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Improves 

Severe tissue acidosis has been viewed traditionally as a 
damaging component of cerebral hypoxia. However, a neu- 
roprotective action of low pH during hypoxia has been de- 
scribed in primary neuronal cultures. To identify and char- 
acterize this effect in mature brain tissue, adult rat 
hippocampal slices were made hypoxic after adjusting pH, 
with HCI or NaOH. Ion-selective microelectrodes were po- 
sitioned in CA1 to record evoked field potentials, extracel- 
lular DC voltage (V,), pH, and [Ca2+10. Orthodromic popu- 
lation spike amplitude was used as a measure of slice 
recovery 2 hr after reoxygenation. All slices became mark- 
edly acidotic during hypoxia (ApH, - 0.4 pH unit). Following 
restoration of 0, and bath pH to 7.4, slice pH, returned to its 
pretreatment level regardless of experimental treatment, 
hypoxic duration, or the degree of electrophysiological re- 
covery. When either the period of hypoxia or the duration of 
HSD was held constant, acid-treated slices exhibited a sig- 
nificant improvement in recovery. However, in neither par- 
adigm did the recovery of alkaline-treated slices differ from 
controls. Mild acidosis (bath pH = 6.9-7.3) caused a revers- 
ible depression of the orthodromic population spike, an in- 
crease in the latency of hypoxic spreading depression-like 
depolarization (HSD), and a decrease in the magnitude of 
the associated negative V, shift. For each of these param- 
eters, mild alkalinity (bath pH = 7.7) had the opposite effect. 
Acid treatment did not affect the decrease in [Ca2+lo during 
HSD but accelerated its recovery after reoxygenation. These 
results suggest that mild acidosis may limit hypoxic neuronal 
injury in vitro by delaying HSD onset and by additional mech- 
anisms unrelated to the degree of calcium influx during neu- 
ronal depolarization. 

[Key words: acidosis, hypoxia, anoxic depolarization, hip- 
pocampus, calcium, microelectrodes] 

A characteristic feature of hypoxic brain tissue is the sudden 
and gross redistribution of ions across cell membranes. This 
event has been labeled hypoxic spreading depression-like de- 
polarization (HSD) (Aitken et al., 1991) due to its similarity 
with the spreading depression of Leao (1944) which can be 
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evoked in normoxic brain tissue by various stimuli. The term 
“HSD” is used to emphasize this similarity without necessarily 
implying that the two are identical. HSD is a well-described 
pathophysiological state, but its relationship to neuronal injury 
is unclear. HSD waves (or anoxic depolarizations) are com- 
monly seen during both global and focal ischemia and have 
been implicated in the neurotoxic process (Hansen and Ned- 
ergaard, 1988; Iijima et al., 1992; Chen et al., 1993). During 
HSD, neurons undergo a large and sustained rise in intracellular 
calcium (Mitani et al., 1993) and lowering [Ca2+10 has been 
shown to reduce hypoxic neuronal injury in vitro without pre- 
venting HSD (Balestrino and Somjen, 1986; Roberts and Sick, 
1988; Amagasa et al., 1990; Young et al., 1992) suggesting that 
Ca*+ entry during HSD is critical. Such studies have depicted 
calcium as the underlying trigger for ischemic neuropathology, 
but it is clear that many factors during ischemia govern neuronal 
fate, not all of which necessarily play a damaging role. 

Surprisingly, one important protective event may be a fall in 
tissue pH. Acidosis is a hallmark of cerebral hypoxia and has 
received considerable attention since its description nearly 40 
years ago (Thorn and Hietmann, 1954; Crowell and Kaufmann, 
1961; Ljunggren et al., 1974). Ischemic acidosis has been cor- 
related with the extent of brain injury, and treatments that en- 
hance this acidity often exacerbate tissue damage (Myers, 1979; 
Siesjo, 1988). Severe acidosis by itself is clearly capable of dam- 
aging brain cells: the toxicity of low-pH solutions has been well 
documented both in vitro and in vivo (Kraig et al., 1987; Gold- 
man et al., 1989; Giffard et al., 1990a; Tombaugh and Sapolsky, 
1990b). A causal link between severe acidosis and pannecrotic 
brain infarction appears well established (Plum, 1983; Kraig, 
1985; Nedergaard, 1987) but such a connection between aci- 
dosis and selective neuronal injury is more tenuous (Tombaugh 
and Sapolsky, 1993). In vivo, hyperglycemia exacerbates ische- 
mic acidosis and delays the onset of anoxic depolarization (Han- 
sen, 1978; Ekholm et al., 1993) while it reduces both HSD 
frequency and neuronal injury in the penumbra of developing 
infarcts (Nedergaard and Diemer, 1987; Nedergaard, 1988). In 
vitro, extracellular acidity can inhibit NMDA-mediated cell cur- 
rents, reduce neuronal [Ca2+], accumulation, and prevent hy- 
poxic neuronal injury (Schurr et al., 1988; Giffard et al., 1990a; 
Sher, 1990; Tang et al., 1990; Tombaugh and Sapolsky, 1990a, 
b; Traynelis and Cull-Candy, 1990; Takadera et al., 1992) all 
at pH values commonly seen in the ischemic brain (Siemkowicz 
and Hansen, 198 1). 

This study examines the relationship between [H+],, HSD, 
and the degree of neuronal injury induced by hypoxia in adult 
rat hippocampal slices. Tissue slices were exposed to brief pe- 
riods of hypoxia after adjusting the ambient pH by small steps 
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Figure 1. Summary of pH, changes in 
slices treated with slightly acidic or al- 
kaline ACSF before and during hypoxia 
(heavy bar). Because the peak acid shift 
and its recovery after 8 min of hypoxia 
did not differ from experiments in which 
hypoxia was prolonged, data from all 
experiments were combined (n 2 5 per 
group). Following hypoxia, normal 
ACSF (OH 7.4) was restored and OH, \. 
monitored for 2 hr. pH, was deter: 
mined at a depth where the evoked or- 
thodromic population spike was max- 
imal and was calculated relative to bath 
pH prior to any treatment (A), after ex- 
posure to experimental ACSF but be- 
fore hypoxia(B), after hypoxia(C), and 
following a 2 hr recovery period (D). 
For comparison, posthypoxic pH, was 
also calculated relative to bath pH (E) 
at the end of each experiment. 
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with either strong acid or base. Shifts in extracellular pH (pH,), 
V,, and [Caz+], were monitored with ion-selective electrodes to 
determine whether such changes were associated with changes 
in neuronal recovery. 

Materials and Methods 
Hippocampal slice preparation. Transverse slices (400 pm) were pre- 
pared from the middle third of hippocampi removed from male Sprague- 
Dawley rats (125-150 gm) immediately following decapitation under 
ether anesthesia (Aitken, 1985). Dissections were performed in chilled 
(4°C) artificial cerebral spinal fluid (ACSF) containing (in mM) NaCl, 
130; KCl, 3.5; CaCI,, 1.2; MgSO,, 1.2; NaH,PO,, 1.25; NaHCO,, 24; 
and dextrose, 10; aerated with 95% O,, 5% CO, to maintain a nominal 
pH of 7.4 (294 2 1 mOsm). Several slices were transferred immediately 
to each well of an “Oslo’‘-type dual-well interface chamber into which 
flowed control ACSF at - 1 ml/min. The same humidified 0,X0, gas 
mixture used to oxygenate the ACSF flowed through the air space above 
the slices in each well. Slices were kept at 35°C and allowed to recover 
for 90 min prior to any experimental treatment. The pH of the exper- 
imental ACSF was adjusted by adding several drops of concentrated 
HCl or NaOH and measured with a Beckmann 421 pH meter. ACSF 
osmolarity was measured with a freezing-point depression osmometer. 
Acid-induced changes in ACSF [Ca*+] were monitored in some exper- 
iments with calcium microelectrodes. ACSF osmolarity was unaffected 
by HCl addition but was markedly increased after the addition of NaOH. 
In these “alkaline” experiments, [NaCl] was reduced by 20 mM in order 
to maintain osmolarity at a final pH of 7.7 (298 f  2 mOsm); control 
slices were exposed to ACSF in which 20 mM NaCl was replaced with 
13.3 mM Na,SO, (288 f  1 mOsm). 

Extracellular recordings. Double-barrel H+ - and Caz+ -selective mi- 
croelectrodes (combined tip diameter of 4-7 pm) were prepared from 
1.5 mm capillary glass tubing using a vertical Narishige electrode puller. 
The tip of the ion-selective barrel was silanized with 5% tri-N-methyl- 

120min 

chlorosilane (Sigma, St. Louis, MO) in xylene and filled with the ap- 
propriate ion-selective resin (Fluka, Ronkonkoma, NV) to a column 
height of 600-900 pm. Ion-selective barrels were back-filled with either 
phosphate-buffered saline, pH 7.0 (H+ electrode) or 1.2 mM CaClJl50 
rnM NaCl (Ca*+ electrode). The reference barrel was filled with 150 mM 
NaCl and used to record both DC (V,) changes and evoked field po- 
tentials. Microelectrodes were connected to a differential amplifier via 
high-impedance head stages and were calibrated before and immediately 
after each experiment. H+ electrodes exhibited responses of 50-59 mV/ 
pH unit while Ca2+ electrodes had slopes of 25-28 mvldecade. Elec- 
trodes were first positioned in the bath (pH = 7.4; [Ca2+] = 1.2 mM) to 
obtain a reference pH or [Ca2+], against which subsequent ion mea- 
surements were compared after repositioning in CA1 (str. pyramidale). 
In some experiments [Ca*+], recordings were made in str. radiatum of 
CAl. Electrode depth was adjusted to maximize the amplitude of the 
orthodromic response evoked by electrical stimulation (1 O-100 PA, 0.15 
msec) of the Schaffer-collateral-commissural bundle using an insulated 
monopolar stimulating electrode. Slices displaying either multiple pop- 
ulation spikes or single spikes of ~5 mV were excluded. Evoked po- 
tentials were monitored on an oscilloscope and digitized for later com- 
puter analysis (Aitken, 1985); V, and ion signals were recorded on a 
polygraph and on videotape using a VHS recorder. 

Experimental treatments. Evoked waveforms were recorded from all 
slices in both wells of the chamber. One slice in each well was then 
selected randomly for continuous V, and ion recording. Control ACSF 
in one well was then switched to experimental acidic or alkaline ACSF. 
After slice pH, had equilibrated with the new pH of the bath, slices in 
both wells were made hypoxic by replacing the gas phase with 95% N,, 
5% 0,. Two experimental paradigms were used. In one, slices were 
exposed to a constant 8 min period of hypoxia, a duration that had 
been empirically determined to result in partial recovery of the ortho- 
dromic population spike. In the second paradigm, hypoxia was extended 
for 5 min after the negative V, shift occurred in order to subject CA1 
neurons to a constant period of HSD. Following hypoxia, both oxygen 
and control ACSF (pH 7.4) were restored. Two hours later, electro- 
physiological recovery was measured. Evoked potentials in the remain- 



ing slices were recorded from the same approximate position and depth 
determined at the beginning of the experiment. 

Data analysis. For each slice, the ratio of the posthypoxic to pretreat- 
ment orthodromic population spike was used as a measure of functional 
recovery. Spike amplitude was measured from the negative peak to the 
midpoint of a line connecting the two shoulders of the positive wave. 
HSD latency was calculated from the time nitrogen was introduced to 
the point at which the negative V, shift occurred and its duration mea- 
sured from this negative shift to the point where oxygen was restored. 
Statistical comparisons were made either by Student’s t test or by anal- 
ysis of variance followed by a Fisher PLSD or Scheffe’s F test. All data 
are presented as mean 5 SEM. 

Results 
Manipulation and measurement of slice pH, 
Depending on the electrode depth, interstitial pH was 0.1-0.25 
pH unit more acidic than the surrounding bath. A pH, gradient 
existed in the upper layers of the slices, reaching a nadir of 7.15 
* 0.0 1 (n = 14) at a depth of 150 pm, below which no further 
decrease in pH, was seen (not shown). Maximal evoked poten- 
tials were typically found at depths of 40-80 pm, corresponding 
to a pH, of 7.23 f 0.01. During exposure to acidic or alkaline 
ACSF, slices reached a stable pH, within 35-45 min; changes 
in pH, closely paralleled changes in bath pH (Fig. 1). No de- 
tectable I’, changes occurred during this period. 

Eflects of hypoxia on slice pH, 

Regardless of the initial direction of the pH, shift during ex- 
perimental ACSF treatment, all slices became markedly more 
acidotic during hypoxia (Figs. 1, 2). This acidification was typ- 
ically punctuated by a transient alkalinization coincident with 
the negative V, shift (Fig. 2) as described previously (Kraig et 
al., 1983). However, slices exposed to the most acidic ACSF 
(pH 6.9) failed to exhibit any sudden I’, change or an abrupt 
alkaline shift (Fig. 20). Interstitial pH always reached its nadir 
within 8 min and typically earlier. Following reoxygenation, 
slice pH, gradually returned to its pretreatment level regardless 
of the experimental ACSF pH, the duration of hypoxia, or the 
degree of acidification during hypoxia (Figs. 1,2). However, the 
time needed for pH, recovery was generally longer in the more 
acidic slices. 

Effects of pH, on neuronal excitability 

Under normoxic conditions, acid exposure caused a reversible 
dose-dependent depression of the population spike [ - 10 f 3% 
(n = 10; ApH = -0.1) to -58 * 7% (n = 12; ApH = -O.S)] 
(Fig. 3). In contrast, mild alkalinity increased the size of the 
population spike [+37 f 13%, (n = 5; ApH = +0.3)] and oc- 
casionally led to the appearance of a smaller secondary spike at 
higher stimulus intensities. These alkaline-induced changes were 
not due to the slightly reduced [Cl-] as they were not observed 
when 20 mM NaCl was substituted with 13.3 mM Na,SO, (data 
not shown). 

Efects of pH, on neuronal recovery 

In control slices, functional recovery was discontinuous with 
respect to the duration of HSD, declining sharply to zero as this 
interval exceeded 250-300 set (Fig. 4). Following exposure to 
a fixed 8 min period of hypoxia (see Materials and Methods), 
control slices exhibited a mean recovery of 39 * 6% while slices 
made slightly acidic before hypoxia showed nearly complete 
recovery (Fig. 5A). This protective effect was readily seen after 
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Figure 2. Representative pH, and V, recordings in slices made hypoxic 
during exposure to pH 7.7 (A), 7.4 (B), 7.2 (C), or 6.9 (0). Note the 
increase in HSD latency and the decrease in AV, with declining pH,, 
as well as the absence of HSD in the most acidic slice (D). 

separate set of experiments, slices were exposed to a constant 5 
min period of HSD (see Materials and Methods); acid-treated 
slices were therefore exposed to a longer total period of hypoxia 

reducing the prehypoxic pH by as little as 0.1 pH unit. In a than control slices, given their greater HSD latencies. These 
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Figure 3. Mild acidosis reversibly depresses while mild alkalinity re- 
versibly enhances neuronal excitability (n 2 5). Maximal evoked po- 
tentials were recorded before, during, and 2 hr after exposure to either 
pH 6.9 or pH 7.7 ACSF. The asterisks denote stimulation artifacts. The 
graph summarizes the maximal change in population spike as a function 
of extracellular pH @Ho). Errors associated with pH, measurements 
were less than 1% and have been omitted for clarity. 

acid-treated slices exhibited improved recovery over controls, 
though this effect did not reach statistical significance until the 
prehypoxic pH had been reduced by 0.3 pH units (Fig. 5B). 
Slices treated with pH 6.9 ACSF, which did not show HSD, 
were exposed to a period of hypoxia nearly twice that of controls 
(15 min) and yet showed significantly better recovery (73 + 
12%; p < 0.01, n = 7). Surprisingly, alkaline-treated slices (ACSF 
pH = 7.7) and their matching Na,SO,-treated controls (ACSF 
pH = 7.4) showed similar recovery after 8 min of hypoxia [83 
f 9% (pH 7.4) vs 77 + 9% (pH 7.7); n = 121, recoveries that 
were also significantly greater (p < 0.01) than seen in normal 
ACSF-treated slices (39 f 6%). Alkaline slices also required a 

longer period of HSD (> 5 min) to exhibit any measurable injury; 
however, after HSD duration was extended to 7 min, their re- 
covery did not differ significantly from that of matching Na,SO,- 
treated controls [50 f 11 (pH = 7.4) vs 49 f 14 (pH = 7.7); 
n = 31. 

Effects of pH, on HSD latency and A V, 

In control slices, HSD occurred with a latency of 212 Ifr 8 set 
and a V, shift of - 15 f 1 mV. Mild acidification of slices prior 
to hypoxia led to a dose-dependent increase in the latency of 
HSD during hypoxia, as well as a significant blunting of the 
negative DC shift (Fig. 6). Slices exposed to the most acidic 
ACSF (pH 6.9) never exhibited HSD even when the duration 
of hypoxia was extended to 15 min (Fig. 20). In contrast, pre- 
treatment with alkaline ACSF (pH 7.7) both shortened HSD 
latency and increased the size of the negative V, shift (Fig. 6). 

Effects of pH, on [Ca2+/, during hypoxia 

Acidification of the ACSF to pH 7.1 led to a gradual increase 
in the [Ca*+10 in str. pyramidale from 1.20 + 0.01 to 1.32 + 
0.01 (Table l), as measured with CaZ+ microelectrodes (Bale- 
strino and Somjen, 1988). An identical prehypoxic rise in bath 
[Ca”+] was detected during acid treatment (n = 12; p < 0.01). 
During hypoxia, no consistent changes in [Ca2+lo occurred in 
either group prior to HSD. During a fixed 5 min period of HSD, 
[Ca*+10 fell precipitously in both groups and remained below 
pre-HSD levels for the duration of hypoxic exposure (Fig. 7). 
Both groups exhibited an identical decrease in [Ca2+10 during 
HSD: 1.05 t- 0.02 (pH 7.4) versus 1.05 + 0.03 (pH 7. l), n = 
13 (Table 1). Similar results were obtained in str. radiatum (n 
= 6). Upon reoxygenation, a significant shortening of the [Ca*+],, 
recovery time was observed in str. radiatum in the acid-treated 
slices, though this effect failed to reach statistical significance in 
str. pyramidale (Table 1). 

Discussion 
The cardinal findings of this study are that mild acidosis delays 
HSD (anoxic depolarization) and improves posthypoxic recov- 
ery of synaptic transmission in hippocampal slices. Earlier stud- 
ies carried out in the presence of elevated lactic acid (Schurr et 
al., 1988a) revealed a similar paradoxical improvement in hy- 
poxic slice recovery, but HSD latency was not measured. More- 
over, the subsequent finding that lactate itself can be utilized as 
an alternative substrate in energy-deprived tissue (Schurr et al., 
1988b) has served to deemphasize low pH as a protective agent. 
The present study resurrects the putative role of mild acidosis 
as an endogenous neuroprotectant during hypoxia (Giffard et 
al., 1990a; Tombaugh and Sapolsky, 1990a,b) and demonstrates 
that this protection is due in part to the ability of low pH to 
delay the onset of HSD. This study also strengthens earlier work 
that first suggested a causal relationship between HSD duration 
and hypoxic neuronal injury in vitro (Balestrino and Somjen, 
1986). 

In agreement with other reports, resting pH, in control slices 
was found to be slightly more acidic than the surrounding bath 
(Balestrino and Somjen, 1988; Walz, 1989; Chen and Chesler, 
1992) and -0.1 pH unit more acidic than interstitial pH values 
commonly reported in vivo (cf. Chesler, 1990). Reducing pH, 
further reversibly depressed the evoked population spike, while 
elevating pH, had the opposite effect. Similar changes in hip- 
pocampal excitability have been seen by others, both in vitro 
and in vivo (Balestrino and Somjen, 1988; Walz and Harold, 
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Figure 4. Hypoxic neuronal injury occurs after cells undergo a critical 
period of HSD. Data were obtained from control slices (ACSF pH = 
7.4) exposed to varying hypoxic periods. 

1989; Krnjevic and Walz, 1990). Except for certain cells in the 
brainstem and spinal cord, acidosis appears to depress the ex- 
citability of a majority of central neurons (Meyer et al., 1961; 
Speckman and Caspers, 1974; Jarolimek et al., 1990). 

In acid-treated slices, reduced HSD duration was associated 
with improved neuronal recovery, supporting a causal link be- 
tween HSD and hypoxic neuronal injury (Balestrino and Somjen, 
1986; Nedergaard and Diemer, 1987; Gill et al., 1992; Iijima 
et al., 1992; Chen et al., 1993). Moreover, slices subjected to 
the most severe acidosis failed to undergo HSD and exhibited 
improved recovery even after the hypoxic period had been near- 
ly doubled. This indicates (1) that the duration of hypoxia in 
hippocampal slices does not necessarily predict neuronal recov- 
ery, and (2) that extracellular acidosis comparable in both du- 
ration and degree to that seen during transient ischemia in vivo 
(Siemkowicz and Hansen, 198 1) does not necessarily aggravate 
hypoxic neuronal injury in vitro. In control slices, a discontin- 
uous relationship emerged between HSD duration and recovery, 
indicating that neuronal injury evolved once a critical period 
(-250-300 set) of depolarization had been reached (Fig. 4). By 
delaying HSD, even very mild acid treatments could reduce 
HSD duration below this threshold, thereby promoting neuronal 
recovery. 

One possible explanation for the pH effect on HSD latency 
may be related to changes in cell excitability. During hypoxia, 
hippocampal neurons undergo a transient period of spontaneous 
hyperexcitability prior to HSD (Sick et al., 1987; Hershkowitz 
et al., 1993) and a variety ofagents capable of blocking synaptic 
transmission or cell excitability have been shown to delay HSD 
(Aitken et al., 199 1; Jing et al., 1993). Because ATP consump- 
tion rises with increased neuronal activity (cf. Erecinska and 
Silver, 1989) increased miniature EPSC frequency might en- 
hance energy demand at a time when ATP supply is severely 
limited, somehow accelerating the opening of membrane chan- 
nels that underlie HSD. By depressing cell excitability, low pH, 
may have helped maintain ATP levels and transmembrane ion 
gradients, thereby delaying HSD. In support of this, hypoxic 
CA 1 neurons experience more rapid energy failure and undergo 
HSD sooner than the less excitable dentate granule cells (Jefferys 
and Haas, 1982; Balestrino et al., 1989; Kass and Lipton, 1989). 
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Figure 5. Mild acidosis improves neuronal recovery following a fixed 
(8 min) period of hypoxia (A) and after a fixed (5 min) period of HSD 
(B). The recovery of selected slices in which V, was monitored (n 2 6; 
0) and the pooled recoveries of all slices (n r 15; 0) are plotted sepa- 
rately. The errors associated with the prehypoxic pH, measurements 
were less than 1% and have been omitted for clarity. *, significantly 
different from control (ACSF pH = 7.4), p < 0.05; **, significantly 
different from control (ACSF pH = 7.4), p < 0.01; ***, significantly 
different from control (ACSF pH = 7.4), p < 0.001. 

Also, glucose supplementation delays HSD (Hansen, 1978), while 
hypothermia, which is capable of slowing hypoxic ATP deple- 
tion (Welsh et al., 1990; Katsura et al., 1992) both delays HSD 
and reduces its frequency during ischemia (Nedergaard and Die- 
mer, 1987; Katsura et al., 1992; Chen et al., 1993; Taylor and 
Weber, 1993). Indeed, HSD has been associated with a threshold 
of energy failure (Ekholm et al., 1993). 

The proximal cause of HSD is not known. Several studies 
have implicated the excitatory amino acid glutamate (Van Har- 
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reveld, 1959; Bures et al., 1974), but its role in HSD remains During HSD, neurons undergo a dramatic rise in intracellular 
controversial (Hernandez-Caceres et al., 1987; Aitken et al., CaZ+ (Silver and Erecinska, 1990; Mitani et al., 1993), and re- 
1988; Silver and Erecinska, 1990; Lauritzen and Hansen, 1992). ducing extracellular Ca2+ enhances posthypoxic neuronal re- 
Reduced pH, may have delayed HSD by blunting NMDA re- covery in hippocampal slices (Balestrino and Somjen, 1986; 
ceptor activity (Tang et al., 1990; Traynalis and Cull-Candy, Amagasa et al., 1990; Young et al., 1991). Agents that delay 
1990; Jing et al., 1993); however, HSD was significantly delayed HSD (and thus shorten its duration) are thought to protect neu- 
when the ACSF pH was reduced by as little as 0.1 pH unit, rons both in vitro and in vivo by limiting the period during which 
resulting in a pH, during HSD (6.82 + 0.02) capable of causing intracellular calcium remains elevated (Balestrino and Somjen, 
only partial NMDA receptor blockade (Tang et al., 1990). Thus, 1986; Young et al., 1991; Gill et al., 1992; Iijima et al., 1992; 
either HSD onset in acid-treated slices was very sensitive to Gido et al., 1993). Results from the present study imply that 
small reductions in NMDA receptor activity, or it was delayed [Caz+li must remain elevated for a certain period, given that 
by additional or alternative factors. In either case, H+ -mediated neuronal recovery fell sharply after a critical duration of HSD 
suppression of NMDA receptor-mediated Ca2+ influx was prob- had been reached. It seems unlikely that acid exposure improved 
ably not involved, as lowering [Ca2+10 actually accelerates HSD recovery by curtailing Ca*+ influx duripr YSD, as reduced pH, 
onset in vitro (Young et al., 1991; Mitani et al., 1993). failed to blunt the dramatic fall in [Cai+10 during HSD. Thus, 

* 

Table 1. Extracellular calcium concentrations in control and acid-treated slices before, during, and 
after 5 min of HSD 

[~*+I, 
ACSF 0*+1,@4 recovery time 
PH PH, (HSD) Prehypox. HSD Posthypox. A[Ca*+], (min) 

Str. pyramidale 
7.4 7.08 k 0.01 1.20 f 0.01 0.15 -t 0.02 1.19 + 0.01 1.05 -e 0.02 28 * 3 
7.1 6.53 * 0.13*** 1.32 2 O.Ol** 0.26 & 0.03** 1.21 + 0.02 1.05 * 0.03 20 -t 4 

Str. radiatum 
7.4 - 1.24 dz 0.01 0.15 & 0.05 1.24 f 0.02 1.09 ? 0.05 24 + 3 
7.1 - 1.49 ?Z 0.02** 0.34 f 0.12** 1.25 + 0.02 1.16 * 0.10 11 + 3* 

Electrodes were positioned in either str. pyramidale (n = 13) or str. radiatum (n = 6). The pH, values were obtained 
from identically treated slices (n = 10) immediately prior to HSD onset in separate experiments. 

* Significantly different from 7.4 control, p < 0.05. 
** Significantly different from 7.4 control, p < 0.01. 

*** Significantly different from 7.4 control, p < 0.00 I. 
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in slices exposed to a fixed period of hypoxia, mild acidity 
probably improved neuronal recovery by shortening the dura- 
tion of Ca*+ overload rather than by reducing the net Ca*+ influx 
during HSD. 

In slices exposed to a fixed period of HSD, the mechanism 
of protection afforded by low pH is less obvious but may also 
be related to a reduced duration of Ca*+ overload, as suggested 
by the accelerated posthypoxic recovery of [Ca2+lo (see Table 
1). These findings are consistent with reports that the neuro- 
protective action of low pH, in vitro is not limited to NMDA- 
receptor blockade (Tombaugh and Sapolsky, 1990a, 1993; Kaku 
et al., 1993) and clearly demonstrate that the beneficial action 
of low pH, extends beyond its ability to delay HSD. 

It should be emphasized that although a rise in [CaZ+], occurs 
simultaneously with a fall in [CaZ+10 during HSD (Silver and 
Erecinska, 1990), Ca2+ influx sufficient to raise cytosolic calcium 

Figure 7. Mild acidosis does not affect 
the decrease in extracellular calcium 
during HSD but accelerates its posthy- 
poxic recovery: representative [Ca2+10 
recordings from str. pyramidale or str. 
radiatum (CAl) in separate pairs of 
slices subjected to 5 min of HSD during 
exposure to either pH 7.4 or 7.1. Acid- 
treated slices were returned to normal 
ACSF (pH = 7.4) immediately upon 
reoxygenation (asterisk). The onset of 
hypoxia coincides with the beginning of 
each recording, though a longer hypoxic 
exposure was used in the acid-treated 
slices to elicit an identical period of 
HSD. Note the elevated prehypoxic 
[Ca2+10, its delayed decline, and its ac- 
celerated recovery (str. radiatum) in the 
acid-treated slice. 

significantly prior to HSD could have escaped detection, es- 
pecially in the distal dendrites. Also, a rise in [Ca*+], due to its 
release from intracellular pools (Mitani et al., 1993) would have 
been undetectable. If acid treatment enhanced intracellular ac- 
idosis during hypoxia, this potentially could have increased 
[Cal+], , either by enhancing release from intracellular stores via 
H+/Ca*+ exchange or by reducing intracellular Ca*+ buffering 
(Moody, 1984). Such mechanisms may underlie the recent find- 
ing that reduced pH, enhanced [Ca*+], during hypoxia in cortical 
slices (O’Donnell and Bickler, 1994), further supporting the view 
that low pH improved neuronal recovery in ways other than 
simply blunting the size of the calcium signal. 

The neuroprotective effects of pH, reported here do not ex- 
clude the possibility that they resulted from actions mediated 
“downstream” of hypoxic calcium accumulation. As an ex- 
ample, the affinity of calmodulin for Ca*+ falls dramatically as 
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Amagasa M, Ogawa A, Yoshimoto T (1990) Effects of calcium and 
calcium antagonists against deprivation of glucose and oxygen in 
guinea pig hippocampal slices. Brain Res 526:1-7. 

pH drops, potentially affecting critical second-messenger sys- 
tems that mediate neuronal injury (Tkachuk and Men’shikov, 
198 1; Busa and Nuccitelli, 1984; Chetkovitch et al., 199 1). Also, 
certain Ca2+ -sensitive enzymes may themselves be pH sensitive. 
In addition, ischemia-induced depression of protein synthesis 
has been linked to Ca2+ influx (Widmann et al., 199 l), and such 
depression can be attenuated by mild acidosis in vitro (K. Raley- 
Susman, personal communication). However, whether pH, ma- 
nipulation in the present study influenced HSD latency, Ca2+ 
homeostasis, or neuronal recovery via changes in neuronal pH, 
remains speculative. Several groups have reported a fall in pH, 
in response to low pH, (Whittingham et al., 1989; Ou-yang et 
al., 1993; O’Donnell and Bickler, 1994) but the influence of 
extracellular acidity on neuronal pH, in adult hypoxic brain 
tissue has not been characterized. 

Because acidosis clearly protected against hypoxic injury, mild 
alkalosis was expected to worsen cell recovery (Giffard et al., 
1992). Alkaline treatment did accelerate HSD onset but failed 
to exacerbate injury relative to Na,SO,-treated controls. Be- 
cause the difference in HSD duration between these two groups 
became smaller as the total hypoxic duration was increased, this 
may have obscured any difference in neuronal recovery. In ad- 
dition, damaging mechanisms triggered by hypoxia may have 
been maximally activated at pH 7.4, preventing a further in- 
crease at pH 7.7. 

The consequence of pH shifts during hypoxic insults in vivo 
is controversial, and there are obvious limitations about ex- 
tending in vitro findings to the intact animal. For example, cer- 
tain pathological events potentially aggravated by acidosis in 
situ, such as edema and vascular damage (Paljarvi et al., 1983; 
Smith and Siesjo, 1986), are absent in tissue slices. Glucose, 
lactate, and CO, concentrations change dramatically in situ but 
were not adjusted in this study. Moreover, rapid functional 
failure in hypoxic slices is not necessarily equivalent to ischemic 
neuronal necrosis in vivo. Nevertheless, several implications for 
ischemic injury do arise from this study. The degree of acidi- 
fication during transient global ischemia may dictate the latency 
of HSD, while the protective effects of lingering acidosis during 
reperfusion may offset some of the damaging biochemical cas- 
cades that trigger delayed neuronal necrosis. In addition, mod- 
erate but persistent acidosis in the peri-infarct zone may reduce 
the frequency of potentially damaging SDS. In support of this, 
Simon et al. (1993) have reported that hypercarbic ventilation 
can reduce infarction volume in focally ischemic rats. 

In sum, this study characterizes a neuroprotective effect of 
mild acidosis in hypoxic hippocampal slices. This effect was 
associated with a shortening of HSD duration and involved at 
least one additional neuroprotective mechanism apparently un- 
related to the increase in intracellular calcium during HSD. The 
exact nature of neuronal injury in the ischemic brain undoubt- 
edly differs from that in tissue slices, but some overlap of the 
damaging cascades presumably exists, suggesting that the ben- 
eficial effects ofacidosis described in this study may occur during 
hypoxic insults in situ. 
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