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Effect of Cu®* on K* Current in Acutely Isolated Rat
Hippocampal Neurons by Whole Cell Patch Clamp Technique
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Using the whole cell patch clamp technique, the effect of Cu?‘on transient outward K “current (l,) and delayed
rectifier K current (14) was studied in acutely isolated rat hippocampal neurons. |, and 14 were increased when the
concentration of Cu?'was lower than 2X 10 ° and 10 ® mol/L, respectively, and increased ratio was decreased with
increasing Cu?* concentration in the bath solutions. When the concentration continued to increase to 5X 10 ° and
210 ° mol/L, the currents were hardly changed, while the concentration was more than 10 * and 5X 10 ° mal/L,
the currents were inhibited remarkably. Cu?" (10 °mol/L) did not affect the activation and inactivation process of
lo. The activation curve of |4 was shifted toward positive potential, but 10 °mol/L Cu?"did not affect slope factor.
According to these results, it was considered that Cu?"at low concentration in the bath solution could promote Iy,
and |4 while at high concentration could inhibit them, and change of amplitude was different with different mem-
brane voltage. Conclusion was drawn: Cu? 'may be involved in the pathophysiologic mechanism of diseases with
neuropathological components.
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Introduction

Copper enters the body from the environment and
from diet and medication, and is an essential trace metal
that plays a fundamental role in the biochemistry of the
human nervous system.™? Recent insights into the mo-
lecular physiology of copper metabolism also have led
to a better understanding of the role of copper in normal
brain development and function.®> Large quantities of
data have shown that copper, in excess, is toxic for cells,
and its toxic effect and mechanism are different with
different cells*® Disruption of this tightly regulated
cellular copper homeostasis affects normal tissue de-
velopment and can cause severe neurodegeneration.®®
Copper has also been implicated in diseases with neu-
ropathological components, including Alzheimer's dis-
ease etc., and found at particularly high concentrations
in the olfactory bulb OB and hippocampus.®*°

lon channels play very important roles in the growth
development and the process of cell corresponding to
the outside, and those in cell membrane are target for
many kinds of toxin and drug. Depolarization activating
outward K "current in neurons is main components of
action potential repolarization course. Interrupting the
functions of ion channels causes many neuronal dam-
ages of central nervous system. Hence to study effect of
toxin and drug on these K "channels is base of discuss-
ing their action mechanisms.**** However, no body has
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reported yet that patch clamp techniques were used to
study how copper affects potassium channel currents.
With the whole cell patch clamp technique, we studied
the effect of Cu?on outward K “current in acutely iso-
lated rat hippocampal neurons, in order to provide pow-
erful proof for researching further the effects of Cu?*on
physiological activities of nerve cells and its toxicity to
nerve cells.

Experimental

Preparation of single rat hippocampal neuron

Single rat hippocampal neuron was acutely isolated
from about 7 d old Wistar rats (male or female, from the
Animal House of Ingtitute of Traditional Chinese Medi-
cine of Shanxi Province) as previously described.* In
brief, approximate 500 um thick brain slices were cut
from hippocampal region and incubated for at least 30
min at 32 ‘C in artificial cerebrospina solution (ACS),
successively transferred into ACS containing 0.5 mg/
mL protease and digested for 35 min at 32 C. After
digestion, the tissue pieces were washed 3 times with
ACS, and then triturated through a series of Pasteur pi-
pettes with decreasing tip diameter in external solution.
The cell suspension was transferred into a 35 mm cul-
ture dish, filled with 1 mL of external solution. Cell
with a pyramidal shape remained viable for the patch
clamp recording.
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Patch clamp recording

The whole cell patch clamp recording mode was
adopted on the basis of Hamill patch clamp methods.™
Patch clamp pipettes (1—2 pum) were prepared from
glass capillaries [BJ-40, diameter (1.5£0.1) mm, Bei-
jing], and pulled on a multistage programmable puller
(Narishige, Japan). Before the experiment, they were
filled with internal solutions (pipette resistance of about
10 MQ). During 20—25 C, after Giga Q seals between
electrode and the cell membrane were obtained, the cell
membrane was broken by gentle suction, and the whole-
cell recording mode was formed. In voltage clamp mode,
currents were recorded with Axopatch 200B patch
clamp amplifier (Axon Instrument, USA) and amplified
by an amplifier (Digidata 1200), and PCLAMP 6.0.4
software was used to produce protocols, acquire and
process data. Data were analyzed and then figures were
plotted with Clampfit 6.0 and Origin 5.0.

lvc was estimated as the peak current and Iy deter-
mined as |ate current at 300 ms step depolarization.™®

Preparation of experimental solutions

Protease, TEA Cl and HEPES were purchased from
Sigma, other reagents were of A.R. grade produced in
China. ACS were data at mmol/L: NaCl 124, KCI 5,
KH,PO, 1.2, MgSO, 1.3, CaCl, 2.4, glucose 10, Na
HCO; 26, and pH adjusted to 7.4 with tris, while exter-
nal solution: NaCl 150, KCI 5, MgCl, 1.1, CaCl, 2.6,
glucose 10, HEPES 10, TEA-CI 50, Cd*" 0.2, and pH
also adjusted to 7.4 with tris, and internal solution: KCl
65, KOH 5, KF 80, MgCl, 2, HEPES 10, EGTA 10,
NaATP 2, and pH adjusted to 7.3 with KOH. The solu-
tions were bubbled with 100% O,, before the experi-
ment was conducted.

Drug application and data analysis

After the whole cell mode was obtained, signals
were firstly recorded in natural state, and 15 min later
after Cu”"was added into external solution, signals were
secondly recorded. All values were represented mean
+S.D., and statistical comparisons were made by the
student’ st-test.

Results and discussion

Outward K *current

Outward K "current was held at a holding potential E
of =100 mV and a series of 300 ms depolarizing stepsto
90 mV (10 mV increment at each step) were applied at a
frequency of 0.5 Hz (Figure 1a). The same experiments
were repeated (neuron n>20) and the results were
similar, but there was a tiny difference in the amplitude
of currents. When Cs'was substituted for K in internal
solution, the outward current could not be recorded,
indicating that the outward current was K " current. Fig-
ure 1b shows the current-voltage relationship with the
data acquired from experiments performed as in Figure
1a, where outward K "current chiefly included I, and
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l¢.Y" As shown in Figure 1, the outward current had a
quickly ascendant starting peak, and then it Slowly de-
scended to a steady state.
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Figure1l Outward K™ current (8), the current-voltage relation-
ship curve (b) and time curve of the effect of Cu?>" on K* current

(©.

In addition, as shown in Figure 1, the current has a
fast inward current in starting part, which isNa" current.
Because activation and inactivation of Na' current are
very fast, it does not affect K “current. Therefore, in the
present study, the outward K “current was recorded in
existence of Na'current.

After application of 10> mol/L Cu?'to the bath so-
lution, the peak amplitudes of the outward current were
increased steadily within 10 min (Figure 1c).

Effect of different Cu?*concentration on I, and I 4

When 1077, 10°°, 105, 2X 107 °, 5X 10 °, 10 *and
10 *mol/L Cu®*‘were respectively added into external
solution, outward K “currents were recorded corre-
spondingly. When the membrane potential was 90 mV,
the respective currents were compared with corre-
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sponding control currents. At every concentration, the
data were the average of those recorded for at least 5
cells. Figure 2 displays the relationship curve of |y, and
l¢r vS. logarithm of Cu*' concentration in the bath solu-
tions.
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Figure2 Effect of different Cu?" concentration on I, and .

As showed in Figure 2, |y, was increased when the
concentration of Cu?"was lower than 210 ° mol/L,
and increased ratio was decreased with increasing Cu?"
concentration in the bath solutions. When the concen-
tration continued to increase to 5 10 ° mol/L, the cur-
rent was hardly changed, while the concentration was
more than 10 * mol/L, the current was inhibited re-
markably. Analogoudly, |4 increased when the concen-
tration of Cu®"was lower than 10 ° mol/L, and in-
creased ratio was decreased with increasing Cu?'con-
centration in the bath solutions. When the concentration
continued to increase to 2X 10 ° mol/L, the current was
hardly changed, while the concentration was more than
5% 10 ° mol/L, the current was inhibited remarkably.
According to these results, it was concluded that cu*'at
low concentration in the bath solutions could promote
lto and lg while at high concentration could inhibit Iy,
and lar.

Effect of Cu?"on the current-voltage relationship of
Ito a.nd Idr

Current-voltage curves of |, and Iy were obtained
by plotting the currents against test pulse. However, the
amplitudes of I, and Iy were increased differently at
different membrane potential and different concentra-
tion (107 —10 mol/L, Figure 3).

Effect of Cu®* on activation kinetics of loand I 4

The steady-state activation curves for Iy, and l4 un-
der control and after exposure to 10 >mol/L Cu® were
showed in Figure 4. |y, and |4 were converted into con-
ductance by use of the equation G=I/(E—Ey), where
G=conductance, E=membrane electromotive potential,
Ex=reversa potential. With the least squares fit proce-
dure, the normalized conductance was well fitted with a
Boltzmann equation: G/Gmax=1{1+exp[(E—En)/K]},
where E,=membrane electromotive potential at half-
activation, k=slope factor. Before and after appli-
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Figure 3 Effect of Cu®*" on the current-voltage relationship of
lio (8) and Ig (b).
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Figure 4 Effect of 10 ° mol/L Cu*" on activation kinetics of
lio (8) and I (b).

cation of 10 °mol/L Cu?®*, the values of Ej, for I, were
(24.255+0.772) and (23.981+0.934) mV (n=5, P>
0.05), with k of (19.726+0.739) and (18.588-0.885)
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mV (n=5, P>0.05), indicating that the activation
process of |;,was not affected by 10 >mol/L Cu**. Be-
fore and after application of 10 °>mol/L Cu?’, the val-
ues of Ey, for 14 were (13.689+2.15) and (3.121+ 1.66)
mV (n=5, P<<0.01), with k of (25.5124+1.92) and
(21.51441.58) mV (n=5, P>0.05), indicating that the
activation curve of |y was shifted toward positive po-
tential, but slope factor was not affected by 10 °mol/L
Cu'.

Effect of Cu**on inactivation kinetics of I,

Figure 5 showed the steady-state inactivation curves
for Iy under control and after exposure to 10° mol/L
Cu*', where peak amplitudes for I, currents were nor-
malized and plotted versus prepulse potentials. With a
least square fit method, the curves were well fitted with
a Boltzmann equation: 1/l ma=1{1+exp[(E—En)/K]},
where En,=membrane electromotive potential at half-
inactivation, k=dope factor. Before and after applica-
tion of 10 °mol/L Cu®", the values of E, for I, were
(—35.125+3.27) and (—33.317+238) mV (n=5,
P>0.05), with k of (15.792+3.32) and (16.139+2.42)
mV (n=5, P>0.05), indicating that the inactivation
process of 1, was not affected by 10 °>mol/L Cu?".
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Figure5 Effect of 10 ° mol/L Cu?" on inactivation kinetics of

Ito.

Voltage-gated potassium currents play crucia roles
in modifying neuronal cellular and network excitability
and activity.’® Potassium currents are important for
the regulation of the maintenance of baseline membrane
potential, too. They can control action potentia duration,
release of neurotransmitters and hormones, Ca?* depen-
dent synaptic plasticity and epileptiform burst activity.
While membrane is depolarized, I, and I4 will appear.
Since |y, is transient, repolarization is mainly related
with |4 in central nervous system.

Copper is required for the catalytic activity of en-
zymes that play an essentia role in neurobiology and
disease, including tyrosinase for melanin synthesis etc.*
For this reason, specific mechanisms were evolved for
the compartmentalization and trafficking of this meta
within cells.?* Copper is endogenous transition metals
that can be synaptically released during neuronal activ-
ity. Synaptically released copper probably functions to
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modulate neurona excitability under normal condi-
tions,”® this metal may produce adverse physiological
effects. The interaction of metals with ion channels, on
the other hand, is a well described phenomenon:
GABA, receptors, for example, were modulated by
lanthanum, zinc, mercury or copper.?*?

Our results demonstrated that Cu”“at low concentra-
tion in the bath solutions could promote Iy, and |4 while
a high concentration could inhibit I, and Ig, and
change of amplitude was different with different mem-
brane voltage. It was consistent with the results of pre-
vious experiments examining the effects of copper on
hippocampal and cortical neurons.”® In addition, it ap-
peared to have different sensitivity for l, and lg. lgr
seemed to be more sensitive to Cu?*, and a depolarizing
shift of the steady-state activation curve of I by Cu?"
would account for the inhibition of I4. Cu?"affected
normal sensory physiology of neurons, and these neu-
rons might display aberrant properties that resulted in
abnormal sensations. This variation caused by Cu*"
could underlie the toxic modulation of sensory input to
the central nervous system. It was also noticed that the
maximum increase of Cu?'on Iy, and lg only reached
near 160% even at 0.1 pm. Because voltage-activated
potassium channels in hippocampal neurons are com-
posed of various potassium channel subtypes, Cu?" is
probably selective toward some potassium channel sub-
types.?’

Anyway, the research on the action mechanism of
copper to potassium channel is a very complicated pro-
cess, which needs to be studied and solved from differ-
ent angles with many different methods.

References

1 Danscher, G. Histochemistry 1981, 71, 1.

2 Kozma, M.; Ferke, A. Acta Histochem. 1979, 65, 219.

3 Waggoner, D. J; Bartnikas, T. B.; Gitlin, J. D. Neurobiol.
Dis. 1999, 6, 221.

4 Horning, M. S.; Blakemore, L. J.; Trombley, P. Q. Brain
Res. 2000, 852, 56.

5 Brenner, S.; Squitti, R.; Lupoi, D.; Pasqualetti, P.; Da
Forno, G.; Vernieri, F.; Chiovenda, P.; Ross, L.; Cortesi,
M.; Cassetta, E.; Rossini, P. M. Neurology 2003, 60, 1559.

6 O'Ddl,B.L.Prog.Clin. Biol. Res. 1993, 380, 147.

7 Olivares, M.; Uauy, R. Am. J. Clin. Nutr. 1996, 63, 791S.

8 Deibel, M. A.; Ehmann, W. D.; Markesbery, W. R. J. Neu-
rol. Sci. 1996, 143, 137.

9 Lovell, M. A.; Raobertson, J. D.; Teesdae, W. J.; Campbell,
J. L.; Markesbery, W. R. J. Neurol. Sci. 1998, 158, 47.

10 Castellani, R. J; Honda, K.; Zhu, X. W.; Cash, A. D,;
Nunomur, A.; Perry, G.; Smith, M. A. Ageing Res. Rev.
2004, 3, 319.

11 Schofied, G. G.; Ikeda, S. R. Brain Res. 1989, 485, 205.

12 Spigelman, |.; Zhang, L.; Carlen, P. L. J. Neurophysiol.
1992, 68, 55.

13  Shieh, C. C.; Coghlan, M.; Sullivan, J. P.; Gopalakrishnan,
M. Pharmacol. Rev. 2000, 52, 557.

14 Meng, Z. Q.; Sang, N. Acta Physiol. Sin. 2002, 54, 267 (in

© 2006 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Whole cell patch clamp technique

15

16

17
18
19
20

Chinesg).

Hamill, O. P.; Marty, A.; Neher, E.; Sakmann, B.; Sigworth,
F. J. Pfluegers Arch. 1981, 391, 85.

Hu, H. J; Yang, D. M,; Lin, Z. J.; Wu, C. H.; Zhou, P. A;;
Dai, D. Z. Brain Res. 1998, 809, 149.

Storm, J. F. Nature 1988, 336, 379.

Muller, W.; Misgeld, U. J. Neurophysiol. 1990, 64, 46.
Muller, W.; Misgeld, U. J. Neurophysiol. 1991, 65, 141.
Muller, W.; Bittner, K. J. Neurophysiol. 2002, 87, 2990.

21
22
23
24
25
26

27

Chin. J. Chem., 2006 Vol. 24 No. 3 349

Harris, Z. L.; Gitlin, J. D. Am. J. Clin. Nutr. 1996, 63, 836S.
Valenting, J. S.; Gralla, E. B. Science 1997, 278, 817.
Hartter, D. E.; Barnea, A. Synapse 1988, 2, 412.

Ma, J. Y.; Narahashi, T. Brain Res. 1993, 607, 222.

Weiser, T.; Wienrich, M. Brain Res. 1996, 742, 211.

Li, C. Y.; Robert, W. P.; Forrest, F. W. Neurosci. Lett. 1996,
219, 45.

Martina, M.; Schultz, J. H.; Ehmke, H.; Monyer, H.; Jones,
P. J. Neurosci. 1998, 18, 8111.

(EO505112 SONG, J. P)

© 2006 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



