martinez E., Scheinberg P. and Ginsberg M. D. (1985) Regional brain energy metabolism after complete versus incomplete

ischemia in the rat in the absence of severe lactic aciddscerebr. Blood Flow Metalb, 490-501.
83. Yu X.-M. and Salter M. W. (1998) Gain control of NMDA-receptor currents by intracellular sodilature 396,469-474.

(AcceptedL4 April 1999)



