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ABSTRACT

AIM: To study the effects of presenilin-1 (PS-1), presenilin-2 (PS-2), and amyloid beta-protein precursor (APP695)
on delayed rectifier potassium channels (IK) in the cultured rat hippocampal neurons.  METHODS: PS-1, PS-2, and
APP695 were transfected into the cultured rat hippocampal neurons by transient transfection techniques.  The IK

current was observed by the whole cell patch-clamp techniques.  RESULTS: IK was increased in cultured rat
hippocampal neurons, after transient transfection of PS-1, PS-2, and APP695.  IK amplitudes and densities were
significantly increased from (1689±412) pA, (48±18) pA/pF (mock cells, GFP alone, n=17) to (5565±1403) pA,
(252±107) pA/pF (PS-1/GFP, n=22, P<0.01), (3804±1651) pA , (120±58) pA/pF( PS-2/GFP, n=16, P<0.01), and
(4978±904) pA, (218±70) pA/pF (APP695, n=22, P<0.01).  But PS-1, PS-2, and APP695 did not alter the activa-
tion curve of IK (P>0.05).  CONCLUSION: Overexpression of PS-1, PS-2, and APP695 increased IK in the
cultured rat hippocampal neurons.  The upregulation of IK may be related to neuronal apoptosis after PS-1, PS-2,
and APP695 were transfected.

INTRODUCTION

Alzheimer’s disease (AD) is the most common
cause of dementia in the elderly.  The neuropathology
of AD is characterized by extensive neuronal loss and
deposition of senile plaques and neurofibrillary tangles
in the cerebral cortex and hippocampus.  Molecular in-

sights into AD pathogenesis have arisen from genetic
studies in families affected by inherited forms of AD
(FAD).  These account for only a small percentage of
AD cases but have allowed the identification of muta-
tions in three different genes that are responsible for
triggering the disease.  These genes are the presenilins-1
and -2 (PS-1 and PS-2) and the amyloid precursor pro-
tein (APP)[1].

Many experiments show that overexpression of
some form of APP, as well as PS-1, PS-2 appear to
induce apoptosis in vivo and in vitro, which is a funda-
mental mechanism of neurodegeneration in AD.
Recently, Yu et al put forward that delayed rectifier K+

current (IK) plays a critical role in neuronal apoptosis[2,3].
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In addition, some reports implicated that potassium
current densities significantly increased when wild type
PS-1 and PS-2 were transfected into HEK-293 cell and
rat ventricular myocytesl[4]; whereas secreted APP also
increased K+ current in the hippocampal neurons[5].
Therefore, we speculated that IK upregulation might also
be involved in the neuronal apoptosis induced by over-
expression of PS and APP.  In order to further study
the relationship between AD related genes and potas-
sium channels, we transfected the PS-1, PS-2, and
APP695 into the cultured rat hippocampal neurons us-
ing transient transfection techniques and observed the
effects of PS-1, PS-2, and APP695 on IK using the
whole cell patch-clamp techniques.

MATERIALS  AND  METHODS

Cell culture  Hippocampal neurons were prepared
from 1-d-old fetal Wister rats according to Banker’s et
al methods (Animal Center of Chinese Academy of
Medical Sciences)[6].  Briefly, dissected hippocampi were
mechanically dissociated, spun down, and resuspended
in Dulbecco’s modified Eagle’s medium (DMEM, Life
Technologies, Berlin, Germany) supplemented with 10 %
fetal bovine serum albumin (FBS Hyclone Laboratories,
Logan, UT), 10 % horse serum (Hyclone Laboratories,
Logan, UT), benzyl penicillin 100 kU/L, and streptomy-
cin 100 mg/L.  The cell suspension was seeded on poly-
D-lysine-coated plastic dishes (Nunc, Wiesbaden,
Germany) or coverslips at a density of 1×105/cm2.  Af-
ter 3 d, cytosine arabinoside 5 µmol/L was added to
inhibit the proliferation of non-neuronal cells.  Cultures
were kept at 37 ºC in a humidified atmosphere of 95 %
air 5 % CO2.  One-third of the culture medium was
changed weekly.

Transient transfection  Rat hippocampal neurons
were cultured for 8 d to perform transient transfec-
tions[7].  Cells were transiently transfected with plas-
mids encoding pEGFP-N1 (1 µg), PS-1 (1 µg), PS-2
(1 µg) and APP695 (1 µg) using LipofectAMINE (Life
Technologies, Inc).  After 5 h of exposure, cells were
added DMEM with 20 % FBS without removing the
transfection mixture.  Approximately 10-12 h after
transfection, cells were washed once with normal
growth medium and then incubated in normal growth
medium under normal growth conditions before
elctrophy-siological recordings.  Parallel nontransfected
cultures or cells transfected with GFP only (mock
transfection) served as controls.

Electrophysiological recordings  Whole cell
patch-clamp recordings were applied for 10-14 d cul-
tured neurons.  The pipette solution contained (in
mmol/L): KCl 140, MgCl2 1, egtazic acid 5, Na2ATP 4,
HEPES 10, pH adjusted to 7.2 with KOH.  The external
solution contained (in mmol/L): NaCl 140, KCl 5.4, CaCl2

2, MgCl2 1, 0 glucose 1, HEPES 10, pH adjusted to 7.4
with NaOH.  The membrane currents were elicited by
membrane depolarization from -50 to +40 mV for 250
ms for cultured neurons.  The series resistance varied
between 3-6 MΩ, and was always compensated by 60
%-80 % (HEKA Pusle 8.5).  Data were acquired and
stored on an IBM computer using an EPC-9 amplifier
and the HEKA Pulse 8.5 software (HEKA Elektronik,
Lambrecht, Germany).  Pipettes were pulled from thin
wall borosilicate glass capillaries on micropipette Puller
(Narrishage, Japan).  The pipette tip resistance was 3-
5 MΩ¸ when the pipettes were filled with the pipette
solution and placed into perfusion solution.

Plasmids resource and drugs  PS-1 and PS-2
plasmid were provided by Prof Dennis J SELKOE
(University of Harvard), pEGFP-N1 plasmid was pro-
vided by Prof  Michael A KIEBLER (European Molecu-
lar Biology Laboratory), and APP695 plasmid was pro-
vided by Prof Christoph KAETHER (University of
Heidelberg).  Zeocin was kindly provided by Dr Hui-
liang LI (Department of Pathogen Biology, Chinese Acad-
emy of Medical Science and Peking Union Medical
College).  All the other chemicals were of AR grade.

Statistics  All data were analyzed by HEKA
Puslefit 8.5 and Ori5.0 software, and were expressed
as mean±SD.  Statistical significances were analyzed
by ANOVA and t-test.

RESULTS

Effects of PS and APP695 on densities of IK

current in cultured hippocampal neuronal cells
Transfected cells were identified by IX-70 fluorescence
microscope (Olypmus, Japan) equipped for epifluo-
rescence with a B2A filter assembly to observe the GFP
fluorescence of transfected cells (Fig 1).  Overexpres-
sion of wild type PS-1, PS-2, and APP695 significantly
increased the amplitudes and density of IK currents at
+40 mV in GFP-positive neurons when compared with
mock cells (GFP transfected alone) (Fig 2, 3, Tab 1)
(P<0.01).

Effect of PS and APP695 on activation of IK

current in cultured hippocampal neuronal cells  On
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the basis of data obtained from current voltage
relationship, activation curves of IK current in cultured
hippocampal neuronal cells were determined before and
after transient transfection of wild type PS-1, PS-2,
and APP695.  The activation curve was fitted by the
Boltzmann equation G/Gmax=1/[1-exp (V-V1/2)/k], where
G is the membrane conductance at potential V, V1/2 is

the half activation voltage, k is the slope factor.
Overexpression of PS and APP695 had no effect on the
steady-state activation curve of IK current in the rat
hippocampal neurons (Fig 4, Tab 1) (P>0.05).

DISCUSSION

The present work reveals that overexpression of
PS and APP significantly increased IK current in cul-
tured rat hippocampal neurons.  The upregulation of IK

is related to neuronal apoptosis, which was found in
our study.

It is well known that K+ channels play an impor-
tant role in maintaining neuronal excitability.  Accord-
ingly, alternations of neuronal K+ channels may lead to

Fig 2.  Effect of transfection of wild-type PS-1, wild type PS-
2 on IK in the cultured rat hippocampal neurons.  (A) a mock
(GFP alone)-transfected; (B) a GFP/PS-1 transfected; (C) a
GFP/PS-2 transfected hippocampal.

Fig 3.  Effect of transfection of APP695 on IK in the cultured
rat hippocampal neurons transfected.  (A) a mock (GFP
alone)-transfected, (B) a APP695 transfected hippocampal.

Fig 1.  Appearance of transfected hippocampal neurons.  (A) neurons are captured under phase-contrast microscope.  (B)
neurons transiently transfected with GFP, and captured under fluorescence microscope.
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profound changes in excitability and subsequent cell
apoptosis or death.  Several years ago, Etcheberrigaray
et al proposed there existed a link between AD and K+

channels.  They discovered that there was K+ channel
dysfunction in fibroblasts obtained from patients with
AD[8], and this dysfunction could be mimicked in nor-
mal fibroblasts by the addition of β-amyloid[9].  In addition,
some investigations suggested the delayed rectifier K+

channel was upregulated in apoptosis mediated by β-
amyloid in cortical neurons and cholinergic spetal cell
line[3,10].  TEA (K+ channel blocker) or raising extra-

cellular K+ could attenuate cell death induced by β-amy-
loid[3,10].  Therefore, increase of IK current play an im-
portant role in triggering neuronal apoptosis.

The presenilins as polytopic membrane protein
mutated in the majority of early onset of FAD.  Both
wild type and H115Y mutant form of PS-1 enhance Fas-
mediated apoptosis in Jurkat cells[11].  PS-2, a close ho-
mologue of PS-1 also plays a pivotal role in cellular
apoptosis.  Overexpression of full length wild type PS-
2 in neuronal cells increased apoptosis induced by trophic
withdrawal and β-amyloid[12-14].  Recently, Malin et al
reported that potassium current densities significantly
increased when wild type PS-1 and PS-2 were trans-
fected into HEK-293 cell and rat ventricular myocytes,
whereas the expression of wild type PS-1 in COS-7
cells did not increase outward K+ currents[4].  Based on
the multiple membrane-spanning topology of presenilins,
it was proposed that presenilins might function as parts
of a channel, transporter or pore[15,16].  In our study we
also discovered that overexpression of wild–type PS-1
and PS-2 in hippocampal neurons resulted in a signifi-
cant increase of outward K+ current densities.  However,
the mechanism of IK upregulation after overexpression
of PS is still unclear.  The most possible interpretation
of these results is that the presenilins do not actually
form K+ channels, but rather that these proteins
upregulate functional K+ channel expression either di-
rectly by associating with K+ channel pore-forming sub-
units or indirectly by increasing the synthesis, assembly,
and/or transportation of these subunits to the plasma
membrane.

APP is the source of β-amyloid peptide, which is
a major component of the amyloid deposits character-
ized in AD.  The intracellular accumulation of wild type-
APP in the rat hippocampus caused a specific type of
neuronal degeneration in vivo, and the overexpression

Tab 1.  Effects of the PS-1, PS-2, and APP on IK current in the cultured rat hippocampal neurons.    Mean±SD.  bP<0.05 vs
control.

                                    Steady-state current/pA        IK density /pA·pF-1                V1/2/mV                     k/mV               n

Control 1568±289   39±16 5.5±2.4 12.6±1.3 20
Mock 1689±412   48±18 5.4±2.5 12.6±1.4 17
PS-1 5565±1403b 252±107b 4.6±2.9 10.1±2.9 22
PS-2 3804±1651b 120±58b 4.9±2.9 12.6±2.2 16
APP695 4978±904b 218±70b 3.9±2.1 12.2±3.6 22

V1/2, potential for half-maximal activation; k, slope factor; n, number of cell.

Fig 4.  Effect of wild-type PS-1 (n=16), wild type PS-2 (n=22),
and APP695 (n=19) on the activation curves of IK currents in
the cultured rat hippocampal neurons.
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of wild-type APP mediated by viral vector induced neu-
rons apoptosis both in vivo and in vitro[17].  Recently,
Furukawa et al found that the secreted form of APP
(sAPP) was released from membrane-spanning APP by
electrical stimulation of neural circuits in hippocampal
slices, and sAPP has been shown to stabilize intracellu-
lar calcium concentrations in the cultured hippocampal
neurons[5].  Additionally, sAPP also reduced the fre-
quency of spontaneous postsynaptic current (SSC) in
Xenopus spinal motoneurons.  And the reduction of SSC
frequency by sAPP may be mediated by activation of
potassium channels through a cGMP-dependent path-
way[18].  In this study, we also found that IK current
was significantly increased by over expression of wild
type APP695 in hippocampal neurons.  Further studies
are required to clarify the precise mechanism of the
overexpression of APP on IK current.

Our present study shows that overexpression of
APP and PS in neurons might impair cellular K+ ho-
meostasis through special IK channels.  And the K+ un-
balance disturbs normal metabolism of neurons and ren-
ders neurons vulnerable to apoptosis.  But it still need
further study which kind of IK channel subunit is in-
volved in such upregulation and what is the precise
mechanism that APP and PS regulate IK channel.
However, the present study provides a new clue to in-
vestigate the pathogenesis of AD.
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