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SUMMARY
Amyloid I� peptide (A�3), the major protein constituent of senile
plaques in patients with Alzheimer’s disease, is believed to
facilitate the progressive neurodegeneration that occurs in the
latter stages of this disease. Early attempts to characterize the
structure-activity relationship of Afl toxicity in vitro were compro-
mised by the inability to reproducibly elicit Afl-dependent toxicity
across different lots of chemically equivalent peptides. In this
study we used CD spectroscopy to demonstrate that Afl sec-
ondary structure is an important determinant of A�3 toxicity.
Solubilized A� was maximally toxic when the peptide adopted a
�3-sheet conformation. Three of the four Afl lots tested had a
random coil conformation and were weakly toxic or inactive,
whereas the single A�3 lot exhibiting toxic activity at low peptide

concentrations had significant fl-sheet structure. Incubation of

the weakly toxic Afl lots in aqueous stock solutions for several
days before use induced a time-dependent conformational tran-
sition from random coil to fl-sheet and increased Af3 toxicity in
three different toxicity assays. Furthermore, the secondary struc-
ture of preincubated Afl was dependent upon peptide concentra-
tion and pH, so that fl-sheet structures were attenuated when
peptide solutions were diluted or buffered at neutral and basic
pH. Our data could explain some of the variable toxic activity
that has been associated with Afl in the past and provide
additional support for the hypothesis that Ai3 can have a causal
role in the molecular neuropathology of Alzheimer’s disease.

AD is a slowly progressing neurodegenerative disorder of the

elderly that culminates in dementia and death (1). Pathologi-

cally, AD is characterized by numerous deposits of amyloid in

brain senile plaques and cerebrovasculature, intraneuronal neu-

rofibrillary tangles, selective neuronal cell loss, and gliosis (2).

A major component of senile plaques is A$, a 39-43-residue

peptide that aggregates as a fl-pleated sheet to form the fibrillar
congophilic deposits characteristic of AD brain (3). Afls are

derived from the proteolysis of APP, a widely expressed mem-

brane-bound glycoprotein with multiple isoforms generated by

differential splicing of a gene localized on chromosome 21 (4).

The carboxy terminus of A�3 encompasses part of the putative
membrane-spanning region of APP, and the amyloidogenic

properties of this peptide are largely determined by this hydro-

phobic stretch of residues (5, 6).
Several lines of evidence suggest that plaque formation may

have a causal role in the molecular pathogenesis of AD. Firstly,

classical senile plaques are typically surrounded by a network

of dystrophic neurites (2). This regional colocalization of senile

plaques and morphologically abnormal neurons has been cited

as evidence for Afl involvement in AD neuropathology. Sec-

ondiy, patients with Down’s syndrome (trisomy 21) develop

amyloid deposits, neuronal cell loss, and dementia at an early

age that are indistinguishable from AD (7). In this disorder,

abnormal A$ deposition is believed to be a consequence of APP

overexpression resulting from an extra copy of the APP gene.

Thirdiy, the most conclusive evidence to date that Afl deposi-

tion may be causal in AD comes from genetic linkage studies

of patients with familial AD. In certain cases this autosomal

dominant form of the disease has been linked to point muta-

tions in and around the Afl domain of the APP gene (8, 9).

Given these findings, there is increasing support for the

hypothesis that the neuronal pathology of AD is due to an

abnormal accumulation of Afl in brain, presumably caused by
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a disease-related perturbation of APP processing. As a result,

APP metabolism and Af3 neurotoxicity have become important

therapeutic targets for drug discovery. Although our under-

standing of the cellular pathways involved in the processing of

APP has increased dramatically in the past 2 years, less is

known about the cellular mechanisms that underly Af3 neuro-

toxicity. This is partially due to the confusion that occurred

early on, when conflicting data from different laboratories

indicated that Af3 was inactive, directly toxic, indirectly toxic

(potentiating other forms of neurotoxicity), or trophic in a

number of in vitro model systems of AD (10-14).

The inability to reproducibly elicit A$-dependent neurotox-

icity has given rise to a careful reassessment of the importance

of assay conditions and peptide structure in determining toxic

activity. Although some of the variability can be attributed to

the different protocols used to assay Af3 activity in vitro, we
recently reported variable toxic activity across chemically

equivalent Afl lots within one laboratory (14). These findings

suggest that there is an intrinsic variability in A�3 neurotoxic

potency that cannot be attributed to differences in experimen-

tal protocols. Very recently the importance of peptide confor-

mation in determining Aj3 toxic bioactivity became apparent

when it was discovered that the in vitro neurotoxic potency of

Afl increased with peptide aggregation (15-17). Because Afls

are postulated to aggregate as /3-sheet structures (18), in the

present study we used CD spectroscopy to investigate the

relationship between Afl secondary structure and neurotoxic

potency across different lots of chemically equivalent peptides.

We demonstrate that increased fl-sheet structure correlates
with enhanced neurotoxic activity in three different neurotox-

icity assays using rat embryonic neuronal cell cultures. More-

over, incubation of the weakly toxic peptide lots in water for

several days induces a conformational transformation from

random coil to �3-sheet and increases Afl neurotoxic potency.

Finally, we show that peptide concentration and pH can influ-

ence Aj3 conformation and toxicity in vitro.

Materials and Methods

CD Spectroseopy. Four lots (Z1682, ZI960, ZJ209, and ZK052) of
synthetic A/3(1-40), comprising the first 40 amino acid residues of the

natural peptide, lyophilized as trifluoroacetate salts were purchased

from Bachem. The peptides were solubilized at 1 mM or 250 �oM
concentrations in double-distilled deionized water as stock solutions

and then diluted in water to the experimental concentrations for CD
spectroscopy. Peptide concentration was confirmed by amino acid
analysis or by measurement of the UV absorbance spectra of the
different solutions at 278 nm and conversion to concentration values

using an extinction coefficient of 0.3062 (mg/mlY’ cm’. In some
experiments, A/I pH values were adjusted with a buffer mixture con-

sisting of 2 mM Tris . HC1, 2 mM acetate, and 2 mM MES. An AVIV
model 62DS CD spectrometer was used to record spectra in the far-UV

(260-200-nm) range. Using a cuvette of 0.2-cm path length, spectra
were collected at room temperature with step intervals of 1.5 nm and

an average time of 3 sec. Three scans were averaged and plotted as
mean residue ellipticity (0), in units of deg cm2/dmol, after subtraction

of the background (water) spectrum (19). Curves were fit with a
smoothing algorithm that performed a least squares polynomial fit of
the original data.

Primary rat neuronal cultures. ED 18 rat hippocampal cells were

plated at a density of 150,000/cm2 onto plastic dishes coated with

polyethyleneimine. Cells were maintained in serum-containing tissue
culture medium for 10 days in vitro before incubation with different

concentrations of freshly prepared or aged A/3 in a serum-free defined

medium (as described in Ref. 14). After a 4-day incubation period,

aliquots of culture medium were assayed for LDH levels with a standard

340-nm LDH assay (Sigma). ED 18 rat cortical cells were used to study
the effects of A�3 on neuronal cell responses to an excitotoxic challenge.

Cells seeded into polyethyleneimine-coated dishes at a density of
250,000/cm2 were exposed to 25 �zM freshly prepared or aged A/� in

serum-containing medium at 3 days in vitro. After a 2-day incubation
period, changes in cytosolic Ca2� concentrations elicited with 25 �oM

glutamate were assayed with the fluorescent calcium dye fluo-3 (as

described in Ref. 20). Cell viability was assayed in sister cultures plated
at 125,000 cells/cm2, by measuring the reduction of the tetrozolium salt

sodium XTT in metabolically active cells, after 4 days of incubation

with freshly prepared or aged Afl. XTT metabolism forms a colored
soluble formazan product that can be quantified spectrophotometrically

(as described in Ref. 21).

Results

Synthetic Afls comprising up to the first 43 amino acid

residues of the natural peptide are intrinsically quite soluble in

aqueous solutions (6). Before forming fibrillar aggregates that

are qualitatively similar to Afl deposits in senile plaques (18),

the longer peptides residues (1-28, 1-39, 1-40, and 1-42) slowly

assemble as soluble fl-sheet structures (6, 22-25). At a qualita-

tive level CD spectra of solubilized peptides can reveal the

presence or absence of defined peptide secondary structure. A

peptide without defined secondary structure elicits a negative

peak near 199 nm (random coil). a-Helical conformations pro-

duce a doublet of negative peaks near 208 and 222 nm, and �3-

sheet structures have a single negative peak around 217 nm.

With this method spectral intensities at the different wave-

lengths reflect the proportional contribution of the different

secondary structures to a given peptide conformation (19).

Af3 lots Z1960 and ZI682 exhibited different in vitro neuro-

toxic potencies in an earlier study (14). Whereas 10 �M Z1682

was significantly neurotoxic to rat hippocampal cells, 10 �M

Z1960 was inactive. Aqueous stock solutions (250 �tM) of both

lots were diluted to 10 �zM in water immediately before CD

spectroscopy. Although both peptides had equivalent primary

structures, a qualitative comparison of the CD spectra gener-

ated with the two lots revealed significant differences in peptide

secondary structure (Fig. 1). The spectra of the toxic peptide

Z1682 had a negative peak near 218 nm, indicating that this
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Fig. 1. Secondary structures of two chemically equivalent A�3 lots that
exhibited different toxic activities in a previous study. CD spectra of 10
� Zl682 and Z1960 diluted from 250 � water stock solutions that had
been stored at -20#{176}.Zl682, which was toxic to embryonic rat hippocam-
pal cells, had significant �3-sheet structure at this concentration. Con-
versely, 10 /LM Zl960, which was nontoxic, had a random coil confor-
mation. pH values for 10 �M Zl682 and Zl960 were 4.5 and 4.6,
respectively.
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peptide had significant fl-sheet structure. Conversely, the spec-

tra elicited with Z1960 had a negative peak near 200 nm,

resembling a random coil conformation.

Incubating A�3 for several days in aqueous solutions before
use (“aging”) enhances A�3 toxicity and promotes peptide ag-

gregation (15-17). Because aggregation is dependent upon fi-
sheet formation, we investigated whether changes in peptide

secondary structure could account for the age-induced increases

in neurotoxic activity. Stock solutions of A�3 lot Z1960 (1 mM)

in water were either used immediately or allowed to age for 7
days at 37#{176}.After a 4-day incubation period with freshly pre-

pared or aged A�3 diluted into the tissue culture medium,

hippocampal cell death was assayed by measuring LDH levels

in the conditioned medium. Although freshly prepared Z1960

was not toxic below 50 �M, aging increased peptide toxicity so

that 25 zM Z1960 became routinely toxic (Fig. 2A). Consistent

with the aging-induced increase in LDH efflux, large numbers

of degenerating neurons and glia were observed by phase-

contrast microscopy (data not shown). CD spectra of 25 �tM

A.
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Fig. 2. Aging enhances the neurotoxic potency of Af3 lot Z1960 and
promotes f�-sheet formation. A, LDH levels in conditioned medium of
hippocampal cultures incubated with different concentrations of freshly
prepared or 7-day-aged Afl lot Zl960 diluted from 1 m� aqueous stock
solutions. Data are plotted as units/mI LDH; bars, 1 SEM (four experi-
ments). Results were replicated in three independent experiments. B,
CD spectra of 25 �iM dilutions of Zl960 (into water) from the same stock
solutions used in A. The pH of freshly prepared or aged A�3 stock
solutions was 2.4-2.5.

dilutions (into water) from the aged and fresh A�3 stock solu-

tions used in the LDH neurotoxicity assay are illustrated in

Fig. 2B. At this concentration, fresh Z1960 was a random coil

and aged Z1960 was a f3-sheet.

To establish whether the correlation between f�-sheet struc-

ture and toxic potency could be extended to different peptide

lots and neurotoxicity assays, we examined the effect of Afl lot

ZJ209 on glutamate-induced increases in neuronal cytosolic

Ca2� levels. Af3 has previously been shown to disrupt intracel-

lular Ca2� homeostasis, thereby causing sustained increases in

cytosolic Ca2� levels ( 13) that can precede by up to several days

any morphological evidence of neurodegeneration (17). After 2

days of incubation with 25 MM ZJ209 diluted from 1 mM freshly

prepared stock solutions, ED 18 rat cortical cells displayed

normal elevated intracellular Ca2� responses to glutamate (Fig.

3A). In contrast, cortical cultures incubated with 25 �cM ZJ209

diluted from 7-day aged stock solutions exhibited larger sus-

tamed increases in cytosolic Ca2� levels after a glutamate pulse,

relative to control cultures or cultures exposed to fresh peptide.

Aging also increased the neurotoxic activity of ZJ209, as as-

sessed by XTT metabolism in sister cultures. Freshly prepared

ZJ209 was weakly toxic at 50 �tM. Aging resulted in a substantial

potentiation of neurotoxic potency so that 12.5 �tM ZJ209

became significantly toxic (Fig. 3B). The CD spectra for 25 j.�M

fresh and aged ZJ209 (Fig. 3C) demonstrated that the transition

from random coil (freshly prepared) to f3-sheet (aged) coincided

with the enhanced toxicity observed after aging.

Afls aggregate as oligomeric (i-sheet structures; therefore, the

rate of aggregation is dependent upon the peptide concentration

(6, 22, 24). Consistent with these findings, aging A�3 at higher

concentrations reduced the incubation time necessary for Afl

to acquire significant �3-sheet structure (Fig. 4A). A 50 �tM

dilution of A(� lot ZJ209 from 250 �zM stock solutions required

6 days of aging before exhibiting any a-sheet structure (Fig.

4A, left), whereas 50 �M ZJ209 diluted from 1 mM stock

solutions had significant fl-sheet structure after only 3 days of

aging (Fig. 4A, right). Freshly prepared ZJ209 had a random

coil conformation that did not exhibit any obvious concentra-

tion dependence (Fig. 4B, left). However, once A(3 adopted a (3-

sheet structure, peptide conformation could be influenced by

concentration. Afl serially diluted from aged 1 mM stock solu-

tions of Z,J209 immediately before CD spectroscopy contained

progressively less (3-sheet structure, eventually reverting to a

random coil conformation near 20 �tM (Fig. 4B, right).

pH is an important determinant of A/3 secondary structure,

aggregate formation, and solubility (6, 22-26). At pH 2.5 (pH

of unbuffered 1 mM stock solutions of A(3 trifluoroacetate salt)

we routinely observed a time-dependent increase in (3-sheet

formation across different Afl lots (Figs. 2B, 3C, and 4). To

investigate the pH dependence of Af3 secondary structure, 25

�zM aliquots of A(3 lot ZK052 diluted from freshly prepared or

5-day aged 1 mM stock solutions were adjusted to different pH

values immediately before CD spectra were collected. Freshly

prepared ZK052 was mostly a random coil across the tested pH

range (Fig. 5A). However, a comparison of the peak spectral

intensities elicited with 25 �M aged ZK052 at pH 3.81 and 7.32

(Fig. SB) revealed that the (3-sheet structure acquired with

aging under acidic conditions could be reduced simply by in-

creasing solution pH. At pH 9.14 aged ZK052 was again a

random coil. Like the concentration-dependent conformational

changes described above, the pH-induced changes in A(3 sec-
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Fig. 3. Time-dependent potentiation of A(3 lot ZJ209 toxicity parallels the
change in peptide secondary structure. A, Enhanced intracellular Ca2�
evoked with 25 MM glutamate in cortical cell cultures. Cells were incu-
bated without peptide or with 25 �M ZJ209 diluted from 1 m�.i freshly
prepared or 7-day-aged water stocks. Values represent the mean and
standard deviation (four experiments). These results were replicated in
five independent experiments. B, Cell viability of cortical cell cultures as
a function of exposure to different concentrations of freshly prepared or
aged ZJ209. Decreases in XTT metabolism reflect increased toxic activ-
ity. The absorbance of this metabolic reaction is expressed as a per-
centage of values measured in control cultures. Bars, mean ± 1 SD (four
experiments). Similar results were observed in three independent exper-
iments. C, CD spectra for the peptides(25 �M) used in these neurotoxicity
assays. The pH of stock solutions remained constant (2.4-2.5) through-
out the experiment.

ondary structure occurred immediately, within the time neces-

sary to collect a CD spectrum (15 mm). Even when A(3 was

aged in a nonacidic environment, which is reportedly not opti-

mal for (3-sheet formation (6, 22, 26), significant /3-sheet was

formed. Fig. SC depicts the change in A(3 secondary structure

that was observed when ZK052 was aged for 7 days at pH 7.42.

Peptide characterization by amino acid sequencing, reverse

phase HPLC, and electrospray mass spectroscopy did not reveal

any significant differences between Afl lots or between fresh

and aged peptides (data not shown). Whereas the HPLC pro-

files of the aged peptides did exhibit several extra small peaks

that summed to <1% of the dominant Afl peak, peptide con-

centration and pH of the stock solutions remained constant

over a 7-day period.

Discussion

We have characterized the relationship between A(3 second-
ary structure and neurotoxic activity in primary neuronal cell

cultures. Our findings demonstrate that the secondary structure

of solubilized Af3(1-40) can be highly predictive of in vitro

neurotoxic activity. Within the time constraints of our neuro-

toxicity assay protocols, Af3 that had a fl-sheet structure was

maximally toxic to rat embryonic neuronal cell cultures,

whereas Afl that was predominantly a random coil was either

nontoxic or weakly toxic. A(3 lot Z1682, the only peptide that

exhibited neurotoxic activity below 20 zM without aging, as-

sumed a (3-sheet structure immediately after going into solution.

Under similar conditions the less toxic lots (Z1960, ZJ209, and

ZKOS2) adopted a random coil structure. It would seem sur-

prising that different lots of chemically equivalent peptides

would adopt such different secondary structures. However,

slight variations in the synthesis, purification, and/or lyophi-

60 lization of these peptides and/or the presence of trace contam-
inants could significantly alter peptide conformation. Some of

the initial confusion in attempting to demonstrate A13 toxicity

using low concentrations of freshly prepared peptide may be

explained by this lot-to-lot variability in peptide secondary
structure.

Aging A(3 in 1 mM aqueous solutions at 37#{176}for 3-7 days

evoked a time-dependent conformational transistion and sig-

nificantly enhanced Af3 toxicity. After aging, weakly toxic lots

displayed increased (3-sheet structure, became more toxic (as

determined by enhanced LDH levels and decreased XTT me-
tabolism), and potentiated neuronal cellular responses to exci-

toxic concentrations of glutamate. However, at high concentra-
tions of freshly prepared peptide we occasionally observed a

dissociation between (3-sheet formation and toxic activity. Al-

though 77 �M freshly prepared A(3 did not exhibit any obvious

(3-sheet structure, SO �tM freshly prepared Af3 displayed moder-

ate toxic activity in one of the neurotoxicity assays (Fig. 2A).

It is possible that freshly prepared Afl has some underlying (3-

sheet structure that our qualitative CD spectroscopy analyses

fail to reveal. A more likely alternative is that conformational

changes initiated during incubation in water continue in tissue

culture medium, so that toxicity becomes apparent with long

(2-4-day) incubation protocols.

The longer A(3s are reported to have a mixture of cs-helical

and (3-sheet structures in solution, especially in the presence of

solvents that stabilize Afl cs-helical formation (6, 22, 25). In

this study the only ordered secondary structures observed when

Afl(1-40) was solubilized in water were (3-sheets. It is possible

that our qualitative CD analysis and/or lack of spectral infor-

mation below 200 nm mask a relatively small cs-helical corn-

ponent (19). However, Tomski and Murphy (23), using quan-

titative CD spectroscopy to scan in the far-UV (190-240-nm)

range also concluded that A(3(1-40) solubilized in water did not

have any cs-helical structure.

Although freshly prepared Af3 did not exhibit any obvious

change in secondary structure as a function of concentration

or pH, once an Afl sample adopted a (3-sheet structure the

peptide conformation was sensitive to subsequent changes in

concentration and pH. The conformational changes induced

with aging were easily reversed by diluting the peptide concen-
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Fig. 4. Peptide concentration in aqueous stock solutions influences the rate of fl-sheet formation and modulates the secondary structure of aged
Afl. A, Rate of fl-sheet formation as a function of aging for 250 �M (left) or 1 m� (right) stock solutions. Afl lot ZJ209 was aged for 3 or 6 days at
370 and then diluted to 50 MM for CD spectroscopy. pH values were 3.0 for 250 �M solutions and 2.5 for 1 m�i solutions. B, CD spectra of freshly

prepared (left) or aged (3 day) (right) ZJ209 samples made up as 1 m� stock solutions, which were serially diluted to different concentrations
immediately before CD analysis. The pH of 1 mM stock solution was 2.5.

tration. Likewise, (3-sheet structures acquired with aging were

attenutated when A/3 was buffered at basic pH values. Also,

although (3-sheet formation of the longer A13s is facilitated

between pH 4 and pH 7 (6, 22), we invariably observed a

progressive increase in fl-sheet formation when Af3 was aged at

pH 2.5 or 7.42. This discrepancy probably reflects the different

incubation and solubilization protocols used. We routinely aged
Afl in water for longer periods of time (3-7 days), at higher

concentrations (1 mM), and at elevated temperatures (37#{176}).All

of these factors could compensate for the less suitable pH

environment, so that we were still able to observe a time-

dependent increase in (3-sheet formation with our aging proto-

cols.

Peptide solubility decreases as A$ aggregates, particularly in

solutions of high ionic strength (6, 22-25). (3-Sheet formation
facilitates peptide aggregation; therefore, decreases in peak

spectral intensities as determined by CD spectroscopy could
reflect loss of spectral information as aggregated A(3 precipi-

tates from solution. However, in pure aqueous solutions, within

the time constraints of our aging protocols, we observed in-

creased (3-sheet formation without a concomitant change in A(3

solubility. Although light microscopic inspection of aged 1 mM

stock solutions revealed the presence of a small particulate
fraction that was not present in freshly prepared A$ stock

solutions, peptide concentration (as assessed by amino acid

analysis or by measurement of the UV absorbance spectra of

stock solutions and diluted A(3 samples) remained constant

with aging. In contrast, 1 mM Afl solutions became increasingly

viscous after aging for 10-12 days and exhibited a visible “gel”

after 1 month (data not shown).

Pike et al. (16) reported recently that the only Af3s exhibiting

toxic activity formed stable aggregates in vitro. This is in

agreement with our findings showing a correlation between (3-

sheet secondary structure and A(3 neurotoxicity. Because A(3

aggregation is believed to require intermediate conformational

changes that include (3-sheet formation and stacking of (3-sheet

structures (18), aging may stabilize and/or accelerate the ap-

pearance of a conformation that facilitates Af3 aggregation.

However, we cannot rule out the possibility that the toxic

conformation is a (3-sheet and/or a lower-order soluble aggre-

gate. fl-Sheet formation and aggregation are closely coupled

events that are difficult to separate, especially using neurotox-

icity assays that require incubation periods lasting from several

hours to 4 days before overt signs of neurodegeneration are

elicited. It is possible that a soluble toxic A(3 conformation

triggers a slow degenerative process that does not become

apparent until after the peptide has proceeded to the stable

aggregate stage. In light of this fact, it is interesting to note

that Pike et al. (16) concluded that, although toxicity was

dependent upon the formation of stable aggregates, the degree

of peptide aggregation could not be correlated with neurotoxic

potency.

If a discrete secondary structure and/or aggregate state is

important for A(3 toxic activity, certain predictions about con-
ditions that would modulate Afl toxicity can be tested in vitro.
For example, “overaging” of Af3 could diminish neurotoxic

potency. We have data suggesting that there is an optimal

incubation duration for maximizing A(3 toxicity (27). The en-

hanced neurotoxic potencies elicited with aging reach a maxi-
mum and then disappear with longer aging protocols, even

before changes in solution turbidity indicate significant peptide

precipitation. Also, recently tested A(3 lots that are significantly

toxic and have a (3-sheet structure when freshly prepared at
low concentrations (similar to lot Z1682) become less toxic with
aging.’ Under these conditions the reduced neurotoxic poten-
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Fig. 5. pH dependence of A�3 lot ZK052 secondary structure. A, CD
spectra of freshly prepared ZK052 diluted to 25 �M from 1 m� stock
solutions. The unbuffered pH of 25 MM ZK052 was 3.5. The pH of 25 �M

ZK052 was adjusted to pH 7.3 and 9.01 immediately before spectra
were collected. B, fl-Sheet structure of25 �zM 5-day-aged ZK052. Peptide
secondary structure was analyzed without buffering (pH 3.81) or with
the pH adjusted to 7.32 or 9.14. C, Time-dependent increase in �3-sheet
formation when ZK052 was aged for 7 days in 1 m�i stock solutions
buffered at pH 7.42. The CD spectrum was collected at 25 �M.

cies could be explained by a specific toxic conformation/aggre-

gate state that is masked by subsequent conformational changes

as A$ continues to form larger aggregates and fibril-like struc-

tures in tissue culture medium. It is also possible that the (3-

sheet structures formed during aging could facilitate aggrega-

tion to such an extent that Af3 precipitates upon being added

to tissue culture medium, thereby limiting peptide interaction

with large numbers of cells.

Quite recently a heterogeneous collection of A(3 fragments

have been detected in cerebrospinal fluid of normal individuals

and patients with AD (28). Because these findings raise the

possibility that circulating A(3 could contribute to plaque for-

mation and neurodegeneration in AD pathology, characterizing

the conformational and aggregational states of solubilized A(3

becomes even more important, especially if Afl conformation is

an important factor for eliciting toxic activity. Consistent with

previous reports, we demonstrate that A(3 conformation can be

influenced by conditions in the surrounding microenvironment.

Moreover, the ease with which (3-sheet formation can be re-

versed does not appear to be an artifact of solubilizing Af3 in

water. Stable aggregates of Af3 formed in salt-containing solu-

tions at physiological pH are in equilibrium with solubilized

A(3, so that resuspension of sedimentable A(3 in solution in-

creases peptide solubility (24). These studies suggest that the

conformational behavior of soluble and insoluble A(3 could be

manipulated in vitro to systematically determine the conditions

that promote or decrease toxic activity. Furthermore, drugs

that stabilize the random coil conformation and/or disrupt (3-

sheet secondary structures and aggregation could be tested in

vitro for neuroprotective activity. Given the paucity of in vivo

animal models for AD, in vitro testing ofpotentially therapeutic

compounds could prove to be a viable alternative.

Although the mechanisms underlying Afl neurotoxicity in

vitro are still poorly understood, converging data from different

laboratories suggest that peptide conformation may have an

important role in determining toxic activity. Mattson et al. (17)

have proposed that aggregated A(3s elicit toxic activity by

disrupting intracellular Ca2� remove buffering homeostasis.

Arispe et al. (29) have demonstrated that A(3 can form Ca2�-

permeable ion channels in artificial membranes, providing a

possible mechanism whereby A(3 conformation could dictate

the ease with which A$ could form membrane-spanning pores

that would compromise cell viability. Using whole-cell voltage-

clamp protocols (30), we have observed increases in hippocam-

pal neuron membrane conductances with 1 �zM A(3 that had

significant (3-sheet structure, whereas 1 .tM freshly prepared A/3

(random coil) was inactive. These findings suggest that the (3-

sheet conformation may be required to elicit Afl-dependent

increases in biological membrane permeability. Whatever

mechanisms are involved, it is becoming increasingly apparent

that the structure-activity relationship for A(3 neurotoxicity

might be a common motif for peptides that aggregate as a (3-

sheet structures. For example, Forloni et al. (31) have recently

described neurotoxic activity in vitro with a pathogenic prion

protein that aggregates to form amyloid fibrils.

Any attempt to model AD in vitro should take into consid-

eration the fact that A13 aggregation and fibril formation are

prominent features of AD pathology. To date, little is known

about the relationship between potentially toxic soluble A(3

conformations and the insoluble A(3 deposits found in senile

plaques. It is possible that other plaque components, such as

heparan sulfate proteoglycans (32), ce1-antichymotrypsin (33),

apolipoproteins (34), and trace metals (35), can act as “chap-

erones” to facilitate precipitation of plaque amyloid. Of partic-

ular interest is the recent report describing the identification

of an apolipoprotein (apolipoprotein J) that selectively binds

soluble Afl in cerebrospinal fluid (36). Given the accumulating

evidence for conformationally dependent A(3 toxicity, it will be

important to investigate plaque-dependent factors that could
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h�vc �p impact M�Ofl A�3 s#{231}#{231}op4�#{231}ystr�ct�rc, �e�tjoR,

solubility, and neurotoxic activity.
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