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Soluble P-Amyloid Induction of Alzheimer's 
Phenotype for Human Fibroblast Kf Channels 

Rene Etcheberrigaray, Etsuro [to,* Christopher S. Kim, 
Daniel L. Alkonj- 

Although p-amyloid is the main constituent of neurite plaques and may play a role in the 
pathophysiology of Alzheimer's disease, mechanisms by which soluble p-amyloid might 
produce early symptoms such as memory loss before diffuse plaque deposition have not 
been implicated. Treatment of fibroblasts with p-amyloid (10 nM) induced the same po- 
tassium channel dysfunction previously shown to-occur specifically in fibroblasts from 
patients with Alzheimer's disease-namely, the absence of a 11 3-picosiemen potassium 
channel. A tetraethylammonium-induced increase of intracellular concentrations of calci- 
um, [Ca2+],, a response that depends on functional 11 3-picosiemen potassium channels, 
was also eliminated or markedly reduced by 10 nM p-amyloid. Increased [Ca2+], induced 
by high concentrations of extracellular potassium and 166-picosiemen potassium channels 
were unaffected by 10 nM p-amyloid. In Alzheimer's disease, then, p-amyloid might alter 
potassium channels and thus impair neuronal function to produce symptoms such as 
memory loss by a means other than plaque formation. 

T h e  protein p-amyloid (PAP) is implicated 
as a key factor in the pathophysiology of 
Alzheimer's disease (AD) (1, 2). It is the . .  , 

main component of the neurite plaques 
which, together with the neurofibrillary tan- 
gles, constitute the neuropathological features 
that confirm AD (3). Mutations of the amy- 
loid precursor protein (APP), from which 
PAP originates, are present in a limited num- 
ber of AD cases (1 to 5%) (4), and altered 
APP processing has been proposed to result in 
the generation of amyloidogenic protein frag- 
ments (5). 

Soluble PAP can be the product of normal 

Laboratory of Adaptive Systems, National Institute of 
Neurological Disorders and Stroke, Room 8-205, 
Building 36, National Institutes of Health, Bethesda, 
MD 20892, USA. 

*Present address: Laboratory of Animal Behavior and 
Intelligence, Division of B]ological Sciences, Graduate 
School of Science, Hokkaido University, Sapporo 060, 
Japan. 
tTo whom correspondence should be addressed. 

proteolytic processing (2, 6), whereas an ex- 
cess of PAP is released from a mutant APP 
(7). Proposed mechanisms for PAP'S deleteri- 
ous effects include direct neurotoxicity (8, 9), 
induction of calcium metabolism derange- 
ments leading to enhanced excitotoxicity 
(1 0) , membrane permeability enhancement 
( I  I ) ,  and formation of CaZ+ channels that 
would lead to abnormally high cytosolic 
Ca2+ concentrations and subsequently cell 
death (1 2). Nevertheless, mechanisms by 
which RAP causes svmDtoms such as mem- , . 
ory 10s; without plaque formation have not 
been implicated. 

A 113-pS tetraethylammonium (TEA)- 
sensitive K+ channel is functionally absent in 
fibroblasts from AD patients (13). As a con- 
sequence, the increase in [Ca2+], observed 
after depolarization induced by TEA in fibro- 
blasts derived from control individuals [in- 
cluding fibroblasts from young individuals 
(YC) , age-matched individuals (AC) , and 

SCIENCE VOL. 264 8 APRIL 1994 



patients with non-Alzheimer's neurological or 
~sychiatric conditions] was absent in all fibro- 
blast cell lines examined from patients with 
familial and nonfamilial cases of AD (13). 
Inositol trisphosphate (IP,)-mediated Ca2+ 
release from intracellular stores is en- 
hanced in fibroblasts from AD patients 
(14). Related changes of K+ channels and 
Ca2+ responses have been observed in 
olfactory neuroblasts from AD patients 
(1 5). Because PAP may contribute to the 
pathogenesis of AD and is produced by 
AD fibroblasts (1 6), we studied the effects 
of this peptide on K+ channel function 
and CaZ+ release in human fibroblasts. 

Human fibroblasts were obtained from the 
Coriell Cell Repositories and cultured as de- 
scribed (1 3, 14, 17). Patches (cell-attached) 
(1 3, 17, 18) were obtained in 21 cells from 
five different AC cell lines treated with PAP 
(10 nM) for 48 hours. The 113-pS channel 
was absent in all but one of the treated cells 
(5%), whereas it was found in 16 out of 17 
untreated cells (94%) (1 3) from the same five 
AC lines (P < 0.0001, Fisher's exact test) 
(Fig. 1). By contrast, another K+ channel of 
166 pS that is present with the same 
frequency in control and AD fibroblasts 
(13) was present with equal frequency in 
patches from AC cell lines treated with or 
without PAP (X2 = 1.89, not significant) 
(Fig. 1). Thus PAP appears to selectively 
impair the same K+ channel that is func- 

Fig. 1. Cell-attached re- 
cordings in human fibro- 
blasts. (A) Sample traces 
of the 113-pS K+ channel. 
This channel was not de- 
tected when AC fibroblasts 
were treated with PAP(1- 
40) (1 0 nM) (bottom trace) 
Upward deflections repre- 
sent channel closures. (B) 
The K+ channel with larger 
conductance (166 pS) in 
AC cell lines was unaffect- 
ed by PAP treatment (bot- 
tom trace). The 113-pS 
channel was open about 

tionally absent in fibroblasts from AD 
patients. 

To further test this possibility, we used 
fluorescent imaging (19) with the Ca2+-sen- 
sitive dye fura 2-AM to assess [Ca2+], after 
blockade of the 113-pS K+ channels with 
TEA, which in turn causes cell depolarization 
and calcium entry (1 3, 14, 17). The applica- 
tion of PAP (10 nM) did not change basal 
[Ca2+], in 11 cell lines examined {treated = 
80 k 2.2 nM (mean k SD), untreated = 
77.5 + 2.7 nM, dimethyl sulfoxide (DMSO) 
alone = 79.7 + 2.7 nM (10 cell lines), P > 
0.05 [analysis of variance (ANOVA) Bonfer- 
roni posttest)]). These concentrations are also 
identical to the concentrations measured in 
43 different cell lines of AD and control 
groups (13, 14). In contrast, incubation of 
cells with a higher concentration of PAP (1 
pM) caused a small but significant elevation 
of basal [Ca2+], in AD and control fibroblasts 
[treated = 118.6 + 2.4 nM (n = 8 cell lines), 
nontreated = 77.5 k 1.1 nM (n = 8 cell 
lines), P < 0.0001 (r test)] (Fig. 2). The 
TEA-induced increase in [Ca2+], was com- 
pletely abolished for six out of eight control 
cell lines treated with PAP (10 nM) (total 
number of cells tested = 194, P < 0.005, 
Fisher's exact test) compared with the same 
eight untreated cell lines. In the two cell lines 
treated with PAP (10 nM) that had some 
response, the increase in [Ca2+], in response 
to TEA was significantly lower after treatment 
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113-pS K+ channel 
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60% of the time in control - 
cell lines compared with 
-10% for the 166-0s 
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channel present in conk01 10 p ~ [  
(AC and YC), AD, and 
BAP-treated (10 nM) AC 

I00 ms 

cell lines. (c)' The 1 i 3 - p ~  
channel was present in only 1 of 21 cells (five cell lines 
of treated controls, middle column). This channel, g 80 
however, was present in 94% of the previously record- z 
ed untreated controls (five different cell lines, 17 cells 60 
examined). Untreated control observations were also = 
repeated and confirmed. This is almost identical to the 40 

situation in AD fibroblasts (right symbol), where no P 20 
113-pS channel was observed (27 cells from nine cell 
lines). Much of the data for untreated control (YC and 2 0 
AC) and AD cell lines had been collected before this = Untreated P-Amyloid Alzheimer's controls controls disease 
study (13). 

than in untreated controls (P < 0.001, t test) 
(Fig. 3). Incubation (48 hours) with 1 pM 
PAP also eliminated or greatly reduced the 
TEA response in control fibroblasts (n = 8 
cell lines, n = 194 cells). Treatment with 
DMSO alone (six cell lines, n = 146 cells) did 
not affect the TEA response. Increased 
[Ca2+], induced by depolarization with 50 
mM external KC1, observed in fibroblasts 
from AD patients as well as in cells from 
control individuals (1 3), was unaffected by 10 
nM PAP in both AD and control (YC and 
AC) fibroblasts. After treatment with 10 nM 
PAP, the K+ response was preserved in six 
out of eight control cell lines and in two out of 
three AD lines, which is not significantly 
different in comparison with responses of the 
same untreated cell lines (P = 0.21, Fisher's 
exact test). Responses to 50 rnM KC1 were 
slightly, but not significantly, higher in YC 
fibroblasts (treated) as compared with re- 
sponses in AC and AD cell lines that had 
been treated with 10 nM PAP (P = 0.24, 
ANOVA). No significant differences for the 
KC1 response were observed between treated 
AC and untreated AC lines, nor were there 
differences between the treated AD and un- 
treated AD lines. Moreover, when KC1 re- 
sponses of all treated cell lines (n = 11) were 
compared with responses of all cell lines left 
untreated (n = 1 I, P = 0.21, t test) or treated 
with DMSO alone (n = 4, P = 0.5, t test), 

120 

- 100 
3 
t 80 
T 
N g 60 - 

40 

20 

O Untreated P-Arnyloid Untreated P-Arnyloid 
controls controls Alzheimer's Alzheimer's 

Fig. 2. Basal Ca2+ concentrations in human 
fibroblasts. (A) Resting Ca2+ concentrations 
were unchanged by 10-nM PAP treatment. 
Concentrations were identical in untreated and 
treated controls (eight different cell lines each) 
as well as in AD cell lines (three AD treated and 
four untreated lines). (B) In contrast to 10 nM, 1 
pM PAP significantly (P < 0.0001, t test) ele- 
vated basal Ca2+ concentrations in treated 
controls (four cell lines, 259 cells) and in treated 
AD lines (four cell lines, 274 cells). 
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Untreated PAmyloid Alzheimer's 
controls controls disease 

Fig. 3. Effects of 10 nM PAP on the TEA response. 
(A) Typical time course representation of the 
TEA-induced Ca2+ elevation in control cells (solid 
line), where peak ( ~ 4 0 0  nM) is reached =I5 s 
after application of 100 mM TEA (indicated by the 
arrow). The dashed line illustrates the effect of 
PAP on the same control cell preparation. Each 
line is the averaged response of seven cells 
simultaneously measured. (B) Bar graph of the 
percent change (from resting Ca2+ concentra- 
tions) shows the virtual elimination of the TEA 
response in treated control cells (eight cell lines, 
194 cells), similar to obsewations for AD fibro- 
blasts (four cell lines, 285 cells measured). Prep- 
arations of the various cell lines were tested for 
response to TEA in the absence (left) or presence 
(center) of PAP. The responses of AD fibroblasts 
shown here are in agreement with our previous 
report showing no responses in 13 different AD 
lines (>700 cells measured) (13). 

there were no statistically significant ddfer- 
ences between the groups. These results fur- 
ther indicate that PAP selectively affects the 
113-pS K+ channel, not voltage-dependent 
Ca2+ channels, to cause the loss of the TEA 
response in YC and AC fibroblasts as was 
observed for TEA responses of AD fibroblasts. 

There were no effects of 10 nM PAP on 
the increase in [Ca2+], induced by bombesm, 
which does not depend on external Ca2+ and 
does not require depolarization or blockade of 
K+ channels (14). The increase in [Ca2+], 
induced by bombe:in was found to be greater 
in AD cell lines (14) than in control (YC and 
AC) cell lines (P < 0.02, t test) (Fig. 4). The 
lack of a PAP effect on the bombesin response 
suggests that bombesin-induced Ca2+ release 
becomes deranged with AD before cellular 
dysfunction caused by soluble PAP or inde- 
pendent of it (or both). Alternatively, the 
bombesin response might change at a more 
advanced stage when generalized cell damage, 
including PAP deposition and plaque forma- 
tion, occurs. 

300 

200 

100 ib 0 Untreated controls 
p-Amyloid 
controls 

Untreated g-Amyloid 
Alzheimer's Izhe~mer's 

Flg. 4. Bombesin-induced increases in [Ca2+], 
were unchanged for control cells (four .cell 
lines, 91 cells) treated with PAP and AD cells 
treated with PAP (two cell lines, 30 cells). 

The concentration of PAP (10 nM) that 
produced AD-specific changes in K+ channel 
function similar to changes observed for cells 
from AD patients was lower than concentra- 
tions found to cause alteration of Ca2+ ho- 
meostasis or toxicity (8-10). Mattson et al. 
(10) reported that enhanced glutamate toxic- 
ity was observed when cells were treated with 
PAP concentrations between 20 to 80 FM 
(from aqueous stock solutions), and that con- 
centrations of 10 p,M or below had virtually 
no effect on glutamate toxicity. In addition, 
potentiation of Ca2+ ionophore toxicity was 
observed at 5 FM as was elevation of resting 
CaZ+ concentrations at 2 p,M PAP. With 1 
p,M PAP we observed increases in [Ca2+], 
that could cause cell damage. Furthermore, in 
reports of neurotrophic and toxic effects (9), 
longer (4 days) PAP incubation periods were 
used rather than the 48 hours used m the 
present study. In frog sympathetic neurons, 
30 pM PAP caused a nonspecific increase in 
membrane conductance. Similar increases 
in conductance or membrane permeability 
have also been observed in PC12 cells (1 I), 
but no specific ions or current carriers were 
identified. 

Thus, it is possible that soluble PAP might 
contribute to AD pathophysiology by causing 
K+ channel dysfunction. If K+ channel dys- 
function occurs in central nervous svstem 
neurons as we have found for fibroblasts (1 3) 
and olfactory neuroblasts (1 5), it might affect 
brain functions such as memory storage, 
which has been found to involve long-term 
changes of K+ channels (20). 
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of the cells whose responses were measured. 
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TECHNICAL COMMENTS 

H igh-Pressure Melting of (Mg,Fe)SiO,-Perovskite 

W e  commend Zerr and Boehler on their 
high-pressure melting study of Mg-silicate 
perovskite (1). However, we disagree with 
their interpretation of earlier studies and 
their own experiments. 

Contrary to what Zerr and Boehler state 
(1, p. 554), we have previously visually ob- 
served the melting of perovskite and other 
materials in situ at high pressures and temper- 
atures ( 2 4 ,  including forced convection 
across molten zones of about 5 to 30 km in 
diameter, similar to that described by Zerr and 
Boehler. We also determined temperature 
variations across our samples, both experi- 
mentally and theoretically (3, 9, 10). 

Zerr and Boehler state that the melting 
data of Jeanloz and co-workers (4, 11) "are in 
strong contradiction to" more recent measure- 
ments bv Sweenev and Heinz (12). This . , 
suggests a lack of reproducibility among the 
earlier exueriments. Yet. there is no contra- 
diction, as Sweeney and Heinz explained that 
their "data do not represent the true melting 
temperature of iron-magnesium-silicate per- 
ovskite" (13). Instead, Sweeny and Heinz 
reported average field-of-view temperatures 
across their samples for which the correlation 
between laser power and measured tempera- 
ture showed a break in slope (1 2). In general, 
it is not known how ureciselv the correlation 
of laser power and (average) temperature re- 
produces melting temperatures obtained using 
other criteria, but it is known that the average 
temperatures reported by Sweeney and Heinz 
must be far below the true melting tempera- 
ture; hence, their cautionary note. Indeed, 
when a first-order correction is applied for the 
difference betwo'en average and peak temper- 
atures within the sample, Sweeney and Heinz 
find relatively good agreement with the earlier 
studies (that is, within mutual uncertainties) 
over the pressure range examined by Zerr and 
Boehler. 

A critical issue not addressed by Zerr and 
Boehler is the nature of the temuerature 
gradients across their samples. That there 
must be gradients is well established, both 
empirically and theoretically, for any laser 

heating experiment in the diamond cell (9, 
10). This is equally true for a Nd:YAG (3, 6, 
8, 9) or a CO, (14, 15) heating laser because 
the intensity distribution across a laser beam is 
Gaussian, resulting in a spatially variable heat 
source within a sample (1 6). Also, diamonds 
represent nearly infinite and perfect heat sinks 
because of their dimensions (1 7) and because 
of the high thermal conductivity of diamond. 
Therefore. the nonuniformitv of both heat 
sources and heat sinks must inevitably pro- 
duce three-dimensional temperature gradients 
across the sample area (9, 10). In fact, it is the 
(time-fluctuating) spatial variations in tem- 
p'erature that induce the convection observed 
within the molten zone. 

That large temperature gradients occur 
in the experiments of Zerr and Boehler (I) ,  
as there must physically be, is evident from 
their figure 2, which shows a molten zone 
(now quenched) about 30 km in diameter, 
surrounded by about 15 km of perovskite 
t h a ~  is, in turn, rimmed by untransformed 
starting material (orthopyroxene). For such 
an experiment at 62.5 GPa, they report a 
melting temperature of 5000 ( 2  300) K. 
The high-pressure melting point is the tem- 
perature at the interface at which melt was 
in contact with crystalline perovskite, 
here located only 15 pm away from the 
untransformed starting material. Yet it is 
known that, at pressures above 20 to 25 
GPa, pyroxene transforms to perovskite 
when heated to temperatures exceeding 
1000 to 1300 K (18). Therefore, temper- 
ature differences of at least 3700 K (5000 
K to 1300 K) must have existed over a 
radial distance of about 15 um. The cor- 
responding temperature gradient of about 
10' to lo9 K per meter is in good accord 
with our previous theoretical and experi- 
mental findings (1 0, 19). 

Somewhat lower temperature gradients 
may be inferred if Zerr and Boehler were 
assuming that the temperature is constant 
across the convecting molten zone. For a 
Gaussian heat source, as is the case here, the 
resulting temperature distribution in the dia- 
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mond cell is often found to be Gaussian, 
though with some notable exceptions (6, 9, 
10). Assuming such a temperature distribu- 
tion, we can fit Zerr and Boehler's tempera- 
ture measurement at the center of their hot 
spot [note 5 in (I)], while constraining the 
temperature to be less than 1000 to 1300 K in 
the untransformed pyroxene. Doing so, we 
obtain a focal-spot diameter comparable to 
that of Zerr and Bodhler [figure I in (I)] (20), 
and a temperature of 3100 ( 2  400) K at a 
radial distance of 15 km from the hot-spot 
center, the location of the crystal-melt inter- 
face. This value is in good agreement with the 
melting temperatures reported by our groups 
and by others for silicate perovskite at 50 to 65 
GPa (4, 11, 12, 21). 

There could be many reasons for the 
differences between the Mainz results and 
other groups' measurements. Among other 
technicalities, sample configurations, optical 
components, methods of temperature deter- 
mination, and criteria for constraining the 
high-pressure melting curve all differ in de- 
tail (22). Nevertheless, it is clear that tem- 
perature gradients must be quantified in the 
C0,-laser heated diamond cell (14, 15). 
These gradients are sensitive to the config- 
uration and properties of the sample and 
surrounding medium, configurations and 
properties that change as the sample is taken 
to successively higher pressures (for exam- 
ple, thinning of the sample under compres- 
sion) (9, 10). A direct association of the 
peak temperature with a melting slope, with- 
out a characterization of the temperature 
distribution, is therefore unreliable. 
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