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Cu2q induces Ca2q-dependent neurotransmitter release from brain
catecholaminergic nerve terminals
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Abstract

CuCl , ZnCl and NiCl , but not CdCl or CoCl , induced transmitter release from superfused rat hippocampal and striatal2 2 2 2 2
w3 x w3 x 2qsynaptosomes preloaded with, respectively, H noradrenaline and H dopamine. Cu was the most potent and effective, acting in a

Ž . Ž . 2qconcentration- 0.1–300 mM and time-dependent peak effect occurring at 2–3 min manner. The amount of Cu -induced release over
a 5 min period is similar to that induced by depolarization with high KCl or the Kq channel blocker 4-aminopyridine. However, the time
course of the Cu2q-induced release is slower and the effect of Cu2q is not reversed by washout. Cu2q-induced catecholamine release

Ž 2q. 2q 2qrequires extracellular calcium Ca and is inhibited by the Ca channel blocker Cd , and in the case of noradrenaline, by the
voltage-gated Naq channel blocker tetrodotoxin. The ability of Cu2q to induce massive Ca2q-dependent transmitter release from brain
catecholaminergic nerve terminals may contribute to the neuropathological processes associated with Cu2q toxicity in Wilson’s disease.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cu2q is an essential trace element involved in many
important biological processes. Pathological changes in the
levels of this divalent transition metal lead to a variety of
clinical pathologies. In particular, mutations in distinct but
homologous Cu2q ATPases result in Menkes Syndrome
Ž 2q . Ž 2q .Cu deficiency and Wilson’s disease Cu toxicity
Ž .DiDonato and Sarkar, 1997 . In Wilson’s disease, accu-
mulation of Cu2q leads to both hepatic pathology and
neurological symptoms such as Parkinsonian signs and
dystonia. Recently, striatal degeneration as well as damage
to the presynaptic terminals of the nigral dopaminergic
neurons have been detected in patients with Wilson’s
disease, which may contribute to their Parkinsonian symp-

Ž .toms Roh et al., 1994; Jeon et al., 1998 . Changes in
catecholamine levels in different brain regions have also

2q Žbeen reported in Cu -deficient Prohaska and Bailey,
. 2q1993; Prohaska and Bailey, 1994 and Cu -toxicity ani-

Ž . 2qmal models Saito et al., 1996 . In vitro, Cu causes
Ždepolarization of neurons Dreifuss et al., 1969; Weinreich
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. q qand Wonderlin, 1987 , blocks K and Na channels in
Ž .axons Arhem, 1980 , inhibits synaptosomal uptake of

monoamine transmitters which may secondarily increase
Žtransmitter efflux Komulainen and Tuomisto, 1981;

.Tuomisto and Komulainen, 1983 , and stimulates leuteniz-
ing hormone-releasing hormone release from median emi-

Ž .nence explants Barnea and Colombani-Vidal, 1984 . Dur-
ing the course of studying the ability of divalent transition
metals to modulate the presynaptic NMDA receptors on

Žcatecholaminergic nerve terminals Wang and Thukral,
.1996 , we observed a strong effect of some of these heavy

metals on catecholamine release. In this report, I show that
Cu2q causes a massive Ca2q-dependent release of neuro-
transmitters from isolated CNS dopaminergic and nora-
drenergic nerve terminals.

2. Materials and methods

2.1. Materials

All drugs and chemicals were obtained from the Sigma
Ž .St. Louis, MO, USA . All chemicals were of reagent
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Table 1
w3 x w3 xDivalent metal ions induce catecholamine release from H noradrenaline-loaded hippocampal and H dopamine-loaded striatal synaptosomes

2q 2q 2qNet release qCu 100 mM qZn 300 mM qNi 1 mM q4-Aminopyridine 500 mM
3w x Ž . Ž . Ž . Ž .H Noradrenaline 20.1"5.3% 5 5.7"2.6% 3 8.0"2.1% 5 18.5"4.1% 5
3w x Ž . Ž . Ž . Ž .H Dopamine 19.1"3.1% 4 4.5"1.5% 4 3.9% 1 22.6"8.2% 3

w3 x w3 xHippocampal synaptosomes preloaded with H noradrenaline and striatal synaptosomes preloaded with H dopamine were superfused for 5 min with
buffer containing the indicated concentrations of divalent metal ions or 4-aminopyridine, and the released transmitter was quantitated as described in

Ž Ž ..Section 2. Results are expressed as percent of total transmitter pool mean"S.D. n . Net release is derived by subtracting basal release in the absence of
Ž Ž . w3 x Ž . w3 x .the metal ions 6.8"1.5% 5 for H noradrenaline; 7.5"1.5% 4 for H dopamine from the release in their presence.

w3 x w3 xgrade. H noradrenaline and H dopamine were obtained
Ž .from NEN-Dupont Boston, MA, USA .

2.2. Preparation of synaptosomes

Synaptosomes were prepared as described in Wang et
Ž .al. 1992 . Briefly, P fractions were prepared from hip-2

pocampus and striatum of adult male Sprague–Dawley rats
Ž .150–250 g . Synaptosomes were resuspended in incuba-

Ž .tion buffer containing the following in mM : NaCl, 140;
MgCl , 1; CaCl , 1; KCl, 5; NaHCO , 5; NaH PO , 1.2;2 2 3 2 4

Ž .glucose, 10; HEPES, 10 pH 7.4 ; ascorbic acid, 0.2; and
pargyline, 0.02.

2.3. Transmitter release assay

w3 xHippocampal synaptosomes were loaded with H nor-
Ž .adrenaline 0.007 mM, 70.2 Cirmmol , and striatal

w3 x Žsynaptosomes were loaded with H dopamine 0.015 mM,
.35.1 Cirmmol , for 10 min at 378C. The loaded synapto-

Žsomes were placed on Whatman GFrB filters 100–150
.mg total protein on each filter in a superfusion chamber,

washed for 10 min, and superfused with buffer containing
the indicated compounds at a nominal flow rate of 3

Žmlrmin under unit gravity. Cupric chloride all other
divalent heavy metals ions tested were also as chloride

. Žsalt was used for all the experiments preliminary experi-
.ments with cupric sulfate gave the same results . Superfu-

sion fractions were collected every min for 5 min or as a
single 5 min fraction. Labeled transmitter in the super-
fusate was quantitated by liquid scintillation spectroscopy.
The data are expressed as percent of the total transmitter

pool, defined as counts retained on the filter plus counts in
the collected superfusate. Net release is derived by sub-
tracting the basal spontaneous release from the drug-in-
duced release, and shown as mean"S.D. as indicated.

2.4. Statistics

Statistical tests were performed with Student’s t-test as
indicated, and significance is defined as p-0.05.

3. Results

3.1. Certain diÕalent heaÕy metal ions induce
catecholamine release from brain synaptosomes

Synaptosomes prepared from rat hippocampus or stria-
w3 x w3 xtum and loaded with H noradrenaline or H dopamine

respectively were placed under superfusion at a flow rate
of 3 mlrmin to assay for transmitter release upon exposure
to divalent transition metal cations. Under these condi-
tions, transmitter reuptake into the filter-trapped synapto-
somes is not significant, as confirmed by the lack of effect

Žof the noradrenaline reuptake inhibitor desipramine 1
. w3 x ŽmM on the basal H noradrenaline release 95% of basal

. 2qrelease; ns2 . Inclusion of 100 mM Cu , 300 mM
Zn2q, or 1 mM Ni2q in the superfusion buffer signifi-
cantly increased transmitter release from both noradrener-
gic and dopaminergic nerve terminals during 5 min of

Ž . 2q Ž . 2qsuperfusion Table 1 , while Cd see Table 2 and Co
Ž . 2qdata not shown had no effect at 1 mM. Cu was the
most effective among the transition metals tested, the

Table 2
Effects of removal of Ca2q or addition of Cd2q on heavy metal-induced noradrenaline release from hippocampal synaptosomes

2q 2qNet release qNi 1 mM qZn 0.3 mM
3 2qw x Ž . Ž .H Noradrenaline Ca 1 mM 11.7"3.0% 3 4.8% 2

2q Ž . Ž .Ca 0 mM 0.3"0.2% 3 0.6% 2
2q 2q Ž . Ž .Ca 1 mMqCd 0.3 mM 2.3% 2 0.3% 1

w3 x 2q 2q 2qHippocampal synaptosomes preloaded with H noradrenaline were superfused for 2 min with buffer containing 1 mM Ca , 0 mM Ca , or 1 mM Ca
plus 300 mM Cd2q, followed by exposure to the same buffer containing in addition 1 mM Ni2q or 0.3 mM Zn2q for 5 min. Transmitter released during

Ž .the 5 min period was quantitated as described in Section 2. Results are presented as mean percent of total transmitter pool"S.D. n . Basal release for the
three pretreatment conditions are respectively: 6.6"1.8%, 4.2"1.2%; and 6.2% of the total transmitter pool.
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magnitude of its effect on inducing transmitter release
from both types of synaptosomes was similar to that of
depolarization with 500 mM 4-aminopyridine or 30 mM

Ž .KCl Table 1 and Fig. 3 over the 5 min period.

3.2. Cu2 q-induced transmitter release is concentration-
dependent

2q ŽThe effect of Cu was concentration-dependent Fig.
.1 , although saturation was not readily achieved even at

the highest concentration tested, particularly for the
dopaminergic synaptosomes. Indeed, the shape of the con-
centration–response curves was different for release from
the two types of synaptosomes. Thus, Cu2q-induced
dopamine release occurred over a much wider concentra-
tion range than Cu2q-induced noradrenaline release, with
the former detectable at 0.1 mM Cu2q while an equivalent
effect for the latter required almost 10 mM Cu2q. Finally,
concentration-dependent induction of release by Cu2q and
by Ni2q was also observed in olfactory bulb synaptosomes

w3 xpreloaded with H noradrenaline, to a similar extent as
Žwith release from hippocampal synaptosomes data not

.shown .

3.3. Transmitter release induced by diÕalent heaÕy metal
ions requires ca2 q influx

The ability of Cu2q to induce release from both nora-
drenergic and dopaminergic synaptosomes required extra-

Fig. 1. Concentration–response curves for Cu2q-induced transmitter re-
w3 xlease from superfused H noradrenaline-loaded hippocampal and

w3 xH dopamine-loaded striatal synaptosomes. Synaptosomes were exposed
to the indicated concentrations of Cu2q for 5 min, and the released
transmitter was quantitated as described in Section 2. Results are pre-

Ž .sented as mean"S.D. ns3–5 .

Fig. 2. Ca2q-dependency of the Cu2q-induced transmitter release.
w3 x w3 xH noradrenaline-loaded hippocampal and H dopamine-loaded striatal
synaptosomes were superfused for 2 min with buffer containing 1 mM

2q Ž . 2q Ž .Ca qCa or with buffer with no added Ca yCa , then exposed to
30 mM Cu2q in the respective buffers for 5 min. Transmitter released
during the 5 min period was quantitated as described in Section 2. Results

Ž w3 xare presented as mean"S.D. ns4 for H noradrenaline; ns3 for
w3 x .H dopamine . The basal release was, in the presence or absence of

2q w3 xCa , respectively: 5.7"1.6% and 3.7"0.5% for H noradrenaline; and
w3 x U7.9"2.9% and 4.0"0.6% for H dopamine. Significantly different

from the qCa condition, p-0.05, Student’s t-test.

cellular Ca2q, as the effect was completely blocked by the
2q Ž .removal of Ca from the superfusion buffer Fig. 2 . A

similar requirement for extracellular Ca2q was observed
for noradrenaline release from hippocampal synaptosomes

2q 2q Ž .induced by 1 mM Ni or 300 mM Zn Table 2 .
Furthermore, 300 mM Cd2q, which had no effect by itself
on noradrenaline release, blocked the effects of Zn2q and

2q Ž . 2q Ž 2qNi Table 2 and of Cu net release induced by Cu
was 7.6% of total in the absence of Cd2q and 0.3% of

2q .total in the presence of Cd ; ns2 . Thus, the effect of
Cu2q on transmitter release requires Ca2q influx into the
catecholaminergic nerve terminals.

3.4. Cu2 q-induced transmitter release is slower than that
induced by K q or 4-aminopyridine

The time course of the Cu2q-induced transmitter release
was compared with that induced by 4-aminopyridine and

q Ž .high K Fig. 3 . As expected, direct depolarization with
high Kq resulted in the most rapid transmitter release,

Žwith a peak at substantially less than 1 min the gravity-
based superfusion system used here shows an apparent

Ž .peak at 30 s not shown , but a fast superfusion system
Ž Ž ..reveals a sub-second time course Turner et al. 1992 .

4-Aminopyridine, by contrast, showed a slower time
course, peaking at 1–2 min and then declining. The time
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Fig. 3. Time course of transmitter release evoked by Cu2q, 4-aminopyri-
Ž . q Ž . w3 xdine 4-AP and high K . A H noradrenaline-loaded hippocampal or

Ž . w3 xB H dopamine-loaded striatal synaptosomes were superfused with 100
mM Cu2q, 500 mM 4-aminopyridine, or 30 mM Kq. Fractions were
collected every min, and the released transmitter was quantitated as

Ž q .described in Section 2. Results are presented as means of 2 K or 3
Ž 2q .Cu and 4-aminopyridine independent experiments. S.D. values were
all within 20% of the means and are not shown for the sake of clarity.

2q Žcourse of Cu -induced noradrenaline release averaged
.from three independent experiments was even slower in

onset than that of 4-aminopyridine, with a peak response at

Ž .2 min of superfusion Fig. 3A . After the peak, however,
the decline in the time course appears similar that of
4-aminopyridine. A similar time course with a delayed

2q Ž .Fig. 4. Reversibility of the effect of Cu on transmitter release. A
w3 x Ž . w3 xH noradrenaline-loaded hippocampal and B H dopamine-loaded stri-
atal synaptosomes were superfused with 100 mM Cu2q either continu-

Ž 2q .ously for 5 min qCu 5 min , or for only 1 min followed by 4 min of
2q Ž 2q .Cu -free buffer qCu 1 min, wash 4 min . Fractions were collected

every min, and the released transmitter was quantitated as described in
Section 2. Results are presented as mean"S.D. of triplicate samples in a
representative experiment. Similar results were obtained in two additional

Ž .independent experiments not shown .
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Table 3
2q w3 x w3 xEffects of tetrodotoxin on Cu - and 4-aminopyridine-induced transmitter release from H noradrenaline-loaded hippocampal and H dopamine-loaded

striatal synaptosomes
2q 2qNet release qCu qCu qtetrodotoxin q4-Aminopyridine q4-Aminopyridine qtetrodotoxin

3 U Uw x Ž .H Noradrenaline ns5 5.0"1.8% 2.3"0.9% 16.6"0.6% 5.5"1.5%
3w x Ž .H Dopamine ns3 13.9"1.8% 9.7"1.6% 15.9"2.9% 12.2"1.6%

w3 x w3 xHippocampal synaptosomes preloaded with H noradrenaline and striatal synaptosomes preloaded with H dopamine were superfused for 2 min with
buffer containing 3 mM tetrodotoxin, followed by exposure to the same buffer containing in addition 30 mM Cu2q or 200 mM 4-aminopyridine for 5 min.
Transmitter released during the 5 min period was quantitated as described in Section 2. Results are presented as mean percent of total transmitter

Ž w3 x w3 xpool"S.D. basal release for H noradrenaline: 7.9"2.0%, qtetrodotoxin: 6.4"1.7%; basal release for H dopamine: 7.7"1.6%, qtetrodotoxin:
.7.8"2.6% .

U
Significantly different from condition without tetrodotoxin, p-0.01, paired Student’s t-test.

onset followed by a decline was observed for noradrena-
2q 2q Ž .line release induced by Zn and Ni data not shown .

Thus, the time course of Cu2q-induced noradrenaline re-
lease appears somewhat similar to that of 4-aminopyridine,
with the major difference being a slower onset in the
former. Cu2q-induced dopamine release also lagged behind
that of 4-aminopyridine and high Kq, but was then main-

Ž .tained at the peak for at least 3 min Fig. 3B . Thus,
Cu2q-induced dopamine release is not only slow in onset
but also more sustained.

3.5. Transient exposure to Cu2 q causes sustained
transmitter release

I also examined the effect of a transient exposure to
Cu2q on transmitter release from the two types of super-
fused synaptosomes. Preloaded synaptosomes were ex-
posed to Cu2q for 1 min under superfusion, followed by 4
min of superfusion with Cu2q-free buffer. Interestingly,
the increase in noradrenaline release was similar whether
Cu2q was present only during the first min or throughout

Žthe 5 min of superfusion Fig. 4A shows a representative
experiment, the same result was obtained in two additional

.independent experiments . Surprisingly, 1 min of exposure
to Cu2q caused even more dopamine release from striatal
synaptosomes during the subsequent 4 min than that caused

2q Žby continued exposure to Cu Fig. 4B shows a represen-
tative experiment, the same result was obtained in two

.additional independent experiments . Thus, the effect of
Cu2q on transmitter release is not reversible by washout,
and in the case of dopamine release removal of Cu2q from
the superfusion buffer after an initial exposure actually
enhanced the subsequent effect.

3.6. SensitiÕity of Cu2 q-induced transmitter release to
tetrodotoxin

Finally, I examined whether Cu2q-induced transmitter
release involved the voltage-gated Naq channels by deter-
mining the effects of the specific channel blocker
tetrodotoxin. 4-aminopyridine-induced noradrenaline re-

Ž .lease was as expected sensitive to tetrodotoxin Table 3 ,
2q Ž .as was Cu -induced noradrenaline release Table 3 .

However, both the 4-aminopyridine- and the Cu2q-induced
dopamine release were not significantly affected by

Ž . 2qtetrodotoxin treatment Table 3 . Thus, the effect of Cu
on transmitter release, certainly in the case of noradrena-
line, requires the activation of tetrodotoxin-sensitive volt-
age-gated Naq channels.

4. Discussion

In a superfusion system containing intact nerve termi-
nals isolated from their neuronal cell bodies, Cu2q at mM
concentrations induce transmitter release from hippocam-
pal and olfactory bulb synaptosomes preloaded with
w3 xH noradrenaline, and from striatal synaptosomes

w3 xpreloaded with H dopamine. Under these conditions, the
w3 xuptake of H noradrenaline by the hippocampal and olfac-

tory synaptosomes is completely inhibited by the selective
Žnoradrenergic uptake inhibitor desipramine Wang et al.,

. w3 x1992 , while the uptake of H dopamine by the striatal
synaptosomes is inhibited by a selective dopaminergic

w Ž w x . xuptake inhibitor 1- 2- bis 4-fluorophenyl -methoxy ethyl -
w x . Ž . Ž4- 3-phenylpropyl -piperazine GBR12909 unpublished
. 2qdata . Thus, the effect of Cu is likely to be exerted

locally and directly on nerve terminals of the locus ceruleus
noradrenergic neurons, which innervate the hippocampus
and the olfactory bulb among other brain regions, and on
nerve terminals of the nigral dopaminergic neurons, which
innervate mainly the striatum. The effect of Cu2q is
similar in magnitude to that of depolarization with high
Kq or 4-aminopyridine, suggesting a direct action on the

Ž .majority rather than a subpopulation of the catecholamin-
ergic nerve terminals in these brain regions. Zn2q and
Ni2q, but not Cd2q or Co2q, also induced transmitter
release but are much less effective than Cu2q, suggesting
that there is some selectivity in the mechanism of action of
these transition heavy metals. Importantly, transmitter re-
lease induced by Cu2q and the other effective transition
metals is dependent on extracellular Ca2q, indicating a
requirement for Ca2q influx and the origin of the released
transmitters from the synaptic vesicular pool. Moreover,
Cd2q, which by itself has no effect on transmitter release
but is known to block voltage-gated Ca2q channels, was
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able to prevent the noradrenaline release induced by the
transition metals, indicating an activation of the voltage-
gated Ca2q channels. This requirement for Ca2q influx
also rules out the involvement of the catecholamine trans-
porters, which have been previously shown to be inhibited
by Cu2q and may therefore contribute to an apparent
increase in transmitter release under static incubation con-

Žditions Komulainen and Tuomisto, 1981; Tuomisto and
.Komulainen, 1983 . Further support that this mechanism

did not play a role in the results reported here is the lack of
effect of the uptake blocker desipramine on the basal
w3 xH noradrenaline release, as these synaptosomes were
placed under superfusion condition that effectively elimi-
nated contribution from the reuptake process. Thus, the
effect of Cu2q on catecholamine release is ultimately
dependent on an opening of the voltage-gated Ca2q chan-
nels, influx of Ca2q, and activation of the Ca2q-dependent
synaptic vesicular secretory machinery.

Ž . 2qThe mechanism s by which Cu activates the volt-
age-gated Ca2q channels to induce catecholamine release
from nerve terminals is unknown. Cu2q-induced nor-
adrenaline release is as robust as that induced by 4-
aminopyridine and high Kq, is dependent on Ca2q influx
through voltage-gated Ca2q channels, and involves activa-

q Žtion of voltage-gated Na channels as revealed by its the
.sensitivity to tetrodotoxin . The tetrodotoxin sensitivity

makes it unlikely that Cu2q is directly acting on the Ca2q

channels. Cu2q has been reported to depolarise neuronal
Žsoma Dreifuss et al., 1969; Weinreich and Wonderlin,

. q Ž .1987 , and to blocks K channels in axons Arhem, 1980 .
These results suggest that one possible mechanism by
which Cu2q can induce transmitter release may be modu-
lation of the nerve terminal membrane potential. Indeed,
the ability of 4-aminopyridine to induce transmitter release
is due to its inhibition of nerve terminal Kq channels that
maintain the resting membrane potential, thereby activat-
ing Naq channels and depolarizing the nerve terminal

2q Žmembrane sufficiently to open Ca channels Tibbs et al.,
. 2q 2q q1996 . It is also known that Zn and Cu can block K

Žchannels such as the shaker type channels Q. Lu and C.
Miller, Brandeis University; unpublished data and personal

.communication . The overall similarity of the time course
of the Cu2q-induced noradrenaline release to that of 4-
aminopyridine, a well-known Kq channel blocker, sug-
gests that such a mechanism may be at work in the
catecholaminergic nerve terminals. However, Cu2q-in-
duced noradrenaline release is slower in onset and is not
readily reversible compared to 4-aminopyridine, suggest-
ing that if Cu2q blocks nerve terminal Kq channels the
mechanism of channel blockade must be distinct from that
of 4-aminopyridine. Perhaps in common with other diva-

2q Ž . 2qlent cations such as Ba Sihra et al., 1993 , Cu is also
capable of permeating nerve terminal membrane through
divalent cation selective channels. Its presumed inhibition
of Kq channels, therefore, may occur intracellularly, thus
accounting for the slower time course and the lack of

reversibility. Indeed, it appears that Cu2q is more effective
as a blocker of the shaker type Kq channels on the

Žintracellular side relative to the extracellular side Q. Lu
and C. Miller, Brandeis University; unpublished data and

.personal communication . However, there is as yet no
evidence that Cu2q and other divalent metal ions can
inhibit Kq channels from the intracellular side in cate-
cholaminergic nerve terminals. Evidence to support this
purely speculative mechanism of action will be difficult to
obtain in a heterogeneous system such as the synaptosomal
preparation, in which only a fraction of the total population
is constituted by catecholaminergic nerve terminals. In-
deed, it appears that Ni2q, which can induce cate-
cholamine release, does not affect glutamate release from

Žcerebral cortical synaptosomes T. Turner, Tufts Univer-
.sity; unpublished data and personal communication , sug-

gesting that the robust effect of the transition metals on
transmitter release may be limited to the catecholamines.
Moreover, Cu2q does not significantly alter the average
membrane potential of rat forebrain synaptosomes
Ž .Nachshen, 1984 , suggesting that the majority of nerve

Žterminals in this preparation mostly releasing glutamate or
. 2qGABA is not sensitive to Cu in the manner proposed in

this report. Thus, it is possible that Cu2q affects only
Žcatecholaminergic nerve terminals which constitute only a

.fraction of the isolated nerve terminals , perhaps due to
expression of specific types of Cu2q-sensitive Kq channel
in these terminals.

The mechanism underlying Cu2q-induced dopamine re-
lease appears more complex than for noradrenaline release,
as suggested by differences in their concentration–re-
sponse curves, time courses, reversibility, and tetrodotoxin
sensitivity. The concentration–response curve of Cu2q for
dopamine release spans more than three orders of magni-
tude, yet with no apparent sign of saturation. This is
consistent with a multi-phasic response. The time course of
the Cu2q-induced dopamine release shows a lag phase
similar to that of noradrenaline release, but the peak
response appears more sustained. Indeed, 1 min of expo-
sure to Cu2q resulted in higher amounts of dopamine
release over the subsequent 4 min than with continuous
exposure. Perhaps Cu2q also partially inhibit dopamine
release by a different and slower mechanism, an effect that
is enhanced only upon prolonged exposure to the heavy
metal ion. Interestingly, tetrodotoxin did not significantly
suppress either the 4-aminopyridine- or the Cu2q-induced

Ždopamine release it inhibited 23% of the former and 30%
of the latter, but the differences did not reach statistical

.significance . A previous report showed that tetrodotoxin
inhibited only a fraction of the initial 4 min of dopamine

Žrelease inhibition of 25%, though it was statistically sig-
.nificant , and not at all the subsequent release, induced by

q ŽK channel blockade see Fig. 5 and text in Bowyer and
.Weiner, 1989 . Taken together, these data suggest that the

Naq channels present in the striatal nerve terminals of the
nigral dopaminergic neurons are relatively tetrodotoxin-in-
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sensitive. Alternatively, the ability of Kq channel blockers
to induce dopamine release is largely independent of Naq

channels. Nevertheless, the effect of Cu2q on dopamine
release is entirely dependent on extracellular Ca2q, consis-
tent with an action that must ultimately activate the Ca2q-
dependent vesicular secretory machinery, as is the case
with noradrenaline release. Taken together, data reported
here suggest that the final result of exposure to Cu2q is
likely nerve terminal membrane depolarization and Ca2q-
dependent transmitter release from both types of cate-
cholaminergic nerve terminals. Indeed, the primary effect
of Cu2q on the catecholaminergic terminals may be mem-
brane depolarization, which in addition to causing trans-
mitter release can also secondarily inhibit transmitter reup-
take. In vivo, therefore, increase in the levels of Cu2q is
likely to cause a net increase in transmitter release from
the catecholaminergic nerve terminals. Dopamine at higher
concentrations is toxic to striatal neurons, an effect that is

Žpotentiated by mitochondrial compromise McLaughlin et
. 2qal., 1998 . Presumably, chronic Cu toxicity in Wilson’s

disease can impair catecholaminergic transmission due to
sustained catecholamine transmitter release uncoupled from
synaptic activity. Over time, a sustained increase in striatal
dopamine levels may lead to neuronal damage and death,
thus contributing to the neuropathological manifestations
of the disease.
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