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ABSTRACT

Objectives: The purpose of this study was to evaluate
the effect of aluminum on the delayed-rectifier
potassium current (IKor), which is important in
regulating neuronal excitability.

Methods: We characterized the neurotoxic effect of
aluminum on IKor. The conventional whole-cell patch-
clamp technique was applied to cultured Drosophila
neurons derived from embryonic neuroblasts. IKor was
measured from neurons before and after application of

0.1 mM aluminum chloride to the external saline.
Results: IKor was smaller in the aluminum-containing
saline (281 + 58 pA) than in the control saline (549 + 40
pA). There was less IKor inactivation in the presence of
aluminum.

Conclusion: These results demonstrate that aluminum
inhibits IKor, which in turn can affect neuronal
excitability.
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INTRODUCTION

Accumulation of aluminum has been detected
within the brain tissue of patients with Alzheimer’s
disease and the Parkinsonian dementia complex of
Guam®™. The increased acidification of surface
waters has led to increased aluminum absorption
and this has been linked to an increased incidence
of Alzheimer’s disease®. Aluminum also induced
memory impairment in experimental animals,
accompanied by the formation of neuronal
cytoskeletal abnormalities®. However, aluminum
effects on neuronal membrane currents are
partially understood. In particular, no information
is available about aluminum effects on the delayed-
rectifier K* current.

Studies on aluminume-injected rabbits and cats
revealed a reduced frequency of spikes in neurons
and impaired long-term potentiation in brain
cells*®.  Aluminum also reduced the voltage-
dependent influx of calcium into synaptosomes
and smooth muscle cells®?. Moreover, aluminum
enhanced the release of acetylcholine at the frog
motor synapse®. Aluminum might exert its
neurotoxic action by altering the intracellular
calcium level. The inhibition of the neuronal
ATPase by aluminum® and aluminum interference
with calcium binding to calmodulin®™ may elevate
intracellular calcium concentration in neurons.
Moreover, aluminum may participate in the
development of glutamate-induced excitotoxic
neuronal injury®,

Address correspondence to:

The effects of aluminum on different voltage-
dependent channels have been characterized by
several studies. Aluminum blocked Ca* current in
rat dorsal root ganglia®™. Aluminum inhibited Na*
single channel activity in rat and rabbit
hippocampal neurons™. In rat dorsal root ganglia,
aluminum blocked the Ca* current, but reduced K*
and Na* currents by less than 15%". Aluminum
selectively increased a slow, voltage-dependent K*
current in molluscan neurons®l. However, no
information is available about aluminum effect on
delayed-rectifier K* current. In the present study,
we used the whole-cell patch clamp technique to
investigate the effect of aluminum on the delayed-
rectifier K* current. We have found that aluminum
inhibits the delayed-rectifier K* current in
Drosophila cultured neurons.

MATERIALS AND METHODS

Cell culture:

Eggs were collected over one and half hour
period from Drosophila melanogaster (Oregon-R)
flies maintained in pint milk bottles at 26 °C. Each
culture was prepared from the cells of 1-3
gastrulating embryos in a modified Schneider’s
Drosophila medium (DM). Five hours after the
beginning of egg collection, the embryos were
placed in a 50% ethanol / 50% Clorox solution for
two minutes to sterilize and dechorionate them.
The embryos were then repeatedly washed with
DM. Two or three embryos were transferred to a
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drop of DM on a 35 mm tissue culture dish (Falcon
3001). Each embryo was impaled by a hand-held
micropipette (tip diameter about 100 nm); the cells
were collected by suction and blown onto the
surface of the dish. The cells were further dispersed
by repeated passage through the tip of a smaller
pipette (tip diameter 50 nm). The cells adhered to
the surface of the dish within minutes of dispersal.
The culture dish containing the embryonic cells (in
asingle drop of DM) was kept in a humid container
at room temperature (23 °C). All cell cultures were
studied electrophysiologically two days (43-49 hrs)
later at room temperature. The culture dish was
used as the recording chamber with a Sylgard form
insert in the dish to confine the extracellular
solution to a small volume (0.3 ml). Cells were
viewed using Carl Zeiss bright-field optics.
Current recording:

Neurons were identified by the presence of one
or more thin processes. Neurons with clearly visible
cell bodies, usually alone were selected for study.
The typical cell studied throughout this paper had
one process with a cell body 4-7 nm in diameter.
Occasionally, cells with 2 or 3 process were studied.
The conventional whole-cell (CWC) patch-clamp
technique was used to study the membrane
currents of neurons. Electrodes were pulled from
100 m micropipettes (VWR, Cerritos, CA, USA),
coated with Sylgard resin near the tip, and polished
to a bubble number™ of 3.0-4.0. When filled with
potassium aspartate solution, these electrodes had
resistances of 6-12 MW. The application of CWC
patch-clamp to cultured embryonic Drosophila
neurons has been described in detail previously!,
Typically, pipette potential was nulled, gigaohm
seal was formed using gentle suction, pipette
capacitance was compensated, and the whole-cell
configuration was obtained with the application of
further suction.

A patch-clamp amplifier measures the
membrane current while keeping the membrane
potential at a specific level. Experiments were
performed with an Axopatch 200 A-patch-clamp
amplifier (Axon Instruments, Foster City, CA,
USA). Data acquisition and analysis were
performed using Digidata 1200 (Axon Instruments)
and pCLAMP software (version 5.5, Axon
Instruments) on a 486 HP personal computer.
Current recordings were filtered (four-pole Bessel)
at 5 kHz (capacitative currents) or 1 kHz (ionic
currents) and digitized at 20 or 200 ns intervals,
respectively. Passive (leakage) currents, determined
from negative pulses of one-quarter the amplitude
of the test pulse (-P/4), were subtracted from all of
the ionic currents. The series resistance, which was
the resistance of the patch electrode during the
whole-cell recording, was estimated by dividing
the magnitude of the 50 mV voltage step by the

amplitude of the capacitive transient current. There
are errors due to uncompensated series resistance
of about 5-mV/100 pA.

Internal and external solutions:

K* currents were measured in an external
6K/0Ca Tris Drosophila saline, which contained 6
KCI, 10 MgCl;, 140 TrisHCI, 10 Hepes, and 10
glucose in mmol/L. The pH was adjusted to 7.4
with TrisOH. The osmolarity was about 296 mOsm
/L (measured using a 3 MO micro-osmometer,
Advanced Instruments, Needham Heights, MA).
The external solution was changed during
experiments by pipetting three milliliters of the
new solution into the 0.3 ml bath; excess solution
was removed by a continuous, vacuum-powered
exhaust. The new solution contained 0.1 mM
aluminum chloride in addition to the above. The
pipette internal solution was potassium aspartate,
it contained (in mmol /L) 3 KCI, 139 L-aspartic
acid, 1 MgCl;, 10 Hepes, 0.1 CaCl: , and | EGTA
(final Ca* concentration is about 10 nmol/L). The
internal solution was adjusted to pH 7.3 with KOH
(final K* concentration is about 156 mmol/Il). The
osmolarity of the internal solutions was about 10 %
lower than that of the external solution, to improve
seal formation.

The protocol of investigating IKor included two
types of studies, the population studies and the
single-cell studies. The population studies included
IKor measurement from neurons bathed in the
aluminum-containing (0.1 mM) solution, and from
other neurons bathed in the control solution. The
purpose of the population studies is to determine
whether the aluminum effect on IKcr is observed
despite the variability in current amplitude among
neurons. The single-cell studies included IKor
measurement from neurons before and after
aluminum (0.1 mM) addition to the bath. The
purpose of the single-cell study is to determine
precisely the aluminum effects on IKor, without the
variability in current amplitude among neurons.

Statistical analysis and data presentation:

Throughout the results, population data are
presented as the mean + S.E.M. The means of two
populations were compared using a two-tailed
Student’s t-test for independent samples. A
difference was considered statistically significant if
the probability that both samples came from the
same distribution was at least less than 0.01.
Graphics were generated with Excel (Microsoft)
and SigmaPlot (Jandel Scientific) software
packages.

RESULTS
Examples of the types of cells studied are
indicated by arrows in the photos of Fig. 1. Cells
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were studied between 43 and 49 hr from the time of
egg laying (23 °C). In the single-cell studies, 1Kor
was measured from 20 neurons before and after
aluminum addition to the external bath. In the
population studies, IKor was recorded from 19
neurons bathed in the aluminum-containing
solution, and from 17 neurons bathed in the control
solution. Aspartate was found to be the best anion
to use in the intracellular solution during whole cell
experiments. We calculated the total capacitance
(C) for each cell by integrating the capacitive
current flowing in response to a 50 mV
hyperpolarizing step. The cell capacitance was 6.69
+ 1.24 pF (n = 15), and it gives a measure of cell
membrane area. The resting membrane potential
(RMP) was 79.7 £ 0.3 mV (n = 16). The whole-cell
resistance (Rin) was measured by stepping the
membrane potential from - 60 mV to - 110 mV and
dividing this 50 mV step by the measured current
amplitude between 90 and 100 msec. Rin was 6.92 +
1.21 GW(n = 16).

IKor properties:

Potassium current was measured in a Ca* - free
Drosophila external solution because IKor is smaller
in Ca* - containing solutions than in Ca* - free
solutions due to contamination of the outward IKor
by the inward Ca* current™. Moreover, neuronal
K* current in Drosophila does not have a Ca* -
dependent component®®, IKor was recorded from
neurons at potentials from - 40 to + 60 mV. IKor was
calculated between 490 and 500 msec (steady state)
of the pulse to exclude any possibility of A-current
contribution to the measured amplitude. All
neurons displayed the delayed-rectifier (non-
inactivating) K* current. We applied a voltage
protocol that maximizes the delayed-rectifier K*
current and diminishes the A-type (inactivating) K*
current (holding potential, - 80 mV; test pulses, - 40
to + 60 mV)#. |n the control solution, IKor was
clearly activated at 0 mV, but only weakly activated
at - 20 mV. The time course of inactivation was
qualified by calculating the percentage of the peak
current that had inactivated at 500 msec.

¥ v
Fig. 2: Current-Voltage (I-V) relations of Drosophila neurons

Single cell studies of Al* effect on IKoxr:

To exclude variablility due to sampling, IKor
was measured from single neurons before and after
the addition of aluminum chloride to the external
solution. In the aluminum-containing (0.1 mM)
solution, IKor was smaller (281 + 58 pA, n = 20)
than that measured in the control 6K/0Ca Tris
solution (549 + 40 pA, n = 20) (p < 0.001) (Fig. 2).
This represents about 50% reduction of IKos
amplitude. The time course of inactivation was
qguantified by calculating the percentage of the
current that had inactivated at 100 msec. There was
a significant difference in values of IKor steady-
state inactivation, which were 19 + 3% (n = 8) for
control solution and 8 + 2% (n = 8) (p < 0.01) for
aluminum-containing solution (60 mV pulse).
Figure 2 shows the I-V relations of IKor measured in
control 6K/0Ca Tris solution and in aluminum-
containing 6K/0Ca Tris solution. At each of the
clamp voltages between 0 and + 60 mV, the current
amplitude was significantly smaller in the
aluminum-containing solution than in the control
solution. The current was considered substantially
activated if it reached an amplitude of at least 80
pAM. In the aluminum-containing solution, IKor
was activated (90 £ 18 pA, n = 20) at 10 mV. In the
control solution, IKor Was activated (80 £ 12 pA, n =
20) at 0 mV. There was statistically no significant
difference in IKor activation constant between the
control solution (15 + 3 msec, n = 20) and the
aluminum-containing solution (17 + 3 msec, n = 20).
Fig. 3 shows the concentration-response relationship
for the inhibition of IKer by A" at 60 mV. Total
blockade (98%) was obtained with a concentration
of 260uM. Each point is mean + S.E.M for 4-6
experiments. Points were fitted to a sigmoid curve.

Population studies of Al3* effect on 1Kor :

In other experiments, IKor was recorded from
neurons bathed in the aluminum-containing (0.1
mM) solution, and from other neurons bathed in
the control-solution. IKor amplitude was smaller in
the aluminum containing (308 + 47 pA, n = 19) than
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Fig. 3: Dose-response relationship of IKor inhibition by Al**

in the control solution (553 + 39 pA, n = 17) (p <
0.001). This was observed despite the variability in
current amplitude among neurons. Al** blockade of
the K* current was not easily reversed upon
washing. Recovery of the K* current from the AI**
block did not exceed 20%.

Sensitivity of IKpR to TEA .

IKor was measured from single neurons before
and after application of 20 mM TEA - 6K/0Ca Tris.
Drosophila saline (10 min). TEA reduced IKor by 91
* 1%, IKor was significantly smaller in the TEA-
containing solution (53 £ 4 pA, n = 12) than in the
control solution (560 £ 49 pA, n = 12) (p<0.001) (Fig. 4).

DISCUSSION

Numerous studies reported on several issues of
aluminum toxicity such as effects of aluminum on
mechanical properties of frog atrial muscle™),
mammalian calcium channel™, mouse brain
acetylcholinesterase™, and synaptic plasticity in rat
dentate gyrus®. In light of neuropathological
studies which have suggested a possible link
between the neurotoxicity of aluminum and the
pathogenesis of Alzheimer’s disease® and
aluminum participation in the development of
glutamate-mediated excitotoxic neuronal injury®,
we characterized the neurotoxic effect of aluminum
on the delayed-rectifier current in Drosophila
neurons. Such information is essential to
understand aluminum toxic effects on CNS
function especially because K* currents modulate
neuronal excitability. Despite anticipated differences
between Drosophila neurons and human neurons
(e.g., Drosophila [Ca*]i = 45 nM, mammalian [Ca*]i
= 64 nMP1, similarities between the two neuronal
species could lead to important medical therapies.
For example, transgenic Drosophila cells increase the
survival of neural grafts when cotransplanted with
embryonic neural tissue in the mammalian
peripheral nervous system®l,
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Fig. 4: Sensitivity of delayed-rectifier current to TEA in Drosophila
neurons
Mechanism of 1Kor inhibition by aluminum:

The amplitude of IKor and the slope of the I-V
relation were both reduced in the aluminum-
containing saline compared with the control saline.
Al possibly interacts with the 1Kor channel; for
example, AI* may bind at a specific site and
obstruct the pore. The change of the voltage-
dependence of IKor (Fig. 2) may result from an
electrostatic interaction between gating charges and
the ion when bound to a selective site in the pore.
This was proposed by previous studies of cations
on voltage-gated channels®. On the other hand, the
observation that Al** blockade of IKcr is not easily
reversed upon washing is suggestive of an
intracellular blocking mechanism. Essentially, Al*
may bind at the cytoplasmic side of the pore
causing its obstruction.

Functional implications of IKor inhibition by
aluminum:

IKer reduction should be considered in the
context of neuronal activity. Our study is the first to
reveal a potent block of the delayed-rectifier K+
current in Drosophila neurons by Al* and provide a
dose-response curve. A decrease in IKor is likely to
have a wide range of functional consequences?”.
For example, a decreased IKor in the soma can
affect synaptic function at the axon ending. The
sustained 1Kok current is responsible for
repolarization during the falling phase of the action
potential. Thus the inhibition of IKor can produce a
prolonged action potential, that can lead to
increased calcium influx via voltage-gated calcium
channels. An increase of calcium influx into the
presynaptic nerve terminal can directly enhance
neurotransmitter release. Indeed the present
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results of aluminum inhibition of IKer (which can
prolong the action potential) coupled with previous
reports of inhibition of neuronal ATPase by
aluminum®, and aluminum interference with
calmodulin binding to calcium®, suggest that
aluminum neurotoxicity could be via elevated
intracellular calcium concentration.

Al* block of voltage-dependent Na* channels in
rat and rabbit hippocampal neurons® and K*
channels in the present study collectively
demonstrate that AP can easily impair neuronal
function. AI** intoxication could eventually lead to
a neuronal activity profile with a prolonged
duration and a reduced frequency of action
potentials. Such a neuronal activity profile could
account for impaired long-term potentiation® and
memory impairment® in conditions of Al*
intoxication. The present data documented an acute
effect of aluminum, by contrast, human
intoxication with aluminum may be a chronic one
through environmental pollution and the food
chain. Chronic inhibition of IKor by aluminum
could possibly lead to elevated [Ca*]. It may be
postulated that, in the case of neurodegenerative
disorders such as Alzheimer’s disease and
Parkinson’s disease, neuronal damage is the result
of relatively small changes in Ca* homeostasis that
are sustained over long periods of time.

ACKNOWLEDGMENT
This work was supported by the Kuwait
University grant MPY 02/00.

REFERENCES

1. Candy JM, Klinowsky J, Perry RH, Perry EK, Fairbairn A,
Oakley AE, Carpenter TA, Atack JR, Blessed G, Edwardson
JA. Aluminosilicates and senile plaque formation in
Alzheimer’s disease. Lancet 1986; 2:354-357.

2. Martyn CN, Osmond C, Edwardson JA, Barker DJP, Harris EC,
Lacey RF. Geographical relation between Alzheimer’s disease
and aluminum in drinking water. Lancet 1989; 1:59-62.

3. Klatzo I, Wisniewski H, Streicher E. Experimental
production of neurofibrillary degeneration: 1. Light
microscopic observations. J Neuropathol Exp Neurol 1965;
24:187-199.

4. Crapper DR, Tomko JG. Neuronal correlates of an
encephalopathy associated with aluminum neurofibrillary
degeneration. Brain Res 1975; 97:253-264.

5. Farnell BJ, Deboni U, Crapper-Mclachlan DR. Aluminum
neurotoxicity in the absence of neurofibrillary degeneration
in CAl hippocampal pyramidal neurons in vitro. Exp
Neurol 1982; 28:241-258.

6. Hava M, Hurvitz A. The effect of AICI3 on calcium fluxes in
isolated longitudinal smooth muscle from rat colon. Arch
Int Pharmacodyn Ther 1974; 212:24-31.

7. Koening ML, Jope RS. Aluminum inhibits the fast phase of
voltage dependent calcium influx to synaptosomes. J
Neurochem 1987; 49:316-320.

8. Banin E, Meiri H. Impaired control of information transfer
at an isolated synapse treated by aluminum: is it related to
dementia? Brain Res 1987; 423:359-363.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lai JCK, Guest JF, Leung TKC, Lim L, Davidson AN. The
effects of cadmium, manganese and aluminum on sodium-
potassium activated and magnesium activated ATPase
activity and choline uptake in rat brain synaptosomes.
Biochem Pharmacol 1980; 29:141-146.

Siegal N, Haug A. Aluminum interaction with calmodulin.
Biochem Biophys Acta 1983; 774:36-45.

Matyja E. Aluminum enhances glutamate-mediated
neurotoxicity in organotypic cultures of rat hippocampus.
Folia Neuropathol 2000; 38:47-53.

Busselberg D, Platt B, Michael D, Carpenter DO, Haas HL.
Mammalian voltage-activated calcium channel currents are
blocked by Pb?, Zn?, and APF* J Neurophysiol 1994,
71:1491-1497.

Kanazirska M, Vassilev PP, Birzon SY, Vassilev PM.
\oltage-dependent effect of Al* on channel activities in
hippocampal neurons. Biochem Biophys Res Comm 1997;
232:84-87.

Matzel LD, Rogers RF, Talk AC. Bidirectional regulation of
neuronal potassium currents by the G-protein activator
aluminum fluoride as a function of intracellular calcium
concentration. Neuroscience 1996; 74:1175-1185.

Corey DP, Stevens CF. Science and technology of patch-recording
electrodes. In B. Sakmann and E. Neher (eds): Single-
Channel Recording. New York: Plenum, 1983. p 53-68.
Alshuaib WB, Byerly L. Modulation of membrane currents
by cyclic AMP in cleavage-arrested Drosophila neurons. J
Exp Biol 1996; 199:537-548.

Alshuaib WB, Mathew MV. Potassium current in
Drosophila neurons is increased by either dunce mutation
or cyclic AMP. J Neurosci Res 1998; 52: 521-529.

Byerly L, Leung H-T. lonic currents of Drosophila neurons
in embryonic cultures. J Neurosci 1988; 8:4379-4393.

Meiri H, Shimoni Y. Effects of aluminum on electrical and
mechanical properties of frog atrial muscle. Br J Pharmacol
1991; 102:483-491.

Zatta P, Ibn-Lkhayat-Idrissi M, Zambenedetti P, Kilyen M,
Kiss T. In vivo and in vitro effects of aluminum on the
activity of mouse brain acetylcholinesterase. Brain Res Bull
2002; 59:41-45.

Wang M, Chen JT, Ruan DY, Xu YZ. The influence of
developmental period of aluminum exposure on synaptic
plasticity in the adult rat dentate gyrus in vivo.
Neuroscience 2002; 113:411-419.

Kawahara M, Kato M, Kuroda Y. Effects of aluminum on
the neurotoxicity of primary cultured neurons and on the
aggregation of beta-amyloid protein. Brain Res Bull 2001;
55:211-217.

Matyja E. Aluminum enhances glutamate-mediated
neurotoxicity in organotypic cultures of rat hippocampus.
Folia Neuropathol 2000; 38:47-53.

Alshuaib WB, Hasan MY, Cherian SP, Fahim MA.
Differential effects of depolarization on intracellular
calcium concentration in Wild type and Dunce Drosophila
neurons. Neuro Res Comm 2003; 33:31-43.

Pavlova G, Enblom A, Revishchin A, Sandelin M,
Korochkin L, Kozlova EN. The influence of donor age,
nerve growth factor, and cografting with Drosophila cells
on survival of peripherally grafted embryonic or fetal rat
dorsal root ganglia. Cell Transplant 2003; 12:705-715.
Spires S, Begenisich T. Modulation of potassium channel
gating by external divalent cations. J Gen Physiol 1994;
104:675-692.

LeMasson G, Marder E, Abbott LF. Activity-dependent
regulation of conductances in model neurons. Science 1993;
259:1915-1917.



