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Y ALUMINUM IN MAMMALIAN NEURONS
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bstract—Aluminum (Al3�), a known neurotoxic substance,
as long been implicated in the pathogenesis of Alzheimer’s
isease and other neurodegenerative diseases. Al3� targets
any ligand-gated and voltage-gated ion channels and mod-
lates their functions. In the present study, the actions of
l3� on the nicotinic acetylcholine receptor (nAChR) were

nvestigated by whole-cell patch clamp technique in acutely
solated rat trigeminal ganglion neurons. We observed that
l3� potentiated nicotine-evoked inward currents in a con-
entration-dependent manner (10–1000 �M). The effects of
l3� on nicotine-evoked currents were voltage independent.
l3� appeared to increase the affinity of nicotine to nAChR but
ot the efficacy. Al3� reduced the agonist concentration pro-
ucing a half-maximal response (EC50) for nicotine from
4.4�1.9 �M to 32.9�2.6 �M, but did not alter the threshold nor
aximal response. On the contrary, another trivalent cation,
a3�, had little effect on nicotine-evoked currents. The
resent results indicated that Al3� enhanced the function of
AChR and this potentiation might underlie the neurological
lteration induced by Al3�. © 2007 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: aluminum, nicotinic acetylcholine receptor,
otentiation, current, neuron.

luminum (Al3�) is the most abundant and widely distrib-
ted metal in the earth’s crust. It enters the human body via
ood, air, water and drugs such as antacids or deodorants,
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bbreviations: Al3�, aluminum; Atr, atropine; DMEM, Dulbecco’s Mod-

fied Eagle medium; DMPP, dimethylphenylpiperazinium; EC50, ago-
ist concentration producing a half-maximal response; EGTA, ethyl-
ne glycol-bis(2-aminoethylether)-N,N,N=,N=-tetraacetic acid; Ga3�,
allium; GDP-�-S, guanosine 5=-O-(2-thiodiphosphate); Hepes, N-(2-
ydroxyethyl)piperazine-N=-(2-ethanesulfonic acid); Hex, hexametho-
ium; Inic, nicotine-activated current; Inic(p), peak values of nicotine-
ctivated current; Inic(ss), steady state component of nicotine-activated
a
urrent; I-V, current-voltage; nAChR, nicotinic acetylcholine receptor;
G, trigeminal ganglion; Tub, tubocurarine; �-BTx, �-bungarotoxin.
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1

tc. Our daily intake of Al3� is estimated to be approxi-
ately 10–20 mg (Edwardson et al., 1992). Al3� could
ermeate the blood–brain barrier and accumulate in the
rain (Yokel, 2002). The concentration of Al3� was 0.5–
mM in the brain of a dementia patient (Good et al., 1992).
levated levels of the brain Al3� have been reported in
lzheimer’s disease, amyotrophic lateral sclerosis, Guam-
arkinson’s dementia, etc. (Crapper et al., 1973; Perl et
l., 1982; Kawahara, 2005). Al3� is neurotoxic and is con-
idered today as a putative etiological factor in these neu-
odegenerative diseases (Miu and Benga, 2006).

Nicotinic acetylcholine receptors (nAChRs) belong to the
uperfamily of ligand-gated ion channels and are widely dis-
ributed throughout the CNS and peripheral nervous system
Keiger and Walker, 2000). Neuronal nAChRs participate in a
iverse array of physiological processes including attention,

earning and memory (Ji et al., 2001; Ge and Dani, 2005).
lteration of neuronal nAChR function has been implicated in
arious neuronal disorders, such as schizophrenia, epilepsy,
lzheimer’s disease, dementia with Lewy bodies, Down syn-
rome, and Parkinson’s disease (Dani and Bertrand, 2007).
any substances modulate nAChR function by binding to
llosteric sites distinct from the ACh-binding site. For in-
tance, nAChRs possess binding sites for multivalent cat-

ons. In previous studies it has been shown that di- and
rivalent cations exert modulation on nAChRs; for instance,
urrents mediated by nAChRs are potentiated by Zn2�, Ca2�

r Ba2�, and inhibited by Pb2� or La3� (Garcia-Colunga and
iledi, 1997; Oortgiesen et al., 1997; Hsiao et al., 2006;
cLaughlin et al., 2006). Sensory neurons, including trigem-

nal ganglion (TG) neurons, express a variety of nAChR
ubtypes (Liu et al., 1993; Flores et al., 1996). In the present
tudy, we found that Al3� potentiated nicotine-activated cur-
ents (Inic), using peripheral TG neuron as an accessible
odel.

EXPERIMENTAL PROCEDURES

solation of TG neurons

he experimental protocol was approved by the animal research
thics committee of Xianning College. All procedures conformed
o international guidelines on the ethical use of animals, and every
ffort was made to minimize the number of animals used and their
uffering. Isolating methods have been described in detail previ-
usly (Hu et al., 2004, 2005). In brief, 2- to 3-week-old Sprague–
awley rats were anesthetized with ether and then decapitated.
he TGs were taken out and transferred immediately into Dulbec-
o’s Modified Eagle Medium (DMEM, Sigma, St. Louis, MO, USA)

t pH 7.4. After the removal of the surrounding connective tissues,

ved.
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W.-P. Hu et al. / Neuroscience 149 (2007) 1–62
he TGs were minced with fine spring scissors and the ganglion
ragments were placed in a flask containing 5 ml of DMEM with
rypsin (type II-S, Sigma, 0.5 mg/ml), collagenase (type I-A,
igma, 1.0 mg/ml), DNase (type IV, Sigma, 0.1 mg/ml), and

ncubated at 35 °C in a shaking waterbath for 30–35 min. Soy-
ean trypsin inhibitor (trype II-S, Sigma, 1.25 mg/ml) was then
dded to stop trypsin digestion. Dissociated neurons were placed

n a 35-mm Petri dish and kept for at least another 30 min before
lectrophysiological recording. The neurons selected for patch
lamp experiment were 15–45 �m in diameter.

lectrophysiological recordings

hole-cell patch clamp recordings were carried out at room tem-
erature (22–24 °C) using a whole cell/patch clamp amplifier
CEZ-2400, Nihon, Koden, Tokyo, Japan). The pipettes were filled
ith internal solution containing (mM): KCl 140, CaCl2 1, MgCl2
.5, Hepes 10, EGTA 11 and ATP 5; its pH was adjusted to 7.2
ith KOH and osmolarity was adjusted to 310 mOsm/L with su-
rose. Cells were bathed in an external solution containing (mM):
aCl 150, KCl 5, CaCl2 2.5, MgCl2 2, Hepes 10, D-glucose 10; its
smolarity was adjusted to 340 mOsm/L with sucrose and pH was
djusted to 7.4 with NaOH. The resistance of the recording pipette
as in the range of 2–5 M�. A small patch of membrane under-
eath the tip of the pipette was aspirated to form a gigaseal and
hen a more negative pressure was applied to rupture it, thus
stablishing a whole-cell configuration. The adjustment of capac-

tance compensation and series resistance compensation was
one before recording the membrane currents. The holding po-
ential was set at �60 mV, except when indicated specially. Mem-
rane currents were filtered at 10 kHz (�3dB), and the data were
ecorded by a pen recorder (Nihon Kohden).

rug application

rugs used in the experiments were purchased from Sigma Chem-
cal Co. and include: Al3� trichloride, gallium (Ga3�) trichloride, (�)-
icotine, dimethylphenylpiperazinium (DMPP), hexamethonium
Hex), (�) tubocurarine (Tub), �-bungarotoxin (�-BTx), atropine
Atr). All drugs were dissolved in the external solution just before use
nd held in a linear array of fused silica tubes (o.d./i.d.�500 �m/
00 �m) connected to a series of independent reservoirs. The dis-
ance from the tube mouth to the cell examined was around 100 �m.
he application of each drug could be driven by gravity and controlled
y the corresponding valve, and rapid solution exchange could be
chieved within about 150 ms by shifting the tubes horizontally with
micromanipulator. Cells were constantly bathed in normal external

olution flowing from one tube connected to a larger reservoir be-
ween drug applications. In some experiments, guanosine 5=-O-(2-
hiodiphosphate) (GDP-�-S, Sigma) that needed to be applied intra-
ellularly was dissolved in the internal solution.

tatistical analysis

ata were statistically compared using the Student’s t-test or
nalysis of variance followed by the Bonferroni’s post hoc test.
tatistical analysis of concentration–response data was per-

ormed using non-linear curve-fitting program ALLFIT. Current
alues are expressed as means�S.E.M.

RESULTS

eurons isolated freshly from rat TGs were round or ellip-
ical in shape and their diameters were in the range of
5–45 �m. Most of the neurons examined (82.1%, 55/67)
esponded to externally applied nicotine with a concentra-
ion-dependent (10–1000 �M) inward current. The 100 �M
nic can be mimicked by agonist DMPP (100 �M, n�7), and t
locked by antagonist (�)-Tub (100 �M, n�9) and nico-
inic receptor blocker, Hex (100 �M, n�9) markedly (Fig.
A). In contrast, �-BTx (1 �M, n�13), a toxin that binds in
pseudo-irreversible fashion to neuronal nicotinic recep-

ors, and Atr (100 �M, n�9), a cholinergic receptor antag-
nist, had no effect on Inic (Fig. 1A).

No detectable change in membrane current was ob-
erved when Al3� was applied alone in the present study
n�10). However, in the presence of Al3�, the peak values of
icotine-activated current (Inic(p)) rose stepwise with the in-
rease of Al3� from 10 to 1000 �M and reached the maxi-
um at 1000 �M (Fig. 1B, C). It is noteworthy that the

ncrease in Inic(p) was more evident than the increase in
teady state component of nicotine-activated current (Inic(ss)),
n fact, the amplitude of the latter even decreased (Fig. 1B,
). In other words, the desensitization of Inic was enhanced
ith the increase of co-applied Al3�. To address whether the

esults were specific for Al3�, we tested another tri-valent
ation, Ga3�, on Inic. In the presence of Ga3� (30, 100 or
000 �M, n�6–8) both the peak values and the steady state
omponents of 100 �M Inic changed slightly (within 3.2%-
.8% of the control), suggesting no effect of Ga3� on Inic.

Fig. 2A showed that the magnitude of Al3� enhance-
ent was dependent upon the nicotine concentration. Fig.
B illustrated that Al3� shifted the nicotine concentration–
esponse curve to the left, reducing the agonist concentra-
ion producing a half-maximal response (EC50) for nicotine
rom 74.4�1.9 �M in the absence of Al3� to 32.9�2.6 �M
n the presence of 100 �M Al3� (n�12, P�0.01, unpaired
-test). Al3� did not alter the slope or Hill coefficient
n�1.75 in the absence of Al3� vs. n�1.81 in the presence
f Al3�), the threshold or maximal value of the nicotine
oncentration–response curve (n�12, P�0.1, Bonferroni’s
ost hoc test). Fig. 2C showed that in the double reciprocal
lot of the potentiation of Inic by Al3�, it was evident that
l3� potentiated Inic by changing the apparent affinity of

he nAChRs for nicotine.
Moreover, when 500 �M GDP-�-S, a non-hydrolysable

DP analog, was included in the recording pipette for
ntracellular dialysis, the potentiation of 100 �M Inic by
00 �M Al3� (45.4�6.6%, n�9) was comparable to that of
ontrol (49.1�6.8%; n�9, P�0.1, paired t-test), thus ruling
ut the involvement of G-protein signal pathways in the
otentiation of Inic by Al3�.

To investigate whether the actions of Al3� on nAChR
re dependent on membrane potential, we studied the
otentiation of Inic by Al3� at various holding potential
onditions. The current–voltage (I–V) relationships for
00 �M Inic in the absence and presence of 100 �M Al3�

re demonstrated in Fig. 3B. Both curves manifested the
haracteristic of strong inward rectification and there were
o clear reversals, due mainly to the rectifying character-

stics of the channel itself. Al3� enhanced Inic at all holding
otentials between �80 and 0 mV as shown by the in-
rease of the slope of the I–V curve (Fig. 3A, B). Fig. 3C
howed the effect of membrane potential on Al3� enhance-
ent of Inic. The effect of Al3� on membrane conductance did
ot differ significantly at membrane holding potentials be-
ween �80 and 0 mV (n�8, P�0.1, analysis of variance).



T
n

W
d
c

n
a
b
c
r
p

F
D
a
t
c
I s)

w iagram sh

W.-P. Hu et al. / Neuroscience 149 (2007) 1–6 3
hese results indicated that Al3� potentiated the activity of
euronal nAChRs in a voltage-independent manner.

DISCUSSION

e found that Inic are potentiated by Al3� in a concentration-
ependent manner in the present study. Firstly, the I re-

ig. 1. Concentration-dependent potentiation of Inic by Al3�. (A) Inward
MPP, and blocked by nAChR antagonist (�)-Tub and nAChR blocke
ntagonist of cholinergic receptor, had no effect on Inic. All current trace
o its control amplitude after washout (n�7–13). (B) Sequential curren
oncentrations of Al3� (10–1000 �M) on a single TG neuron. (C) Con

nic(p) increased with the increase of Al3� concentration, while the Inic(s

ith membrane potential clamped at �60 mV. The inset schematic d
nic

orded in TG neurons were mediated by �-BTx-insensitive t
AChR, since it could be mimicked by nAChR agonist DMPP
nd blocked by nAChR antagonists (�)-Tub and Hex, but not
y �-BTx and Atr. The characteristics of nAChR-mediated
urrent recorded in this work were identical to the currents
ecorded by Liu et al. (1993) in rat TG neurons. Secondly, the
otentiation of nAChRs was specific for Al3�, since another

evoked by 100 �M nicotine (Inic) could be mimicked by nAChR agonist
ile �-BTX, a neurotoxin which binds irreversibly to AChR, and Atr, an

ecorded from the same TG neuron. In each experiment, Inic recovered
(from left to right) illustrate the potentiation of 100 �M Inic by different
n-dependence modulation of 100 �M Inic by Al3� (10–1000 �M). The
sed. Each point represents the mean�S.E.M. of 8 to 12 TG neurons
ows the individual components of Inic, i.e. Ip and Iss.
current
r Hex, wh
s were r
t traces
centratio

decrea
rivalent cation Ga3� has little effect on nAChRs.
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The present study showed that 100 �M Al3� shifted
he nicotine concentration–response curve leftwards evi-
ently, with a significant decrease in the EC50 and no
hange in minimal and maximal values of the curve. These
bservations suggested that Al3� increased the apparent
ffinity of nAChR, similar to our previous observation on
otentiation IATP by Zn2� (Li et al., 1993). A possibility is

hat Al3� increases the probability of receptor channel
pening, like the actions of La3� on muscle AChRs and
n2� on nAChRs (Garcia-Colunga and Miledi, 1997; Hsiao
t al., 2006). The enhancing effect of 100 �M Al3� was not
ffected by GDP-�-S, a non-hydrolysable GDP analog,

ndicating no involvement of G protein–dependent signal
athways. We think the Al3� modulation may be direct
llosteric modulation of the receptor protein rather than
econd-messenger mediated. It has been shown that neu-
onal nAChRs possess Zn2� and Ca2� binding sites and
heir function is enhanced by these cations (Hsiao et al.,
006; McLaughlin et al., 2006). It was unlikely that the Al3�

ction on nAChRs was mediated by a surface charge
creening effect, since the effect of Al3� was not mimicked
y the same concentration of Ga3�, and the potentiation of
AChRs by Al3� was independent of membrane potential.
hus, the external surface of nAChR channels in mamma-

ian neurons may possess a site through which Al3� aug-
ents the response to nicotine. In the present study, Al3�

ot only enhanced the peak currents evoked by 100 �M
icotine but also decreased the amplitudes of steady state
urrent, suggesting that Al3� may accelerate the desensi-
ization of nicotine-evoked current. It is reported that �3�4
s the dominant nAChR subtype in TG neurons (Flores et
l., 1996). Abdrakhmanova et al. (2002) reported that pro-
ons have similar desensitizing effects on the recombinant
at �3�4 nAChR, and the accelerated desensitization re-
ults in the enhancement of the reactivated nicotinic cur-
ent. The exact mechanism underlying the effects of Al3�

n nAChRs remains to be explored.
Reportedly, Al3� can exert different modulation on

ther ligand-gated and voltage-gated ion channels, al-
hough some of the results are still controversial. It has
een reported that Al3� is a potent blocker of voltage-
ctivated calcium channel current with an IC50 near 85 �M

n rat dorsal root ganglion neurons (Busselberg et al.,
993; Platt and Busselberg, 1994). These effects of Al3�

n calcium channel currents appear to be pH-dependent,
.e. low pH increases the sensitivity of the channel to Al3�.
l3� also inhibits voltage-activated sodium and potassium
urrents in the hippocampal neurons (Zhang et al., 2004).
n contrast, Busselberg et al. (1993) have suggested that
l3� has little effect on sodium or potassium channels,
lthough it blocks calcium channel currents. Kanazirska et
l. (1997) have reported that 100 �M Al3� inhibits sodium
hannels from rat hippocampal neurons, although it has

ittle affect on potassium channels. In addition, Al3� blocks
he currents mediated by all glutamate ionotropic receptors
NMDA and AMPA/kainate receptors) (Platt et al., 1994).
urthermore, Al3� impairs long-term potentiation, the pro-
esses involved in memory, in the hippocampus (Platt et
ig. 2. Concentration–response relationships for nicotine with and
ithout Al3� co-application. (A) Inic evoked by nicotine (10–1000 �M)

n the absence of Al3� (upper row) and presence of 100 �M Al3� (lower
ow). (B) Concentration–response curves for nicotine without and with
l3� co-application. Al3� shifts the concentration–response curve for
icotine leftwards obviously. All current values were normalized to the
urrent response induced by 1000 �M nicotine alone at the holding
otential of �60 mV (marked with arrowhead). Each point represents

he mean�S.E.M. of Inic of 8 to 12 neurons. * P�0.05, analysis of
ariance followed by Bonferroni’s post hoc test. (C) The double recip-
l., 1995). It has been reported that Al3� enhances gluta-
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ate-mediated excitotoxicity in culture hippocampal neu-
ons (Matyja, 2000). Trombley (1998) has reported that
l3� has little effect on currents evoked by the amino acid

eceptor agonists glutamate, kainate and NMDA, however,
l3� selectively modulates GABAA receptor-mediated cur-

ent in the mammalian olfactory system. High concentra-
ion Al3� blocks GABA-evoked currents, however, low

ig. 3. I–V relationships for Inic with and without Al3� co-application. (
ow) at different holding potentials ranging from �80 to �20 mV. (B)
ormalized to the current response induced by 100 �M nicotine at the
ean�S.E.M. (C) Increase of conductance (%) evoked by Al3� was
oncentration Al3� potentiates GABA-evoked currents. h
The accumulation of Al3� in the brain and the decline
f nAChRs functions contribute to Alzheimer’s and other
orms of dementia (Kawahara, 2005; Dani and Bertrand,
007), so we presumed that Al3� would inhibit the function
f nAChR. It was surprising that nicotine-evoked currents
ere potentiated by Al3� in the TG neurons in the present
tudy. To date, nine � and three � subunits of nAChRs

h co-application of Al3� (lower row) compared with the control (upper
es for Inic with or without Al3� co-application. All current values were
otential of �60 mV (marked with asterisk). Each point represents the
ent of holding potentials.
A) Inic wit
I–V curv
holding p
ave been identified. �3�4 Is the dominant subtype of
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AChR in the TG neurons, whereas the most abundant
orms of nAChRs in the CNS are �4�2 and �7 (Flores et
l., 1996; Smythies, 2005). We inferred that Al3� might
ave different effects on distinct nAChRs subtypes. Our
resent results may not generalize to the nAChRs in the
NS. Thus, further investigations employing neurons iso-

ated from the brain would be necessary to fully understand
he probable connection of Al3� and nAChRs in the devel-
pment of dementia.
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