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L-Cysteine, a Bicarbonate-Sensitive Endogenous

Excitotoxin

JoHN W. OLNEY, CHARLES ZORUMSKI, MADELON T. PRICE,

JOANN LABRUYERE

After systemic administration to immature rodents, L-cysteine destroys neurons in the
cerebral cortex, hippocampus, thalamus, and striatum, but the underlying mechanism
has never been clarified. This neurotoxicity of L-cysteine, in vitro or in vivo, has now
been shown to be mediated primarily through the N-methyl-p-aspartate subtype of
glutamate receptor (with quisqualate receptor participation at higher concentrations).
In addition, the excitotoxic potency of L-cysteine was substantially increased in the
presence of physiological concentrations of bicarbonate ion. L-Cysteine is naturally
present in the human brain and in the environment, and is much more powerful than
B-N-methylamino-1-alanine, a bicarbonate-dependent excitotoxin, which has been
implicated in an adult neurodegenerative disorder endemic to Guam. Thus, the
potential involvement of this common sulfur-containing amino acid in neurodegenera-
tive processes affecting the central nervous system warrants consideration.

HEN ADMINISTERED ORALLY IN
high doses to infant mice, L-
cysteine (L-Cys) reproduces the

type of brain damage that is caused by
glutamate (Glu) (7). This type of damage is
typically restricted to circumventricular or-
gan brain regions that lack blood-brain bar-
riers and evolves very rapidly to reach end-
stage neuronal necrosis within 2 to 3 hours.
Paradoxically, lower doses of L-Cys resulted
in a more devastating neurotoxic syndrome,
which developed more slowly (4 to 6 hours)
but damaged many more regions of the
brain, including the cerebral cortex, hippo-
campus, caudate, and thalamus (2). L-Cys
also causes a similarly widespread pattern of
damage in the fetal rodent brain when ad-
ministered orally or subcutaneously to the
pregnant dam in late gestation (2). Curious-
ly, neurons undergoing L-Cys—induced de-
generation have an identical appearance by
light or electron microscopy to those under-
going degeneration after exposure to Glu or
various excitatory neurotoxic (excitotoxic)
analogs of Glu. However, L-Cys has not
been considered an excitotoxin because it
lacks the Q acidic group shared by all other
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excitotoxic analogs of Glu and it was not
found to mimic the neuroexcitatory proper-
ties of Glu when administered microelectro-
phoretically onto spinal neurons (3, 4). The
present experiments were undertaken to re-
examine the neurotoxic properties of L-Cys
in light of new information pertaining to
excitotoxic mechanisms.

To determine whether a glutamate antag-
onist might protect against L-Cys neurotox-
icity in vivo, we assigned 4-day-old Sprague-
Dawley rat pups to one of two groups (ten
per group) and treated one group subcuta-
neously (sc) with MK-801 (1 mg/kg), an
antagonist of the N-methyl-D-aspartate sub-
type of glutamate receptor, and the other
group with saline, then 30 min later we
administered L-Cys (1 g/kg, sc) to both
groups. The pups were returned to their
mothers and observed for 6 hours, then
anesthetized with halothane, and perfused
with an aldehyde fixative solution; their
brains were processed for histopathological
evaluation (4, 5). All ten of the control pups
had acute lesions in several brain regions;
typically the most severely affected were the
frontoparietal neocortex, hippocampus,
thalamus, and caudate nucleus (Fig. 1A).
None of the ten experimental pups sustained
damage in any brain region (Fig. 1B). These
findings implicate the NMDA receptor—

Fig. 1. (A) The caudate nucleus of a 4-day-old rat
containing many acutely necrotic neurons (“bull’s
eye” profiles) 6 hours after L-Cys (1 g/kg) was
administered subcutaneously. (B) In contrast, the
caudate nucleus appears entirely normal in a 4-
day-old rat 6 hours after a treatment consisting of
the same dose of L-Cys accompanied by MK-801
(1 mg/kg). Magnification, x180.

ionophore complex in the in vivo neurotox-
icity of L-Cys.

To evaluate mechanisms underlying r-Cys
neurotoxicity in greater detail, we used the
in vitro chick embryo retina, a preparation
that is valuable for studying excitotoxic phe-
nomena (6). Because the excitotoxic Glu
agonists, NMDA, quisqualate (Quis), and
kainic acid (KA), interact with different Glu-
receptor subtypes that are distributed differ-
ently among retinal neurons, each agonist
induces an acute cytopathological reaction
in the chick retina that has its own distinc-
tive cellular pattern. The typical pattern of
neuronal degeneration induced by NMDA
(80 wM) in the chick retina is illustrated in
Fig. 2A. Although L-Cys was nontoxic at
low concentrations, it consistently induced a
lesion pattern indistinguishable from the
NMDA pattern at a concentration of 2 mM
(Fig. 2B). The competitive NMDA antago-
nist, D-2-amino-5-phosphonopentanoate
(D-AP5), at a concentration (50 pM)
known to block the neurotoxic action of
NMDA (80 uM) (6), completely prevented
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the neurotoxic action of L-Cys (2 mM) (Fig.
20C).

Several agents known to prevent excito-
toxicity were compared for potency in
blocking the neurotoxicity of L-Cys (2 mM),
NMDA (80 pM), Quis (15 M), or KA (25
M) (Table 1). We chose D-APS, 7-chloro-
kynurenic acid (7-CK), and MK-801 be-
cause each antagonizes the NMDA recep-
tor—ionophore complex by a different mech-
anism; D-AP5 acts at the NMDA binding
site (7), 7-CK at the glycine site (8), and
MK-801 at the phencyclidine (PCP) site
(9). CNQX (6-cyano-7-nitroquinoxaline-
2,3-dione) was chosen because it blocks the
excitotoxic action of non-NMDA agonists
more potently than that of NMDA (10).
Each of the three NMDA antagonists totally
blocked the excitotoxic actions of L-Cys in
direct proportion to its potency in blocking
NMDA toxicity, while displaying little or no
blocking activity against Quis or KA at the
concentrations tested. CNQX totally
blocked the excitotoxicity of Quis and KA
but displayed either equivocal or no protec-
tion against NMDA or L-Cys excitotoxicity.
These in vitro experiments confirm the im-
pression from the in vivo study that L-Cys
neurotoxicity is mediated through the
NMDA receptor—ionophore complex.

The divalent cation Zn®* effectively
blocks NMDA neurotoxicity in the chick
embryo retina when introduced at a concen-
tration of 250 M, but does not antagonize
Quis or KA at substantially higher concen-

Fig. 2. Fifteen-day chick embryo retinas incubat-
ed for 30 min in balanced salt solution containing
(A) 80 pM NMDA, (B) 2 mM -Cys, and (C) 2
mM L-Cys plus 50 wM D-AP5. The lesions in-
duced by (A) NMDA and (B) r-Cys have a
similar appearance, each being characterized by
edematous degeneration of neural elements in the
inner half of the retina. The retina in (C) appears
normal because D-AP5 totally protected it against
L-Cys toxicity. Magnification, X 160.
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Table 1. Potencies of antagonists in blocking
NMDA, KA, Quis, or L-Cys toxicity. Com-
pounds were rated according to the minimal
concentration (uM) required to provide total
protection against the neurotoxic effects of
NMDA (80 pM), KA (25 pM), Quis (15 pM),
or L-Cys (2000 wM). Antagonists were tested
over a range of concentrations from 100 pM
downward until a minimal effective concentration
was established. If total protection was not ob-
tained at 100 pM this is indicated by a dash (-).

An(ag- Versus
onist NMDA KA  Quis r-Cys
p-AP5 50 - - 50
7-CK 50 - - 50
MK-801 0.2 - - 0.2
CNQX - 50 15 -

trations (6). Further corroborating the
specificity of L-Cys neurotoxicity for the
NMDA receptor complex, we found that
Zn** also antagonizes L-Cys neurotoxicity
at 250 wM. Although the mechanism by
which Zn** antagonized NMDA neurotox-
icity was noncompetitive (with respect to
NMDA and the NMDA receptor), its an-
tagonist action with respect to L-Cys was
competitive; that is, serial increases in the
concentration of L-Cys overcame the Zn**
blockade, but proportionate increases in
Zn** restored the blockade (Fig. 3). Similar
competition studies were conducted to eval-
uate the effects of D-AP5, 7-CK, and MK-
801 on L-Cys excitotoxicity with the puz-
zling findings that 7-CK displayed a com-
petitive action and that the ability of D-AP5
and MK-801 to block L-Cys neurotoxicity
was completely abolished when the concen-
tration of L-Cys was doubled and could not
be restored by disproportionately large in-
creases in the concentrations of either antag-
onist.

Further experiments revealed that D-APS
and MK-801 lose their blocking activity
against L-Cys when the concentration of L-
Cys is increased because, although L-Cys is a
pure NMDA agonist at a 2 mM concentra-
tion, it begins to express excitotoxicity
through Quis receptors at higher concentra-
tions, and NMDA antagonists such as D-
AP5 and MK-801 are impotent against tox-
ic reactions mediated through Quis recep-
tors. We made this interpretation because
the cellular degeneration associated with
increased concentrations of L-Cys had a
Quis pattern (very different from the KA
pattern and similar but not identical to the
NMDA pattern), and it could be blocked by
a low concentration of MK-801 (200 nM),
if accompanied by CNQX in appropriate
stepwise concentration increases, or by D-
AP5 when both D-AP5 and CNQX were
applied in appropriate stepwise concentra-
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Fig. 3. Segments of chick embryo retina were
incubated with NMDA or -Cys in graduated
concentrations. At each concentration of NMDA
(®) or -Cys (O), a range of Zn** concentrations
was tested to determine the threshold concentra-
tion for totally blocking NMDA or L-Cys toxicity.
A fixed low concentration of Zn?* (250 pM) was
sufficient to block all concentrations of NMDA
from 80 pM to 1.2 mM. In contrast, each increase
in the concentration of L-Cys overcame the block-
ade requiring a proportionate increase in Zn>* to
restore the blockade. :

tion increases. These findings support the
interpretation that L-Cys toxicity is mediat-
ed by a direct action at the NMDA site
(because it is blocked competitively by D-
AP5) and that at higher concentrations it
exerts toxic activity through the Quis recep-
tor (because CNQX competitively blocks
this action).

The competitive interaction between L-
Cys and Zn®* can be explained best in terms
of the well-recognized ability of L-Cys to
chelate Zn?* ions (11). We propose that
Zn?* and L-Cys form a complex that seques-
ters and inactivates both molecules with
respect to participation in NMDA receptor
function (12). The competitive interaction
between 7-CK and L-Cys can be explained
on a different basis. 7-CK is a relatively
potent, broad spectrum anti-excitotoxin,
which blocks NMDA toxicity noncompeti-
tively (because it acts primarily at the glycine
rather than NMDA site) (8, 13), and Quis
toxicity competitively (13). Therefore, in
competition studies, when the concentra-
tion of L-Cys is increased enough for it to
exert toxic activity through Quis as well as
NMDA receptors, the blocking action of 7-
CK assumes a competitive profile that re-
flects its competitive action against L-Cys
toxicity at the Quis receptor.

BMAA (B-N-methylamino-L-alanine), which
like L-Cys lacks the  acidic terminal com-
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mon to all other excitotoxic straight-chain
analogs of Glu, expresses neuroexcitatory
and neurotoxic activity only in the presence
of physiological concentrations of bicarbon-
ate ion (14). Therefore, we tested whether
bicarbonate might play a role in L-Cys exci-
totoxicity. Using cultured hippocampal neu-
rons, which exhibit depolarizing responses
to excitatory amino acids (15), we applied L-
Cys (either in medium containing 20 mM
bicarbonate or in bicarbonate-free medium)
by pressure ejection. L-Cys elicited a small
inward current in the absence of bicarbon-
ate, and a substantially larger current in the
presence of bicarbonate (Fig. 4).

The standard incubation medium used in
the chick embryo retina assay contains bicar-
bonate ion at 4 mM concentration (6), and
it requires >1 mM L-Cys to induce an
excitotoxic reaction consistently in this me-
dium. Increasing the bicarbonate in incre-
ments from 4 to 24 mM (physiological
range) resulted in a stepwise increase in the
excitotoxic potency of L-Cys such that, at 24
mM bicarbonate, it only required 0.2 to 0.3
mM L-Cys to induce an excitotoxic reaction.
However, medium containing 24 mM bicar-
bonate underwent a change in pH (from 7.4
to 7.6) during the 30-min incubation peri-
od. In additional experiments, we varied pH
from 7.0 to 7.6 and bicarbonate from 0 to
24 mM and found that, at either 0 or 24
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mM bicarbonate, raising the pH from 7.0 to
7.6 caused an approximately twofold in-
crease in the excitotoxic potency of L-Cys,
whereas, at either pH 7.0 or 7.6, raising the
bicarbonate concentration from 0 to 24 mM
resulted in a six- to eightfold increase in
excitotoxic potency (Fig. 4). Thus, although
increases either in pH or bicarbonate con-
centration can increase L-Cys neurotoxicity,
the bicarbonate influence is much more
pronounced and seems to operate indepen-
dently of pH changes.

Our findings identify L-Cys as an endoge-
nous excitotoxin that can severely damage
the immature central nervous system (CNS)
by an action mediated primarily by the
NMDA receptor—ionophore complex. L-
Cys is present in significant concentrations
in both the environment and brain, is trans-
ported from the blood into the brain, and
also is synthesized within the brain (16). L-
Cys requires only a simple cofactor (bicar-
bonate), which is also endogenously present
in brain, to assume enhanced excitotoxic
potency. L-Cys, in the presence of bicarbon-
ate, is more powerful than L-Glu in destroy-
ing neurons in the chick retina. It is possible
that L-Cys, under hypoxic-ischemic or other
oxidative stress conditions, might be re-
leased along with L-Glu and L-Asp (17), and
could act in concert with these endogenous
excitotoxins to destroy neurons. The imma-
ture brain may be at particularly high risk in
that neurons in the developing rat brain are

Fig. 4. The concentration of 1-Cys required to
induce a fully developed lesion in the 15-day chick
embryo retina was influenced by changes in pH or
in bicarbonate concentration. In medium contain-
ing no bicarbonate (@), MOPS buffer (5 mM)
was used and pH was adjusted to various levels
with NaOH or HCL. In medium containing bicar-
bonate, 4 mM (M) or 24 mM (A) bicarbonate
was used. The pH was regulated at various levels
by addition of HCl with or without gassing with
95% O,/5% CO,. The pH was adjusted to a
specific level before each retinal incubation and
was measured in each specimen vial before and
after incubation; a mean pH (+SEM) was then
calculated for that experimental condition
(n > 30 for each condition since multiple incuba-
tions were used for each Cys concentration, and
multiple Cys concentrations were tested for each
pH condition). Error bars are not shown as the
SEM was never greater than 0.02 of a pH unit.
Regardless of pH, adjusting the bicarbonate con-
centration from zero to a physiological range
markedly reduced the threshold for L-Cys neuro-
toxicity. Varying the pH from 7.0 to 7.6 shifted
the neurotoxic threshold in the same direction but
only slightly. The electrographic recording de-
picts the currents induced in cultured hippocam-
pal neurons by L-Cys when applied in Hepes
buffer (no bicarbonate) or in the presence of 20
mM bicarbonate. In a series of 14 neurons, the
response to L-Cys in bicarbonate was 3.2 + 0.4
(+=SEM) times that in the absence of bicarbonate,
and this response was completely blocked by D-
AP5 (200 wM).

hypersensitive to excitotoxic processes medi-
ated through NMDA receptors (18). In
conditions such as perinatal asphyxia, not
only is the brain rendered hypoxic, but there
is an accompanying respiratory acidosis re-
sulting in an increased amount of bicarbon-
ate ion reaching the extracellular compart-
ment of brain. Thus, there is ample basis for
postulating that L-Cys may contribute to
developmental neuropathological processes.

An interesting parallel exists between L-
Cys and BMAA, an environmental excito-
toxin implicated in an adult neurodegenera-
tive disease (amyotrophic lateral sclerosis—
parkinsonism—dementia complex) endemic
to Guam (19). Both molecules lack the
acidic ) terminal that other straight-chain
excitotoxins possess, and this may facilitate
their penetration of blood-brain barriers.
Both are capable of assuming increased exci-
totoxic potency by combining with bicar-
bonate within the brain. Moreover, there is
evidence (20) documenting a metabolic dis-
turbance causing elevated blood levels of L-
Cys in each of the three neurological disor-
ders—motor neuron disease, parkinsonism,
and Alzheimer’s disease—that comprise
components of the BMAA-linked Guamani-
an syndrome. Candidacy of L-Cys as a
pathogen in such diseases is strengthened by
evidence that it is a much more potent
excitotoxin than BMAA (21), is more ubig-
uitously present in the environment, and is
naturally present in the brain. Moreover, L-
Cys may promote excitotoxicity both by
receptor activation, which opens NMDA
ion channels, and by Zn?* chelation, which
facilitates (disinhibits) ion flow through
such channels.
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K* Current Diversity Is Produced by an Extended
Gene Family Conserved in Drosophila and Mouse

AcuaN WEI, MANUEL COVARRUBIAS, ALICE BUTLER, KEITH BAKER,

MICHAEL PAK, LAWRENCE SALKOFF

The Drosophila Shaker gene on the X chromosome has three sister genes, Shal, Shab,
and Shaw, which map to the second and third chromosomes. This extended gene
family encodes voltage-gated potassium channels with widely varying kinetics (rate of
macroscopic current activation and inactivation) and voltage sensitivity of steady-state
inactivation. The differences in the currents of the various gene products are greater
than the differences produced by alternative splicing of the Shaker gene. In Drosophila,
the transient (A current) subtype of the potassium channel (Shaker and Shal) and the
delayed-rectifier subtype (Shab and Shaw) are encoded by homologous genes, and there
is more than one gene for each subtype of channel. Homologs of Shaker, Shal, Shab,
and Shaw are present in mammals; each Drosophila potassium-channel gene may be
represented as a multigene subfamily in mammals.

OTASSIUM CHANNEL DIVERSITY IN
P Drosophila may result from an extend-

ed gene family coding for homolo-
gous proteins since the Drosophila Shaker
gene (1) has three sister genes (2). The
peptides encoded by the extended gene fam-
ily Shaker, Shal, Shab, and Shaw share a
conserved organization suggestive of com-
mon function (2). We now report that, like
Shaker, the Shal, Shab, and Shaw gene prod-
ucts each expresses a K* current in the
Xenopus oocyte system. Although the cur-
rents share general features (voltage-gating
and K* sclectivity), they differ greatly in
their kinetic and voltage-sensitive proper-
ties.

Because of its resemblance to one of the
four homologous domains of the Na* (3)
and Ca®* channels (4), the Shaker holopro-
tein is presumed to be a homotetramer (5).
Like the peptide encoded by Shaker, the
peptides encoded by Shal, Shab, and Shaw
each form functional K* channels in Xeno-
pus oocytes, all potentially function as ho-
momultimers in vivo.

We have isolated cDNAs for two alterna-
tively spliced mRNAs transcribed from Shal
that encode the protein products Shall and
Shal2 (2). The deduced amino acid sequence
of Shal2 is compared to that of the con-
served portions of Shaker, Shab, and Shaw
cDNAs (Fig. 1A). Shall has a splice junc-
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tion at residue 489 of Shal2 (Fig. 1A). In
Shall the COOH-terminal residue from
Shal2 (Met*?) is absent and 116 amino
acids are added (6). The highly conserved
regions of the deduced peptides include the
hydrophobic domains, S1 through S$6,
which may be membrane-spanning struc-
tures (1, 3). One or more possible N-linked
glycosylation sites, indicated by the consen-
sus sequence Asn-X-Ser/Thr (7), are present
between S1 and S2 in Shaker, Shab, and
Shaw, but not in Shal. The deduced pep-
tides for Shal2 of 490 amino acids (56 kD)
and Shaw2 of 498 amino acids (56.5 kD)
are somewhat smaller than Shaker, which
average 71 kD. The deduced Shab peptide is
the largest with 924 amino acids (100 kD).
This size difference results from length varia-
tion in the domains at the NH,- and
COOH-termini, both of which are pre-
sumed to be cytoplasmic. The conserved
core of Shaker, Shal, Shab, and Shaw en-
compassing the membrane-spanning por-
tions S1 through S6 averages about 240
residues and varies little among the subfami-
ly members. A pairwise comparison of ho-
mology for the entire conserved region
(Shal residues 45 to 409) shows a degree of
identity ranging from 38 to 42% among all
four predicted peptide sequences (Fig. 1A).

Each member of the Drosophila gene fam-
ily, Shaker, Shal, Shab, and Shaw, has one or
more mammalian homologs, and thus, de-
fines a subfamily for each member. A com-
parison of each fly K*-channel protein to a
homolog from mouse brain is shown in Fig.
1B. The mammalian homologs of the Shaker
protein (&) are more closely related to the
Drosophila Shaker protein (about 76% iden-
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