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Abstract

Modulation of intracellular pH is widely implicated in the control of cell growth and metabolism,

yet little is known about intracellular pH and brain function. To determine how stimulation of brain

may affect the intracellular pH of mammalian glial cells, rat cortical astrocytes were studied for the

first time in vivo using pH-sensitive electrodes of submicron caliber. Stimulation of the cortical

surface caused a cytoplasmic alkaline shift of tenths of a pH within seconds. Cessation of induced

electrical activity was followed by pH recovery and a small acid rebound. Recordings obtained during

cortical-spreading depression revealed similar but generally larger intracellular pH shifts. Production

of metabolic acids is known to occur when the brain is stimulated and has led to the long-held

presumption that brain cells accordingly become more acidic. The observation that glia initially

become more alkaline during electrical activity is thus paradoxical. The correlation of glial

alkalinization with evoked electrical activity suggests that modulation of intracellular pH of glia may

have important functional implications.
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Glial cells play an important role in regulation of the brain cell microenvironment, contributing

to, among other functions, the stabilization of interstitial-ion activities (20). Reflecting this

role, glia are thought to increase their metabolic rate in response to neuronally derived increases

in interstitial K+ activity (21,25). The physiological variable that relates glial metabolism to

elevations in external K+ is unknown, but hydrogen-ion activity is one potential candidate. In

muscle, for example, a small rise in intracellular pH can significantly augment glycolytic rate

(9), and similar pH changes in other tissues are thought to activate a variety of cellular processes

(5). In brain, interstitial pH transients are known to accompany electrical activity (13), but

whether and how intracellular pH shifts correlate with function is poorly understood, largely

because direct measurements of intracellular pH in the mammalian central nervous system

have only recently become possible (14,15). Accordingly, we have monitored the intracellular

pH of mammalian astrocytes in vivo during evoked activity and cortical-spreading depression.

Our measurements demonstrate that electrical activity of nerve cells is accompanied by a

profound and rapid increase in glial intracellular pH.
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METHODS

Adult Wistar rats were anesthetized with halothane, mounted in a stereotaxic holder, and

artificially ventilated. Arterial glucose, respiratory gases, and pH were stabilized prior to

recordings. Electrodes were inserted through a craniotomy into frontal cortex bathed with warm

(35–37°) Ringer solution. Ringer was gassed with 5% CO2 and 95% O2 (pH 7.35 at 25°C)

(17) and had the following composition (mM): 108 NaCl, 3 KC1, 26 NaHCO3, 1.5 CaCl2, 1.4

MgCl2, 5 glucose, 8 sucrose, and 10 sodium gluconate (13).

Double-barrel, pH-sensitive electrodes (tip diam <1 µm) were pulled from borosilicate glass

in either an eccentric (30) or “figure eight” configuration. When filled with 3 M KC1, pH

barrels had a resistance of 20–40 MΩ. Silanization with N,N-dimethyltrimethylsilylamine was

performed with a modification of the technique described by Borelli et al. (4), using a hot-air

gun to heat the silane-treated electrode. Ion-sensitive barrels were backfilled with

tridodecylamine-based proton exchanger (2) to form a column of exchanger several millimeters

long, then finally backfilled with phosphate buffer (pH 7.3). Reference barrels contained 0.6

M K2SO4 or 0.5 M KCl. Electrode responses to step pH changes were 95% complete in 5–10

s. Brain recordings were referenced to superfusate pH. Calibration in phosphate buffers (pH

6.0–7.4) was performed before and after recordings from cells and proved similar, with a slope

response of 48–54 mV/pH. Electrodes were insensitive to CO2 (0–5%). Reference potentials

were continuously subtracted from pH-barrel potentials to yield the pH signal. Electrical

stimuli were delivered to the cortical surface with an optically isolated bipolar electrode.

Cells were identified as glia by a high membrane potential and lack of injury or synaptic

discharge. Further characterization was obtained by staining such elements with horseradish

peroxidase (HRP). Single-barrel electrodes were filled with 9% HRP (Boehringer-Mannheim,

FRG) in 0.5 M KC1 and phosphate buffer (pH 7.6). HRP was electrophoretically injected into

selected cells (pulses of 840 ms/s, 10–30 nA-min), then brains were fixed by intracardiac

perfusion with phosphate-buffered Formalin. Vibratome sections (75 µm) were processed with

3,3′-diaminobenzidine according to the method of Chan and Nicholson (6).

RESULTS

Recordings were obtained at cortical depths of 0–1,500 µm from the pial surface. To test

whether both barrels of pH microelectrodes were intracellular, recordings were obtained with

identical micropipettes containing electrolyte in each side. Both barrels always entered and

exited cells simultaneously and recorded identical intracellular potentials. In agreement with

previous reports (29), injection of HRP into such cells (Fig. 1) consistently stained protoplasmic

astrocytes (7). Their resting intracellular pH was 7.10 ± 0.03, with a membrane potential of 76

± 1 mV (mean ± SE, n = 25). All animals were normothermic (36.7 ± 0.1°C). Corresponding

arterial blood physiological variables were Po2, 113 ± 5 Torr, Pco2, 37 ± 2 Torr (pH 7.41 ±

0.01), glucose 8.6 ± 0.3 mM, and hematocrit 44 ± 1% (±SE, n = 14 animals).

The characteristic response of astrocytes to cortical stimulation consisted of a rapid membrane

depolarization and a somewhat slower increase in intracellular pH (Fig. 2A). The behavior of

the glial membrane potential has been well described and mainly reflects the effect of a change

in K+ activity on a membrane selectively permeable to K+ (22). Thus, during electrical

stimulation, the glial membrane depolarized due to a rise in external K+ (22), whereas removal

of stimulation resulted in a hyper-polarization, presumably reflecting the accumulation of

internal K+ (3) and decline of external K+ below normal (10). In the example shown, pH

increased by 0.24. After stimulation, intracellular pH recovered and occasionally acidified

beyond its original level, a process that appeared to be related to stimulus duration. Hence,

with maintained stimulation (43 s, Fig. 2A), intracellular pH reached a maximum, slowly
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became less alkaline, then rebounded to a more acid level than base line when stimulation

ceased. The corresponding behavior of interstitial pH was studied by repeating the stimulus

after withdrawal of electrodes from cells. The interstitial pH response was a slow acidification,

with a less precise relation to stimulus onset and offset than the intracellular response (Fig.

2B).

In 22 recordings from 17 glial cells, alkaline shifts were consistently evoked by stimulation.

Since stimulus efficacy varies with cortical depth, data are best compared with respect to the

electrical response (Fig. 3). Among all cells the degree of the alkaline shift directly correlated

with the amount of intracellular depolarization (r = 0.63). In a prolonged impalement, repetitive

responses were initiated with increasing stimulus frequency. Here the alkaline shift correlated

more closely with depolarization (r = 0.94, see Fig. 3).

The size of the glial depolarization obtained by cortical stimulation was limited because

interstitial K+ does not normally rise >10–12 mM (11). However, during cortical-spreading

depression, interstitial K+ can reach levels >40 mM (32,23), and glial membrane potential

approaches 0 mV (28). Under these conditions the above findings would predict a large

intracellular alkaline shift. A recording during spreading depression is shown in Fig. 4A. As

the wave of spreading depression reached the recording site, the glial membrane rapidly

depolarized. Concurrently a large alkaline shift occurred that gave way to an acid rebound with

repolarization. These pH transients were usually larger than the responses to cortical

stimulation. For 16 spreading depressions, the peak alkaline shift was 0.28 ± 0.05 (range 0.11–

0.78), and the final acid shift above base line was 0.21 ± 0.05 (range 0.10–0.39). The

corresponding behavior of interstitial pH was studied by eliciting a second spreading

depression after withdrawal of electrodes from cells. As previously reported the predominant

interstitial response to spreading depression was an acidification interrupted early in its onset

by a brief alkaline-going transient (13,19) (Fig. 4B).

DISCUSSION

Both stimulation of brain and spreading depression cause increased production of lactate (18,

19) and CO2 (12,18) and result in an interstitial acidification (13,19,31). In neurons,

intracellular pH was reported to fall in response to depolarizing stimuli (1,8). Our preliminary

experiments on cortical neurons have also shown an intracellular acidification during cortical

stimulation. This neuronal response, and the late acid shift of glia, may relate to the generation

of these metabolic acids. The glial alkaline shift, however, is seemingly paradoxical, making

hypotheses for its origin less obvious.

Although the cause of the alkaline shift is not yet known, available data permit some

mechanisms to be excluded. If the glial membrane potential remained more negative than the

hydrogen-ion equilibrium potential, the electrochemical gradient for hydrogen ions would

favor net acid entry throughout the alkaline shift. The hydrogen ion equilibrium potential

(EH+) is given by

With a range of 6.8–7.4 and 7.0–7.3 for intracellular and interstitial pH (pHi and pHo),

respectively, EH+ would fall between +24 and −30 mV. During cortical stimulation, membrane

potential remained negative to this range, excluding a passive transmembrane flux of hydrogen

ions or a charged equivalent (e.g., . The alkaline shift therefore requires

either metabolic consumption of protons or the action of an active transport mechanism.
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Further insights may be gained by considering the magnitude of the alkaline shift in relation

to the intracellular buffering power. Buffering power in millimoles per liter may be defined as

ΔB/ΔpH where B is the concentration of added strong base. At a pH of 7.0, intracellular

 is ∼10 mM and therefore contributes 23 mM to the intracellular buffering power (24).

Nonbi-carbonate buffers may contribute an additional 15–20 mM, making the total cytoplasmic

buffering power nearly 40 mM (24,26). Thus to raise cytoplasmic pH by >0.20 would require

the addition of strong base in excess of 8 mM or the equivalent removal of acid. If the alkaline

shift originated from a proton-consuming reaction, a similar concentration of substrate would

have to be consumed within a matter of seconds. Available data neither support nor exclude

such a process. However, stimulus-evoked shifts of this order have been reported for

intracellular K+, Na+, and Cl− in mammalian cortical glia (3). How a similar acid-base flux

might occur remains to be elucidated.

A rise in intracellular pH during cortical stimulation has a number of implications for glial cell

function. In the face of metabolic demands associated with a rise in interstitial K+, an

intracellular alkaline shift could enhance glycolytic rate (9), increasing the availability of

energy resources during neuronal activity. Under pathological conditions, such as the onset of

ischemia, bicarbonate generated with an alkaline shift would increase the intracellular

buffering power of glia and thereby mitigate the ultimate ischemic acidosis (13,16,17). Since

gap junctional conductance can be markedly increased by cytoplasmic alkalinization (27),

clearance of external K+ through the glial syncytium (22) could be enhanced. Thus shifts in

acid-base status might rapidly modify the functional state of glial cells in response to demands

imposed by surrounding neurons.

The importance of intracellular pH modulation has been highlighted in studies of metabolism,

growth, and fertilization, where transformation of the functional state of cells has been

associated with cytoplasmic alkalinization (5). Our results raise the possibility that acid-base

status may be used to rapidly modify the functional state of glial cells. Thus the observed lability

of glial intracellular pH may play an important role for the normal and pathophysiological

behavior of glia.
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FIG. 1.

Protoplasmic astrocyte from rat neocortex stained with horseradish peroxidase. Injection of

horseradish peroxidase into cells with electrical characteristics analogous to those studied with

pH electrodes consistently stained protoplasmic astrocytes as shown here. Diameter of cell in

horizontal direction is ∼50 µm.
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FIG. 2.

Intracellular and interstitial responses to cortical stimulation. Stimulus trains (200-µs pulses at

20 Hz for 0.8 s) were delivered once per second. A: upper trace is intracellular pH (pHi), bottom

trace is intracellular potential (Vi). Stimuli were delivered first for 6 s then for 43 s. B: upper

trace is interstitial pH (pHo), bottom trace is interstitial potential (Vo). Stimuli were delivered

for 41 s following withdrawal from cell recorded in A. Note stimulus train artifacts on Vi and

Vo records. All potentials in millivolts with respect to remote electrode.

Chesler and Kraig Page 8

Am J Physiol. Author manuscript; available in PMC 2010 January 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



FIG. 3.

Stimulus-evoked intracellular alkaline shifts vs. depolarization. Data were obtained from 17

glial cells in frontal cortex. Open symbols and broken trace are data and regression line,

respectively, from single cell (r = 0.94). Solid symbols are data from all other cells. Solid

trace is regression line for all data (n = 22, r = 0.63).
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FIG. 4.

Intracellular and interstitial responses to cortical-spreading depression. Two consecutive high-

frequency stimulus trains (2-ms pulses at 100 Hz for 0.8 s) were delivered to cortical surface

to elicit cortical-spreading depression. A: upper trace is intracellular pH, bottom trace is

intracellular potential. Note that initiating stimuli gave rise to early intracellular alkaline

transient (arrow) and depolarization. B: upper trace is interstitial pH, bottom trace is interstitial

potential. Cortical spreading was initiated 20 min after withdrawal of electrode from cell

recorded in A. Dotted trace in A represents estimate of transmembrane potential during cortical-

spreading depression, obtained by graphic subtraction of Vo from Vi. All potentials are in

millivolts with respect to remote electrode. See Fig. 2 for definitions.

Chesler and Kraig Page 10

Am J Physiol. Author manuscript; available in PMC 2010 January 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t


