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Study of the interaction of unaggregated and aggre-
gated amyloid g protein (10-21) with outward potas-
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Metal ion-induced aggregation of Ag into insoluble plaques is a central factor in Alzheimer’s disease.
Zn**is the only physiologically available transition metal ion responsible for aggregating Ag at pH 7.4.
To make it clear that the neurotoxicity of Zn**-induced aggregation of Ap on neurons is the key to un-
derstand AS mechanism of action further. In this paper, we choose A5 (10-21) as the model fragment to
research hippocampal CA1 pyramidal neurons. For the first time, we adopt the combination of spectral
analysis with patch-clamp technique for the preliminary study of the mutual relations of Zn**, Ag and
ion channel from the cell level. The following expounds upon the effects and mode of action of two
forms (unaggregated and aggregated) of A (10-21) on hippocampus outward potassium channel three
processes (activation, inactivation and reactivation). It also shows the molecular mechanics of AD from
the channel level. These results are significant for the further study of Ag nosogenesis and the devel-
opment of new types of target drugs for the treatment of AD.

potassium channel, amyloid 3 protein (10-21), Zn*, alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of
dementia in the elderly population. It is clinically char-
acterized by a progressive loss of cognitive abilities,
progressive memory and intellectual deficits!"). This
disease debilitates millions of elderly people and pre-
sents an enormous burden on the families of those af-
fected, as well as society in general. The cause of AD is
closely related to the aggregation of a normal protein,
LP-amyloid (A ), within the neocortex. Af peptide is
generated from amyloid precursor protein by the prote-
olytic activity of B-and y-secretase®!. A/ has been de-
scribed in three biochemical fractions in the brain:
membrane associated, aggregated and soluble. In
healthy individuals, most of the A is membrane associ-
ated, but in individuals with AD the aggregated (diffuse
and plaque amyloid) and soluble fractions increase
markedly"!. Although the mechanism leading to the ag-
gregation of this normally soluble protein is not fully
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understood, more and more evidence has been gathered
to suggest that A S precipitation and toxicity in AD are
caused by abnormal interactions with neocortical metal
ions, especially Zn, Cu and Fe. These transition metal
ions are highly concentrated in the neocortical regions
most effected in AD™ and also found at high levels in
amyloid plaques (Zn>*, 1055 pmol/L; Cu**, 390 pmol/L;
Fe’", 940 pmol/L), compared with normal age-matched
neuropil (Zn*", 350 pmol/L; Cu**, 70 umol/L, Fe*, 340
pmol/L)?!. Zn*" appears to be the major neurochemical
factor responsible for aggregating AS. In vitro, Af spe-
cifically interacts with Zn®", and Zn*" drastically accel-
erates the A/ aggregation™®. Zn*" is the only physio-
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logically available metal ion to precipitate A £ at pH
7457 and Cu® (and Fe’* to a lesser extent) induces
limited AP aggregation'”, which is exaggerated by
slightly acidic conditions. Experiments indicate that
there are two binding sites for Zn*" with A S (1-40): One
is the high affinity site (Kp= 107 nmol/L); the other is
the low affinity site (Kp=>5.2 pmol/L)"™). In recent years,
a series of intensive studies of the Zn*"-A £ interactions
have been made by a range of complementary spectro-
scopies, such as NMR, Raman spectroscopy, EPR spec-
troscopy and CD. Zn*"-induced aggregation of Ap ap-
pears to be initiated by Zn®" coordination with charged
residues within the amino acid region 6-28 of AL
While the histidine residues at positions 6, 13, and 14 of
full length A (1-42) have been implicated in metal
binding, 13 and 14 appear to be most critical®. In the
present experiment, we choose Af (10-21) as a model
for use in Zn**-induced aggregation of Af. The value of
A (10-21) as an in vitro model has been strengthened
by our group!'®" and another group®™.

A key to understand the action of Agin AD is to de-
termine how this protein affects the neuronal networks
in which memories are stored, thereby causing demen-
tia"? It is widely believed that the cellular actions of
A are responsible for the neurodegeneration observed
in AD. A growing body of evidence indicates that Af
has modulatory effects on ion channel currents in central
neurons. The neurotoxic disruption of intracellular ion
homeostasis may be the result of an action by A on ion
channel activity!’l. Both voltage-gated potassium and
calcium channels have been implicated in these A f
-induced changes. Two studies!'*'” have shown that A
can cause apoptotic cell death via an increase in the de-
layed rectifier K™ channel current. In contrast to these
two studies, Chen et al."® and Ye et al.!"” reported that
A inhibit specially A-type K current but not other
outward or inward rectifying K" channels. All peptides
used in the earlier studies were aggregated by higher
temperatures and longer incubate time and no experi-
ments with the Zn*"-induced aggregated form of A
were carried out. In addition, no characterization was
presented to indicate the actual assembly state of the Af
and no experiments with unaggregated form were car-
ried out. The aim of this study, therefore, was to com-
pare the effects of both unaggregated and aggregated
forms of A (10-21) on outward potassium channel (ac-

tivation, inactivation and reactivation processes) in hip-
pocampal CA1 pyramidal neurons. To this end, we have
applied unaggregated and aggregated (induced by Zn>")
forms of A to hippocampal pyramidal neurons through
combining spectral analysis with patch-clamp technique
in order to determine the effects of each on the outward
potassium channel currents in these cells.

1 Experimental

1.1 Isolation of hippocampal neurons

Single rat hippocampal pyramids neurons were acutely
isolated by enzymatic digestion and mechanical disper-
sion from 7-day-old Wistar rats as previously de-
scribed"™. Hippocampal CA1 region was cut into 300—
500 um thick slices and incubated for 30 min at 32°C in
artificial cerebrospinal solution (ACS) and successively
transferred into ACS containing 0.5 mg/mL protease and
digested at 32°C for 35 min. Throughout the entire pro-
cedure the media were continuously saturated with a
95% 0,-5% CO, gas mixture to maintain a pH of 7.4.
After digestion, the tissue pieces were washed 3—4
times with ACS and neurons were triturated through a
series of fire-polished glass pipettes with opening di-
ameter from 0.1 to 0.5 mm. The cell suspension was
transferred into a 35 mm culture dish filled with 1.5 mL
extracellular solution. Twenty minutes later, the neurons
were attached to the bottom of the culture dish and were
ready for experiments.

1.2 Patch-clamp recording

According to the previous experiments''"'”!

, the py-
ramidal neurons with a diameter of 15-30 um were
identified by their characteristic bright pyramid-shaped
soma under a phase contrast microscope and two or
three short-branched dendrites and a long axon. The
patch electrodes (BJ-40, diameter 1.5+0.1mm, Beijing)
were pulled in two steps by a microeletrode puller
(PP-830, Narrishage, Japan) and had tip resistance of
5—8 MQ when filled with pipette solution. Whole-cell
currents were recorded with Axopatch 200B patch
clamp amplifier (Axon Instrument, USA). After forming
a conventional “gigaseal”, the membrane was ruptured
with a gentle suction to obtain the whole-cell voltage
clamp configuration. Liquid junction potential between
the pipette solution and extracellular solution was com-
pensated after the pipette tipped into the external solu-
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tion.
1.3 Application of amyloid £ protein (10—21)

A (10-21) was purchased from Chinese Peptide Com-
pany. Stock peptide was stored as powder at —70°C.
Stock solution of Af (10-21) was prepared by dissolv-
ing the peptides at a concentration of 1 mmol/L in
deoxygenated, deionized water, aliquoted to 100 pL, and
stored at —20°C until needed. The concentration of pep-
tide was determined from the UV absorption intensity of
tyrosine (£,7s= 1410 L-mol -cm™) at pH 7.4°". In most
experiments, unaggregated A S (10-21) was added to
bath solution for external application. For Zn**-induced
aggregation experiments, peptide was prepared by dilu-
tion stock solution into 20 mmol/L sodium phosphate
buffer. Peptide solution (100 umol/L) containing differ-
ent concentrations of Zn®" was incubated for 0—24 h at
37°C and then centrifuged (5415D, Eppendorf) at 13000
g for 10 min. Peptide concentrations, relative to uncen-
trifuged control without Zn**, were determined by fluo-
rescamine assay'. Aggregation (%)= 100 — [(centrifuged
value/uncentrifuged value) x100]. For the fluorescamine
assay, an F-2500 fluorometer with a 390 nm excitation
wavelength filter and a 480 nm emission filter was used.

1.4 Preparation of experimental solutions (mmol/L)

Sodium phosphate buffer: NaH,PO4-Na,HPO, 20, NaCl
150, pH 7.4. Artificial cerebrospinal solution (ACS):
NaCl 124, KC1 5, KH,PO4 1.2, MgSO, 1.3, CaCl, 2.4,
glucose 10, NaHCO; 26, pH adjusted to 7.4 with tris.
Extracellular solution: NaCl 150, KCI 5, MgCl, 1.1,
CaCl, 2.6, glucose 10, HEPES 10, pH adjusted to 7.4
with tris. To record potassium current, 1 pumol/L TTX
and 0.2 mmol/L CdCl, were added to extracellular solu-
tion before the electrophysiological recording. Pipette
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solution: KC1 65, KOH 5, KF 80, MgCl, 2, HEPES 10,
EGTA 10, Na,ATP 2, pH adjusted to 7.3 with KOH.
Protease, NaCl, TEA-CI, HEPES, TTX were purchased
from Sigma Company.

1.5 Analysis of electrophysiological recordings

Currents were amplified by using an amplifier (Axopath
200B), and digidata 1200B interface (Axon Instrument,
USA) and Pclamp version 6.0.4 software (Axon Instru-
ment, USA) were used to produce protocols, and acquire
and process data. All data were analyzed by the use of
Clampfit procedures (Axon Instrument, USA) and
MICROCAL-ORIGIN (5.0). All values were presented
as mean £+ S.D., and statistical comparisons were made
using the paired student’s #-test with P<0.05 being sta-
tistically significant.

2 Results

2.1 Identification of outward potassium current

A depolarizing prepulse to 60 mV from a holding poten-
tial of —100 mV was followed by test pulse from —140 to
—20 mV activated tail current of outward potassium
current (Figure 1(a)). The membrane potential is often
called reverse potential (E.,) when ion channels tail
current is at zero. Under the imposed ionic conditions,
reverse potential was close to the theoretical equilibrium
potential for the permeable ion. Figure 1(b) shows cur-
rent-voltage relationship of tail currents with its data
acquired from the experiment performed as in Figure
1(a). According to Figure 1(b), the reverse potential is
—80 mV. K equilibrium potential was calculated by
Nernst equation E,, = (—2.303 RT/zF) x 1g([K'/[K'],),
where [K'];, [K'], is K* concentration used in the ex-
tracellular solution and in the pipette solution, respec-
tively. The K* equilibrium potential (~87 mV) was
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Outward potassium channel tail current (a) and current-voltage curve (b) of tail current.
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nearly equal to reverse potential. This current was iden-
tified as outward potassium current further by tail cur-
rents analysis.

2.2 Separation of I, and Ik

There are two components of outward current in hippo-
campal neurons: first, a rapidly activating and inactivat-
ing current, sensitive to 4-AP, referred to as /4; and then
a delayed rectifier current, sensitive to TEA, named as
Ix. To study the effects of lithium chloride on /4 and 7k
respectively, a signal subtraction procedure was used to
separate I from the total potassium current. Step depo-
larization to potential from —50 to +60 mV following a
hyperpolarizing prepulse of 400 ms to —110 mV clearly
activated two components of outward current (Figure
2(a)). By holding at =50 mV and stepping to more posi-
tive potentials, /5, undergoes steady-state inactivation;
therefore, Ix could be activated nearly uncontaminated
with Z,*'!. With this protocol, Ix was activated slowly to
a plateau with minimal time-dependent inactivation
(Figure 2(b)). Subtraction of Ix from total potassium
current revealed /5 (Figure 2(c)). Currents at the end of
the depolarizing pulse were referred to as /x. The peak
of the subtracted currents was referred to as /.

+60 mV

50 mV 50 mV

110 mV 110 mV

(d)

(b)

(e)

2.3 Effects of unaggregated A5 (10-21) on I, and Ik

To determine the potential effects of unaggregated AS
(10-21) on two components of outward potassium cur-
rent, A (10-21) of various concentrations was added to
the extracellular solution at final concentrations of
1x107°, 2x107°, 3x107°, 510~ mol/L. Figures 2(d), (e),
and (f) respectively showed the whole-cell currents of
total potassium, Ix and I, after the application of 1% 107
mol/L Ap (10-21). It is showed that AS (10-21) de-
creased the amplitudes of I, drastically (Figure 2(f)), but
the amplitudes of Ix were not affected (Figure 2(e)). In
addition, upon the administration of A S (10-21) (in
umol/L): 10, 20, 30, 50, there was a decrease in the am-
plitudes of I, and this action progressed incrementally
in concentrations from 10 to 50 (Figure 3). The results
indicated that A (10-21) decreased the amplitudes of I
in a concentration-dependent manner. At the concentra-
tion of 50 umol/L, AS (10-21) inhibited I, by (36.93+
0.65) % (n=3, P<0.01) at 60 mV.

2.4 Zn**-induced aggregation of A5 (10-21)

A (10-21) itself has no fluorescence, and yields intense
fluorescence when it combines with fluorescamine, a

+60 mV

ln\!

L

50 ms

(H

Figure 2 Effect of AS(10-21) on outward potassium currents. (a)—(c) Representative recording from a responding cell of total (a), delayed rectifier (b)

and rapidly activating and inactivating (c) potassium current before AS (10-21) application. (d)—(f) Representative recording from a responding cell of

total (a), delayed rectifier (b) and rapidly activating and inactivating (c) potassium current after Af (10-21) application. The command potentials used to

evoke total and delayed rectifier currents are shown.
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Figure 3 Effect of Af(10-21) is concentration-dependent.

nonfluorescent compound. The fluorescent intension of
A (10-21) derivative will weaken when it is aggregated
partly by metal ions. Thus, fluorescamine provides a
new tool for the assay of peptides at a level which were
hitherto out of reach. In the present experiment, A/
(10-21) did not aggregate significantly and was stable
for months in aqueous in the absence of Zn**. In the
presence of Zn>", A (10-21) aggregated rapidly and
this action progressed incrementally in Zn>" concentra-
tions from 0 to 10 wmol/L (Figure 4), which showed that
Zn*" induced A (10-21) aggregation in a concentra-
tion-dependent manner. These results indicate that AfS
(10-21) can be used as an in vitro model in Zn**-induced
A aggregation and that the region 10-21 can be the
minimal fragment of zinc-binding domain of full length
Ap(1-42).
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Figure 4 Zn*"-induced aggregation of A3 (10-21).

2.5 Effects of aggregated A (10-21) on I, and Ik

The aim of this section was to compare the effects of
both unaggregated and aggregated forms of Af (10-21)

on outward potassium channel in central neurons. To
this end, we have applied unaggregated and aggregated
forms of A (10-21) to hippocampal pyramidal neurons
in order to determine the effects of each on the volt-
age-gated potassium channel currents in these cells. In
the unaggregated form, A f (10-21) inhibited I, by
(19.50+£0.81)% (n=3). In the aggregated form, A S
(10-21) inhibited /4 by (45.934£0.99)% (n=3) in the acute
application (Figure 5(a)), indicating that aggregation
form of Ap (10-21) had larger modulatory effects on
potassium channel currents than the unaggregated form.
Figure 5(b) showed current-voltage (I-V) curves of I,
generated by depolarizing steps from a holding potential
of =50 to +60 mV with a 10 mV increment. The inhi-
bition of /4 was obvious (P < 0.05) only at potentials
more positive than 0 mV, which could be attributed to
electrostatic interaction of AS (10-21) with the mem-

brane'*?.
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Figure 5 Effects of unaggregated and aggregated A (10-21) on /4 (a)
and current-voltage curve of I, (b).

2.6 Effect of AS (10-21) on the activation and inac-
tivation Kinetics of 7,

I, was converted into conductance by use of the equa-

ZHANG ChaoFeng et al. Sci China Ser B-Chem | Oct. 2007 | vol. 50 | no. 5 | 683-691 687



tion G=1/(V-Vx), where G is conductance, V' is mem-
brane potential, and Vk is reversal potential. With the
least-squares fit procedure, the normalized conductance
was well fitted with a Boltzmann equation: G/Gpax =
1/(1+exp[—(V — Vn)/k]), where Gy is the maximum con-
ductance, 1}, is the voltage at which half-maximal effect
is obtained, and k is the slope factor (Figure 6). Before
application of A (10-21), the value of V}, was (-20.31+
1.87) mV and k was (34.68+4.66) mV. A (10-21) (10
pmol/L) caused a negative shift of the activation curve
along the potential axis. The values of V}, for unaggre-
gated and aggregated AS (10-21) were (—30.09+2.93)
and (-32.26£2.05) mV (n=6, P < 0.01), with £ of
(20.49+1.30) and (11.68+0.92) mV (n=6, P < 0.01),
respectively.
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Figure 6 Effects of unaggregated and aggregated A £ (10-21) on activa-
tion curve and inactivation curve of /.

The steady-state inactivation was examined by
changing the prepulse potentials at levels between —120
to —10 mV (80 ms duration) before depolarization to a
test pulse of +50 mV (duration of 120 ms). The inactiva-
tion curves shown in Figure 6 were obtained by plotting
the normalized 7, against the prepulse potentials. The
curves were well fitted with a Boltzmann equation: /1y,
=1/(1+exp[(V - Vn)/k]), where V is the prepulse potential,
Vh is potential where normalized / was reduced to
one-half, and £ is the slop factor. During control condi-
tions, average V;, was (—55.13£0.56) mV and k was
(10.06+0.51) mV. After the addition of 10 pmol/Lunag-
gregated A (10-21), the inactivation curve was shifted
to negative potentials: V}, was (—66.63+1.91) mV (n=06,
P<0.01), and k was (12.20+0.89) mV (n=6, P>0.05).

Aggregated A S (10-21) shifted the inactivation curve to
more negative potentials: 7}, was (—79.73+0.86) mV (n=

5, P<0.01), and k£ was (12.89+0.78) mV (n=5, P>0.05).
A (10-21) induced shift of ¥}, was statistically signifi-
cant but k£ remained unchanged.

2.7 Effect of AfS (10-21) on the reactivation Kinetics
OfIA

The kinetics of recovery of /, from inactivation in the
absence and presence of Af (10-21) were evaluated by
identical two-pulse protocols (Figure 7(a)). A 400 ms
prepulse to 60 mV from a holding potential of —110 mV
was followed by a return to the holding potential with
variable duration (A ¢) and then by a 400 ms test pulse to
60 mV. Selected /4 reactivation traces from a typical ex-
periment in the absence and presence of AS (10-21) are
shown in Figure 7(b) and (c). The magnitude of peak 7/
elicited by the second pulse was expressed as a function
of I during the first pulse and plotted against the inter-
pulse duration (Figure 7(d)). The time course of recov-
ery (7..) from inactivation of I, was fitted by a mono-
exponential function. Under control condition, the time
constant of 7, was (93.434£5.45) ms (n=3). In the pres-
ence of AS (10-21) (1 X107 mol/L), 7 was (115.06+
10.63) ms (n=3) for unaggregated A f (10-21), and
(132.11+5.00) ms (n=3) for aggregated A £ (10-21).
These results indicated that Af (10-21) prolonged re-
covery from inactivation of hippocampal potassium
channel.

3 Conclusions and discussion

Our study showed that AS (10-21) selectively blocked
the /5 and has no effect on /x. The aggregated form of
A (10-21) has larger inhibition effects on outward po-
tassium channel currents in hippocampal pyramidal neu-
rons than the unaggregated form of AS (10-21). Both the
unaggregate and aggregated forms of A g (10-21)
significantly shifted the activation curve and the inacti-
vation curve of /5 to more negative potentials. However,
the aggregated form has more effects than the unaggre-
gated form. The unaggregated form of Af (10-21) pro-
longed time constant of reactivation of I from (93.43 &
5.45) to (115.06%£10.63) ms. In the aggregated form,
A (10-21) prolonged time constant of reactivation of /
to (132.11+5.00) ms (Table 1). These results indicated
that Zn*"-induced aggregation of A/ (10-21) potentiates
its modulatory effects on potassium channel currents.
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Figure 7 Effects of A #(10-21) on reactivation curve of /5. (a) Two-pulse protocol; superimposed recording of I, recovery from inactivation from the

same cell are shown before (b) and after (c) application of A £ (10-21); (d) the time course of recovery of I, from inactivation. Data fit with a

mono-exponential process.

Table 1 Effects of A #(10-21) on activation, inactivation and reactivation processes of /5

System Activation Inactivation Reactivation
Control V4 (—20.31+1.87) mV 7 (=55.13+£0.56) mV Trec (93.434£5.45) ms
k (34.68+4.66) mV k (10.06+0.51) mV

Vi (=30.09+2.93) mV (n=6)"
k (20.49+1.30) mV (n=6)"
Vi (=32.26£2.05) mV (n=6)"
k (11.68+£0.92) mV (n=6)"

Unaggregated A £ (10-21)

Aggregated A £(10-21)

Vi (=66.63£1.91) mV (n=6)"
k (12.20£0.89) mV (n=6)"
Vi (=79.73£0.86) mV (n=5)"
k (12.89+0.78) mV (n =5)"

Tree(115.0£10.63) ms (n=3)"

Tree(132.11£5.00) ms (n=3)"

a) P<0.01; b) P<0.05.

Potassium channels play crucial roles in regulating a
variety of cellular processes in both excitable and non-
excitable cells, such as setting the membrane potential,
action potential duration, the delay between a stimulus
and the first action potential, discharge patterns, etc!>!.
Blockage of potassium channels in hippacampal neurons
causes Ca’" influx through voltage-dependent channels
and the N-methyl-D-aspartate receptor>". It has been
shown that A/ increase cell excitability and causes a
rise in intracellular Ca®* in hippocampal neurons™™ and
that K channels openers protect hippocampal neurons
against oxidative injury and A/ toxicity, presumably
because of their ability to hyperpolarize the plasma
membrane and reduce Ca®" influx*®!. A transient in-
crease of intracellular Ca®" mediates information-coding
processes in neural circuits and regulates growth cone
behaviors in developing neurons. However, uncontrolled
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prolonged elevation of intracellular Ca®" can result in
neuronal degeneration and cell death by multiple path-
ways, including induction of apoptosis, damage of cel-
lular proteins and membranes, and promotion of free
radical production®”). Thus, we hypothesize that Ap-
induced neurotoxicity is initiated by blockage of I
channels, resulting in membrane depolarization, leading
to increased Ca®" influx, intracellular Ca** accumulation,
thus beginning a cascade of subsequent cellular re-
sponses that eventually result in neuronal dysfunction
and death'?®.

The above conclusions indicated that A5 (10-21) alter
cellular ionic activity through interaction with existing
ion channels in the membrane. This is consistent with
carly report®. Although the mechanism by which A/
(10-21) affect hippocampal potassium channels is not
clear at this time, we considered that there are two po-
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tential interpretations. One possibility is the electrostatic
interactions between A (10-21) and potassium channel
proteins. From Figure 5(b) we can see that the decrease
of Ix was obvious only at potentials more positive than 0
mV. These effects could be attributed to electrostatic
interaction of A/ (10-21) with the membrane®. All AS
peptides that blocked the /5 have the same basic residues
(Lys and Arg) and all can form S-sheet containing ag-
gregates”™. Electrostatic interactions between basic
residues in the AS (10-21) with acidic residues in the
potassium channel mouth appear to be crucial for the
affinity. Through electrostatic interactions, Ag (10-21)
binds to open channels and increases their rate of inac-
tivation or binds to closed channels to prevent them
from opening. Another possible mechanism might in-
volve changes in membrane fluidity. Previous studies
have indicated that membrane fluidity is altered in AD.
A f can decrease membrane fluidity in a concentra-
tion-dependent fashion®®). It is suggested that the small
changes of membrane fluidity seen in the presence of
unaggregated form of A (10-21) may be sufficient to
alter properties and functions of membrane-associated
ionic channels. At aggregated form, Af (10-21) seem to
have more pronounced effects on membrane fluidity,
probably by disrupting membrane integrity, and directly
leading to its neurotoxic properties'' .

We also noticed that without the addition of Zn2+, the
stock solution of A (10-21) dissolved in deoxygenated,
deionized water can keep for months and did not aggre-
gate significantly. In the presence of Zn>", AS (10-21)
aggregated rapidly through intermolecular His13 (N,)-
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