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The mechanism of arachidonic acid-induced intracellular

acidosis in rat cerebellar granule cells
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Abstract
Arachidonic acid (AA), one of the most
important unsaturated fatty acids in nervous
system, exerts many cellular effects,
including intracellular acidosis and altered
intracellular jonic homeostasis that are
associated with many physiclogical functions
and pathophysiological conditions. For
example, during stroke, convulsion and
neurodegenerative disorders, AA and other
Non-esterified fatty acids might accumulate
in the neurons with resultant injury. In the
present study, by continuously measuring
intracellular pH with BCECF-loaded cultured
rat cerebellar granular cell, we investigated
the mechanisms and potential physiological
relevance of AA-induced intracellular
acidosis.

We found that treatment with 10 uM
AA (20 min) results in marked intracellular
acidosis (~0.32 pH units). A much higher
concentration of propionic acid (40 mM) is



needed to induce a similar pH; change.
AA-induced acidosis occurs by
predominantly passive diffusion of the
unionized form of AA, as proposed by Kamp
and Hamilton for fatty acids (FAs) in
artificial phospholipid bilayers (the flip-flop
model), rather than a protein carrier. The
results supporting this conclusion include: (i)
FAs containing a —-COOH group (AA,
linoleic acid, «-linolenic acid, and
docosahexaenocic acid) induce intracellular
acidosis, and a FA with a -COOCH; group
(AA methyl ester) has little effect on the pH;,
whereas tetradecylamine, a FA amine,
induces intracellular alkalosis, and (ii) both
the AA-/FAs- and FA amine-induced pH;
changes ate reversed by 0.3 % bovine serum
albumin. There is a linear relationship
between the initial rate of acid flux and the
concentration of AA, and the acidosis is not
inhibited by
4,4’-diisothiocyanostilbebe-2,2’ -disulfinic
acid (DIDS). Moreover, metabolites of
AA/FAs are not involved in the acidosis, as
inhibition of the first enzyme involved in
metabolism of the two parent FAs for the
omega-3 {a-linolenic acid) and omega-6
(linoleic acid, i.e. AA precursor) families had
no effect. Possible involvement of free
radicals, PKC, the Na-H exchanger, or H*
channels in AA-induced acidosis was also
ruled out. It is therefore concluded that
AA-induced acidosis is mediated by simple
diffusion of AA, rather than by transporters
or channels. We have also preliminarily
found that AA might alter synchronously the
nuclear pH and the cytosolic pH. Since AA
can be released under physiological and
pathophysiological conditions, the potential
relevance of the AA-evoked increases in H'
in both the cytoplasm and nucleoplasm
deserve further investigations.
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Arachidonic acid (AA, 20:4) is one of the
major unsaturated fatty acids (FAs) in
biological membranes.AA and its metabolites
participate  many  physiological  and

pathophysiological events in a variety of cell
types (for reviews, see Katsuki and Okuda,
1995). For example, during stroke,
convulsion or neurodegenerative disorders,
AA and other Non-esterified fatty acids (FAs)
might be released and accumulate in the
neurons and results in neuronal damage
(Farooqui et al., 1997).. In addition, AA is
associated with many other important
physiological and pathophysiological events
(Dumuis et al., 1988; Miller et al., 1992:
Lynch et al, 1989). AA can induce
intracellular acidosis, and several
mechanisms have been raised for the
AA-induce  intracellular  acidosis: (1)
inhibition of NHE, (2) increase in
intracellular calcium, (3) increased metabolic
production of lactic acids, (4) generation of
oxygen-derived free radicals, (5) activation of
PKC, and (6) activate membrane NADPH
oxidase to result in the membrane
depolarization, and therefore the activation of
an outward-rectifying proton conductance (a
H* efflux or a pH; increase). Furthermore,
oleic acid (18:1) and -linoleic acid (18:2),
another two non-esterified FAs, have been
found to evoke significant intracellular
acidosis in artificial phospholipid vesicles
(Kamp and Hamilton, 1992; Kamp and
Hamilton, 1993; Kamp et al, 1995). A
“flip-flop” transportation was proposed to
account for free the transmembrane
movement of FAs (i.e. a H',influx or a pH;
decrease). The FAs-induced acidosis in living
cells has been reported in only two studies,
involving pancreatic B-cells (Hamilton et al.,
1994) and adipocytes (Civelek et al., 1996).
In this study, we investigate the mechanism
of AA-induced intracellular acidosis and
discuss the potential relevance of
AA-induced acidosis in physiological and
pathophysiological states.
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AA-induced acidosis

The resting pH; in nominally HCO;-free
Hepes-buffered media was 7.11 + 0.01 (n=32)
in granule cells. Continuous perfusion with
10 yM AA induced a profound persistent
intracellular acidosis (0.32 + 0.01 pH units,
n=60). Though the amplitude of the acidosis



plateaued at a concentration of 10 uM. The
initial rate of acid flux, Jy (= §; X ApHi/min,
where B; =33.3 £ 0.3 mM [n=9] at pH; 7.1,
Wu et al., 1994), increased linearly with
increasing concentration of AA over the
range 2-100 uM. In subsequent experiments,
we used 10 pM AA to investigate the
mechanism(s) involved .
The basal pH; decreased following total
removal of Na, (complete inhibition of the
NHE), and a greater acidosis was induced by
AA under Na-free conditions, showing that
the NHE was not responsible for the acidosis
and that the real magnitude of the acidosis
was uncovered when acid-extruding
mechanism was blocked. AA metabolism can
generate free radicals to induce marked
intracellular acidosis in glial cells. However,
pretreatment with free radical scavengers (U
78517F, an O, */OH®* scavenger, or a
mixture of superoxide dismutase, an O;*
scavenger, and catalase [reduction of H;O;
into H,O]), no inhibitory effect was seen.
Unsaturated FAs, including AA, can activate
protein kinase C (PKC, Katsuki and Okuda,
1995) and PKC regulates the pH; in other cell
types. However, pretreatment with 200 pM
H7 (a PKC inhibitor) or 1 uM TPA (a PKC
activator) had no effect on AA-induced
acidosis. AA activation of NADPH oxidase
can result in the production of large amounts
of intracellular protons. However, a mixture
of diphenyleneiodonium (DPI, an NADPH
oxidase inhibitor) and BiCNU (a glutathione
reductase inhibitor) had no effect on the
AA-induced acidosis.
Evidence for a simple diffusion

Another possibility to be considered was
simple FA diffusion (flip-flop) demonstrated
in lipid bilayers. Albumin can extract FAs
from the lipid bilayer and increase the rate of
H; efflux (Kamp and Hamilton, 1992, 1893,
Hamilton, 1998). In the presence of 10 pM
AA, addition of 0.3 % BSA resulted in pH;
recovery by 70 + 1 % toward resting level
(n=6). Moreover, the initial rate of pH;
recovery (Ry= 0.017 = 0.002 pH unit/min,
n=6) following removal of external AA was
significantly lower than that seen when BSA
was subsequently added (Rp= 0.191 = 0.020
pH unit/min, n=6, p<0.05), suggesting that

BSA extracts AA from the lipid membrane.
This effect of BSA on pH; recovery was
specific to AA-induced acidosis, since no
effect was seen on acidosis (0.30 = 0.02 pH
units, n=6) induced by another weak acid
loading method using 40 mM propionate in
the pIesence of 10 uM
5-(N-ethyl-N-isopropyl)-amiloride (EIPA).

We also tested other polyunsaturated
essential FA members of the omega-6 and
omega-3 families, namely linoleic acid and
a-linolenic acid, the respective parent FAs of
these two families, and docosahexaenoic acid
(DHA), the end metabolite of a-linolenic
acid which plays an important role in
neuronal development. All three FAs caused
a considerable intracellular acidosis which
was reversed by 0.3% BSA. In contrast,
addition of AA methyl ester had little effect
on the pH; (0.02 = 0.01 pH units, n=6).
Tetradecylamine, in its neutral form, attracts
intracellular protons, thus producing an
intracellular alkalosis in the vesicles, and is
suggested to be transported by a simple
diffusion mechanism, rather than a protein
carrier. tetradecylamine (10 uM) induced pH;
increase of 0.19 = (.02 pH units, which was
again reversed by addition of 0.3% BSA
(n=7).

Since a transmembrane carrier protein
can transport FAs, we tested whether DIDS,
a potent inhibitor of the FA membrane
transport protein (Amumrad NA, et al., 1991),
inhibited AA-induced acidosis, and we found
0.2 mM DIDS had no significant effect on
the AA-evoked acidosis.

The first enzyme involved in the
metabolism of both linoleic acid (the
precursor of AA) and a-linolenic acid is A
desaturase. We found that a potent A°
desaturase inhibitor, salicylhydroxamic acid
(SHAM) (Khozin-Goldberg et al., 1999) did
not alter the acidosis evoked by either
linoleic acid or a-linolenic acid, suggesting
that AA/FAs metabolites do not play a role in
the production of acidosis.

Effects of AA on nuclear H levels

It has recently been shown that changes
in the pH; play an important role in gene
expression. AA regulates the expression of
immediate early genes (Rao GN et al., 1993,
Danezch U et al., 1994) and it was therefore



of interest to know whether it had any effect
on nuclear H' levels. In some preliminary
experiments, we used confocal microscopy to
measure nuclear pH, since optical sectioning
allows independent nuclear and cytoplasmic
fluorescent signals to be obtained. We found
that pH; decreased in both the cytosol and
nucleus (pH lowered by 18 = 5% and 20 =
5%, respectively, compared to resting levels,
n=8). We showed that AA causes a similar
and simultaneous increase in H* levels in both
the nucleus and cytosol. The simplest
explanation is that H' ions diffuse freely
through the nuclear pores, which may be
important in neuronal gene expression. This
AA-induced increased permeability of the
nuclear envelope to cytosolic H' is of interest,
since a lowered pH; and increased Ca®" levels
in the nucleus may have a marked effect on
immediate early gene expression or nuclear
protein phosphorylation (for review, see
Finkbeiner and Greenberg, 1998). The present
study shows that AA produced increased
nuclear concentrations of both H' that were
sustained for at least 15-20 min. Since AA is
suggested to be involved in the expression of
many growth-associated immediate early
genes (Rao et al., 1993; Danesch et al., 1994),
it would be interesting whether AA-induced
long-term increase in H' levels has a more
direct effect on gene expression. Besides,
During brain hypoxia and ischemia, the
dramatic pH; fall to 6.3, an effect that may

result in neuronal death(Fujiwara et al., 1992).

The present study suggests that AA and other
unsaturated fatty acids, including linoleic acid
released during ischemia may contribute to
the marked intracellular acidosis seen under
these condition (Van der Vusse et al., 1982).
Further studies are necessary to clarify this
important issue.
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