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Taurine reduces ammonia- and N-methyl-D-aspartate-induced
accumulation of cyclic GMP and hydroxyl radicals in microdialysates
of the rat striatum
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Abstract

Acute ammonia neurotoxicity caused by intraperitoneal administration of ammonium salts is mediated by overactivation of N-methyl-p-
aspartate (NMDA) receptors, with ensuing generation of free radicals and extracellular accumulation of cyclic GMP (¢cGMP) arising from
stimulation of nitric oxide (NO) synthesis. In this study, infusion of ammonium chloride or NMDA into the striata of rats via microdialysis
probes increased the contents of cyclic GMP and hydroxyl radicals in the microdialysates. Co-infusion of taurine virtually abolished both the
ammonia- and NMDA-induced accumulation of ¢cGMP. Taurine also attenuated accumulation of hydroxyl radicals evoked by either
treatment. This result is the first evidence of a potential of taurine to attenuate the effects of NMDA receptor overactivation by ammonia in
vivo and points to the inhibition of the NMDA receptor-mediated NO synthesis as a possible mechanism of its neuroprotective action.
Taurine or its blood—brain barrier penetrating analogues may be applicable in treatment of ammonia-induced neurological deficits.
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1. Introduction

The nonproteinaceous sulfur-containing amino acid taur-
ine protects cells in different tissues against oxidative injury.
Taurine forestalls in cultured neurons (Boldyrev et al., 1999;
El Idrissi and Trenkner, 1999) and brain slices (O’Byrne and
Tipton, 2000; Zielinska et al., 2003) cell damage evoked by
glutamate or excitotoxins that overactivate ionotropic glu-
tamate receptors, mostly of the N-methyl-p-aspartate
(NMDA) class (reviewed by Saransaari and Oja, 2000).
However, the neuroprotective potential of taurine has not
yet been proven in vivo.

Overactivation of NMDA receptors leads to mitochon-
drial damage associated with calcium influx which results in
the generation of free radicals including superoxide. The
synthesis of nitric oxide (NO) is also stimulated and NO
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reacts with superoxide anions to form peroxynitrite (Lafon-
Cazal et al., 1993). Peroxynitrite has been ascribed a major
role in nerve cell damage and death in a spectrum of acute
and chronic neuropathological conditions (reviewed by
Heales et al., 1999). In vivo, NO production resulting from
activation of NMDA receptors can be reliably quantified by
measuring the resulting increase in the cyclic GMP (¢cGMP)
levels in brain microdialysates (Fedele et al., 2000 and
references therein). Ammonia in vitro (Montoliu et al.,
1999), or administered intraperitoneally to rats in vivo also
activates excessively N-methyl-p-aspartate (NMDA) recep-
tors (Hermenegildo et al., 2000). In vivo, the ensuing
metabolic disturbances and neurological symptoms are
related to the degree of oxidative stress and the rate of
formation of free radicals (Kosenko et al., 1995, 1998,
1999). NO synthesis is likewise enhanced, as indexed by
the extracellular accumulation of cGMP in brain micro-
dialysates (Hermenegildo et al., 2000; Monfort et al., 2001).
We now show that ammonia and NMDA alike, infused
directly to the rat striatum via microdialysis probes, promote
the extracellular accumulation of both cGMP and hydroxyl
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radicals and that taurine co-administration with either stim-
ulus counteracts both effects, being relatively more effective
in reducing the cGMP than the hydroxyl radical content.

2. Materials and methods
2.1. Animal preparation

Adult male Sprague—Dawley rats, 200—230 g, from
Orion (Espoo, Finland) breeding colony were used in this
study. The rats kept under controlled environmental con-
ditions (temperature 22 °C, relative humidity 45—55%, 12 h
light/dark cycle) and housed individually in separate cages
were supplied with food and water ad libitum. The animals
were randomly divided into the control and treatment
groups. The experimental procedures were in accordance
with the European Community Directive for the ethical use
of experimental animals. All efforts were made to minimize
both the suffering and the number of animals used.

The rats were anesthetized with 4% halothane in air
within 2 min and then maintained under anesthesia with 1%
halothane in air delivered at 1.2 I/min. They were placed in a
stereotaxic frame with blunt ear bars and a small incision
(3—5 mm) was made in the skin over the skull. Holes were
drilled for the skull screws and the concentric microdialysis
probes implanted in the left and right caudate putamen
[coordinates from bregma, AP=0.5, ML=+ 0.3, DV=-5,
9-6.1. according to the atlas of Paxinos and Watson
(1982)].

2.2. Microdialysis

Microdialysis probes of a concentric design (0.5 mm
o.d., 3-mm dialyzing membrane) were used (CMA 12,
CMA/Microdialysis, Sweden). The probes were perfused
with artificial cerebrospinal fluid containing (in mM): Na"
150; K" 3.0; Ca® " 1.2, Mg® * 0.8; H,PO, 31.0; CI™ 155; pH
7.4, at a rate of 2.5 ul/min. Sixty mM ammonium chloride
(“ammonia’) or | mM NMDA, and/or 85 mM taurine were
infused for 40 min. The extracellular concentrations of
ammonia and taurine during infusions were 5 and 10 mM,
respectively, when corrected for the probe efficiency (Zie-
linska et al., 2002). For cGMP assays, microdialysate
fractions were collected to tubes containing 4 mM ethyl-
enediaminetetra-acetate. In order to determine the level of
hydroxyl radicals, 5 mM salicylic acid was added into the
perfusion fluid.

A constant flow rate (2.5 pl/min) in the perfused probes
was maintained with a microdialysis pump (CMA/Micro-
dialysis, Sweden) throughout the experiment.

2.3. Determination of cGMP

cGMP was assayed with the BIOTRAK cGMP enzyme
immunoassay kit (Hermenegildo et al., 2000).

2.4. Determination of hydroxyl radical generation

The generation of hydroxyl radicals was determined by
quantifying the rate of formation of 2,3-dihydroxybenzoic
acid from salicylic acid in the microdialysis perfusates
(Yamamoto and Zhu, 1998). The acids were separated by
high-performance liquid chromatography and detected in a
system designed for monoamine assays (Sharp et al.
1986). The mobile phase was 0.1 M citrate—phosphate
buffer (pH 3.0), 1.1 mM octanesulfonic acid, 0.1 mM
ethylenediaminetetra-acetate and 9—13% acetonitrile. The
flow rate with analytic PR-C18 column, 3 um packing, 3
mm i.d. X 15 cm (ESA, USA), was 500 pl/min. The
detection was electrochemical with a Coulochem II
(ESA). Electrodes 1 and 2 were set at — 175 and +200
mV, respectively.
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Fig. 1. Accumulation of ¢cGMP (A) and hydroxyl radicals (B) in
microdialysates of the rat striatum upon superfusion with artificial
cerebrospinal fluid (“Control”), 60 mM ammonium chloride (“Ammo-
nia”), 85 mM taurine (“Tau”), and a combination of ammonia and taurine
(““Ammonia+ Tau”). The absolute values for control samples collected at
80 min were: 157 + 39 pmol/l for cGMP and 102 £ 12 nmol/l for 2,3-
DHBA. The bar indicates the period in which ammonia and/or taurine were
present in the superfusion medium. Results are mean & S.D. of five to six
experiments: *P<0.05 “Ammonia” vs. “Control”, **P<0.05 “Ammo-
nia+Tau” vs. “ammonia” (one-way ANOVA followed by Dunnet’s test).
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3. Results

In the absence of ammonia, the contents of hydroxyl
radicals and cGMP in microdialysates remained at approx-
imately constant low levels throughout the whole infusion
period, both in the presence (“Tau”) and absence (“‘con-
trol”’) of taurine (Fig. 1A and B). Ammonia alone increased
the cGMP and hydroxyl radical contents in microdialysates
by about 3-fold (Fig. 1A) and 2.5-fold (Fig. 1B), respec-
tively. After ammonia withdrawal, cGMP returned to the
control level within the next 1 h, whereas the hydroxyl
radical content remained at about 150% of the control level
throughout the observation period. Taurine co-administra-
tion (““ammonia+ Tau”) completely prevented the ammo-
nia-induced increase in the cGMP content (Fig. 1A) and
reduced the hydroxyl radical content to about 1.7-fold of the
control level (Fig. 1B). NMDA increased the cGMP content
by about 2-fold with a subsequent return to the control level
(Fig. 2A). A biphasic response to NMDA was noted with
regard to the hydroxyl radical content: two peaks, each
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Fig. 2. Accumulation of ¢cGMP (A) and hydroxyl radicals (B) in
microdialysates of the rat striatum upon superfusion with 1 mM N-
methyl-p-aspartate (“NMDA”) alone or in combination with 85 mM
taurine (“NMDA +Tau”). Results are mean + S.D. of five to six experi-
ments: *P<0.05 “NMDA” vs. ‘“control” of Fig. 1, **P<0.05
“NMDA +Tau” vs. “NMDA” (one-way ANOVA followed by Dunnet’s
test). For further details, see the legend in Fig. 1.

amounting to a 2-fold increase above the control level were
noted after the first 20 min of treatment and 40 min after
NMDA withdrawal, respectively. Similar to ammonia, taur-
ine co-administration completely prevented the ammonia-
induced increase in the cGMP content (Fig. 2A, “NMDA +
Tau”). Taurine was relatively ineffective in reducing the
NMDA-induced increase of free radical content in its first
phase, but almost completely abolished free radical accu-
mulation in the second phase (Fig. 2B, “NMDA + Tau”).

4. Discussion

The here observed two downstream effects of intrastriatal
administration of ammonia via the microdialysis probe, the
accumulation of cGMP and free radicals in the microdialy-
sates, are fully consistent with previous observations in rats
treated intraperitoneally with toxic doses of ammonium salts
(Kosenko et al., 1995, 1998, 1999; Hermenegildo et al.,
2000; Monfort et al., 2001). The similarity of the responses
to ammonia and NMDA bespeaks the role of NMDA
receptor activation in the ammonia-induced impairment of
the nerve cell metabolism and function. With both stimuli
alike, co-administration of taurine fully prevented the gen-
eration of cGMP and partially decreased the formation of
hydroxyl radicals. The results point, to our knowledge for
the first time, to the potential of exogenous taurine to
counteract the downstream effects of overexcitation of
NMDA receptors in general, and the NMDA-mediated
aspect of the excitatory activity of ammonia in vivo in
particular. It must be noted that short-term exposure to high
ammonia concentrations in vivo causes neuronal dysfunc-
tion without profound changes in nerve cell morphology:
these become apparent only in subchronic or chronic hyper-
ammonemic conditions (Hilgier et al., 1999 and references
therein). The major manifestation of acute hyperammone-
mia in vivo is astrocytic swelling (see Albrecht and Jones,
1999 for a review), which is held responsible for shrinkage
of, and excessive glutamate (Glu) accumulation in the
extracellular space (Butterworth, 1997; Vogels et al.,
1997). Intrastriatal administration of ammonia in the present
model does not increase Glu accumulation in the micro-
dialysates (Zielinska et al., 2002). Whether and in what
degree taurine is effective in preventing authentic ammonia-
induced nerve cell damage will have to be tested using a
model incorporating prolonged treatment of rats with
ammonia.

The exact mechanism of the antiexcitatory action of
taurine remains to be unraveled. There are reasons to
suggest the involvement of the GABA, receptor complex.
In vitro, taurine interacts with the ligand recognition site in
GABA4 receptors (Malminen and Kontro, 1986) and acti-
vates Cl™ conductance via these receptors, producing long-
term changes in corticostriatal transmission (Oja et al.,
1990; Chapkova et al. 2002). In vivo, infusion of agonists
of the GABA ,—benzodiazepine receptor complex by micro-
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dialysis counteracts the NMDA receptor-mediated accumu-
lation of cGMP in different brain regions (Fedele et al.,
2000 and references therein). The antiexcitotoxic action of
taurine in brain slices treated with MPP" (O’Byrne and
Tipton, 2000) and reduction of NMDA receptor-mediated
cell swelling in brain slices exposed to ammonium ions
(Zielinska et al., 2003) is partly ameliorated by the GABA 5
receptor antagonist bicuculline. It will be of interest to see
whether interference with the GABA 4 receptor function in
vivo will affect the response of the NMDA/NO/cGMP
pathway to ammonia. One other possible target of taurine
action worth testing is the central glycine receptor: recent
evidence suggest that taurine rather than glycine is the
endogenous mediator of the inhibitory signal at the glycine
receptor (Sergeeva and Haas, 2001; Martin and Siggins,
2002).

Of note, in vitro studies have shown that the MPP+- or
ammonia-induced cellular impairments in brain slices are
prevented both in the presence and absence of a taurine
uptake inhibitor, guanidinoethane sulfonate (GES) (O’Byrne
and Tipton, 2000; Ziclinska et al., 2003). These observa-
tions further support the receptor-mediated rather than intra-
cellular mechanism of the antiexcitotoxic action of taurine.
Consistent with these observations, taurine in the present in
vivo model turned out to be more effective in counteracting
the accumulation of cGMP than in preventing the generation
of free radicals. Of note, taurine has been relatively inef-
fective in scavenging peroxynitrite in cultured neurons
treated with NO donors (Mehta and Dawson, 2001). The
antiexcitotoxic activity of taurine may bypass its ability to
scavenge free radicals: in cultured cerebellar neurons, taur-
ine has prevented the kainate-induced cell death without
reducing the free radical levels (Boldyrev et al., 1999).

Kosenko et al. (1995) have reported the coexistence of
the NMDA-dependent and NMDA-independent mecha-
nisms of NO synthase activation by ammonia, but the nature
of the latter is not known. Ammonia administered at the 60-
mM concentration via the microdialysis probes to the rat
striatum activates kainate receptors, as revealed by the
kainate antagonist-sensitive release of neuroactive amino
acids (Zielinska et al., 2002). However, direct involvement
of ionotropic glutamate receptors other than NMDA recep-
tors appears unlikely: activation of striatal kainate or «-
amino-2,3-dihydro-5-methyl-3-ox0-4-isoxazolepropanoate
(AMPA) receptors does not trigger NO-mediated cGMP
accumulation (East et al., 1996).

In conclusion, the present results are the first evidence
of an antiexcitotoxic potential of exogenous taurine in
vivo, and the NMDA/NO/cGMP pathway appears to be
the primary target of taurine activity. Since taurine poorly
crosses the blood—brain barrier both under control and
hyperammonemic conditions (Hilgier et al., 1996), its
therapeutic use is problematic. However, taurine deriva-
tives that penetrate the barrier (Oja et al., 1983; Van
Gelder and Bowers, 2001) are worth of testing for this

purpose.
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