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Alzheimer’'s disease produces a devastating decline in mental
function, with profound effects on learning and memory. Early
consequences of the disease include the specific loss of cholinergic
neurons in brain, diminished cholinergic signaling, and the accu-
mulation of B-amyloid peptide in neuritic plaques. Of the nicotinic
acetylcholine receptors at risk, the most critical may be those
containing the a7 gene product (a7-nAChRs), because they are
widespread, have a high relative permeability to calcium, and
regulate numerous cellular events in the nervous system. With the
use of whole-cell patch-clamp recording we show here that
nanomolar concentrations of B-amyloid peptides specifically and
reversibly block a7-nAChRs on rat hippocampal neurons in culture.
The block is noncompetitive, voltage-independent, and use-inde-
pendent and is mediated through the N-terminal extracellular
domain of the receptor. It does not appear to require either calcium
influx or G protein activation. B-Amyloid blockade is likely to be a
common feature of a7-nAChRs because it applies to the receptors
at both somato-dendritic and presynaptic locations on rat hip-
pocampal neurons and extends to homologous receptors on chick
ciliary ganglion neurons as well. Because a7-nAChRs in the central
nervous system are thought to have numerous functions and
recently have been implicated in learning and memory, impaired
receptor function in this case may contribute to cognitive deficits
associated with Alzheimer’s disease.

Izheimer’s disease is the most common form of dementia

among the elderly, causing severe impairment of learning
and memory; death usually occurs within 10 years after the onset
of clinical symptoms (1, 2). Early cellular and molecular corre-
lates of the disease include the accumulation of B-amyloid 40-
and 42-aa peptides (ABi-40 and APB;_4, respectively) in neuritic
plaques (2, 3), loss of cholinergic neurons, and accompanying
degeneration of cholinergic innervation (4-6). Although most
studies of cholinergic deficits in Alzheimer’s disease have fo-
cused on muscarinic aspects, diminished nicotinic transmission
may be an important dimension as well because of reduced
acetylcholine (ACh) levels and declines in the numbers of
nicotinic acetylcholine receptors (nAChRs) in affected tissues
(7-10).

One of the most widely expressed nicotinic receptors in the
nervous system is a species containing the a7 gene product (11,
12). Such receptors (a7-nAChRs) have an unusually high relative
permeability to calcium and regulate numerous calcium-
dependent events in the nervous system (13, 14). Examples
include transmitter release (15, 16), second messenger cascades
(17), neurite extension (18, 19), and both apoptosis (20) and
neuronal survival (21). The receptors can also contribute directly
to postsynaptic currents (22-24) and are expressed both at
somato-dendritic and presynaptic sites on neurons in the hip-
pocampus (16, 25-27), a structure critical for memory formation
(28). Activation of a7-nAChRs can promote long-term poten-
tiation at glutamatergic synapses (29). Mice homozygous null for
the a7 gene do not show learning deficits in simple behavioral
tests (30), but this lack of learning deficits may reflect compen-
sation by the nervous system during development. Intervention
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with specific «7-nAChR agonists and antagonists in rats has
implicated the receptors in a variety of cognitive processes,
including spatial memory and avoidance behavior (31), and in
working memory formation, as revealed by radial arm maze tests
on normal and lesioned animals (32, 33). The levels of a7-
nAChR protein are significantly diminished in the cerebral
cortex of Alzheimer patients (9, 34).

Recently the B-amyloid peptides ABi_49 and APB;_s» were
reported to bind selectively and with high affinity to «7-nAChRs;
the binding was described as competitive with respect to the
snake toxin a-bungarotoxin (aBgt), a convenient marker for the
receptors (35, 36). Previous studies have supported the hypoth-
esis that ABi_40 and ABj_s contribute to the progression of
Alzheimer’s disease and may directly impair cholinergic signal-
ing and ACh release (37, 38). Blockade of a7-nAChR function
by the peptides would further compromise cholinergic signaling
and could have significant secondary effects if the receptors
broadly modulate transmitter release and influence neuronal
survival as proposed. To identify a possible blockade, we exam-
ined the effects of B-amyloid peptides on a7-nAChR function in
rat hippocampal cultures because of the significance of the
hippocampus for memory formation. We also tested a7-nAChRs
on chick ciliary ganglion neurons because the neurons express
high levels of the receptors and serve as a useful model.

Materials and Methods

Cell Cultures. Rat dissociated hippocampal cell cultures were
prepared by a method described for cortical neurons (39).
Briefly, hippocampal tissue was dissected from embryonic day
18-19 Sprague—Dawley rats. The tissue was cut into small pieces
and incubated for 30 min at 37°C in a solution equilibrated with
95% air/5% CO; and containing (in mM) 116 NaCl, 5.4 KCl, 26
NaHCOs3, 1 NaH,PO,, 1.5 CaCl,, 1 MgSO,, 0.5 EDTA, 25
glucose, 1 L-cysteine, and 15-20 units/ml papain (Worthington).
The cells were dispersed by gentle trituration, and the dissoci-
ated suspension was plated on a confluent layer of glial cells on
12-mm glass coverslips (for electrophysiology) or on plastic
culture wells (for binding experiments). The glial cell layer was
generated by plating a hippocampal cell suspension (after the
substratum was coated with 0. 25 mg/ml poly-D-lysine) and
allowing the glial cells to settle and proliferate for 1-2 weeks
before treating with 5 uM cytosine arabinoside for 1-2 days to
halt further cell division (few neurons were present at that point).
For hippocampal cultures, the medium contained Eagle’s MEM
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(GIBCO), 5% (vol/vol) heat-inactivated horse serum (Hy-
Clone), 2% B27 supplement, 0.5 mM glutamine, 50 units/ml
penicillin, and 50 pg/ml streptomycin (GIBCO) for the hip-
pocampal cultures. For glial cultures the B27 supplement was
omitted and the horse serum concentration was 10%. Two days
after hippocampal cells were added to the confluent glial cells,
the cultures were treated with 5 uM cytosine arabinoside for 1-2
days. The cytosine arabinoside was diluted by replacing half of
the culture medium each week. Cultures were taken for exper-
iments 818 days after the hippocampal cells were added to the
glial layers.

Chick ciliary ganglion cells were obtained from 13-day em-
bryos as previously described, allowed to attach to the substra-
tum for 1-5 h, and then taken either for whole-cell patch—clamp
recording (40) or for binding studies as described (41), with the
use of >I-aBgt and testing for competition with either ABy_4»
or d-tubocurarine. Competition binding studies were carried out
on hippocampal cultures in the same way. HEK293 cells were
obtained and transiently transfected either with a chimeric
a7-nAChR/5HT; receptor construct (a7-V201-5HTj; ref. 42)
or with the wild-type SHT3 receptor construct (43) as described
(44), and then analyzed 2 days later with whole-cell patch—clamp
recording as outlined above for hippocampal neurons.

Electrophysiological Recording. Amphotericin B-perforated (45)
and conventional whole-cell patch—clamp recordings (46) were
obtained from hippocampal neurons as described (40). An
Axopatch 200A amplifier and PCLAMP 7 software (Axon Instru-
ments, Foster City, CA) were used for data acquisition and
analysis. The bathing solution contained (in mM) 150 NaCl, 2.5
KCl, 2 CaCl,, 1 MgCl,, 10 glucose, 0.0005 tetrodotoxin, and 10
Hepes adjusted to pH 7.4 with NaOH. Atropine (0.3 uM) was
usually included in the bath when ACh was used as the agonist.
For perforated whole-cell recording, the pipette solution con-
tained (in mM) 75 Cs;SOy, 55 CsCl, 5 MgCl,, and 10 Hepes,
adjusted to pH 7.2 with CsOH. Amphotericin B was back-filled
into the patch pipette at 400 ug/ml. For conventional whole-cell
recording, the pipette solution contained (in mM) 100
CsCH3S0s3, 20 CsCl, 2 MgCl,, 2 Mg-ATP, 10 Hepes, 20 phos-
phocreatine, and, if specified, either 0.5 mM GDPS or GTP~S.
When intracellular calcium was to be buffered, the pipette
solution contained (in mM) 120 CsCH3SOs3, 20 CsCl, 10 1,2-
bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetate, 2 MgCl,, 2
Mg-ATP, and 10 Hepes, adjusted to pH 7.2 with CsOH. A rapid
solution exchange system (<5 ms) was used to perfuse the cells
and to deliver the agonists and B-amyloid peptides (47). Unless
otherwise indicated, the solutions and applicator barrels were
arranged to allow repeated 0.4- to 1-s tests of ACh responses
from a neuron at 1-min intervals before and during a 3- to 5-min
application of the peptide.

Data Analysis. Data are shown as the mean + SEM of the number
of determinations indicated in parentheses, and Student’s ¢ test
was used to evaluate statistical significance unless otherwise
indicated. ECsp and ICsy values were determined by least-
squares fit of the data. Miniature excitatory postsynaptic cur-
rents (mEPSCs) were analyzed as described (48). Synaptic events
were detected with an adjustable threshold, often set at 5-8 pA
and kept constant for a given group of data. Cumulative
distribution plots (16, 49) were used to compare the distributions
of amplitude and interevent intervals for mEPSCs, and differ-
ences in these cases were determined statistically by the Kol-
mogorov—Smirnov test, which estimates the probability (P) that
two distributions are similar. With the Kolmogorov—Smirnov
test, two cumulative sets of data were considered significantly
different only when P < 0.01.
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Reagents. The B-amyloid peptides rat ABi_4p and AB;_4 and
human Af;_4 were obtained from Calbiochem; human AB49_;
was obtained from Sigma. The B-amyloid peptide solutions were
prepared by adding the peptide to deionized water and then
adding acetic acid to a final concentration of 5% (vol/vol) for
complete solubility, as recommended by the supplier; 100 uM
aliquots of the peptide were stored at —20°C until use (<4
weeks). Aliquots were thawed as needed, diluted by at least a
1000-fold in recording buffer for a single experiment, and then
discarded after use. The final concentration of acetic acid in the
recording buffer was =0.005%. Tetrodotoxin was obtained from
Calbiochem; unless otherwise indicated, all other chemicals were
from Sigma. 'I-aBgt was either purchased commercially (Am-
ersham Pharmacia) or prepared as described (41). The a7-
nAChR/5HTj; receptor chimeric construct was provided by Dr.
William Green (University of Chicago), and the wild-type SHT;
receptor construct was provided by Dr. David Julius (University
of California, San Francisco).

Results

Blockade of Hippocampal a7-nAChRs by B-Amyloid Peptides. Whole-
cell patch—clamp recording from rat hippocampal neurons in
dissociated cell culture was used to examine the effects of
B-amyloid peptides on a7-nAChR responses. Fast application of
1 mM ACh for 0.4-1 s to neurons voltage-clamped at —60 mV
produced rapidly activating and rapidly desensitizing inward
currents as reported for «7-nAChRs (47, 50). Peak amplitudes
varied greatly among neurons, ranging from a few picoamperes
to >10 nA. Cells were discarded if the initial response was below
300 pA. Atropine (0.3 uM) was included in the bath to prevent
activation of muscarinic receptors. The ACh-induced responses
were blocked by 100 nM oBgt in a pseudoirreversible manner
and by 1 nM methyllycaconitine in a rapidly reversible manner
(not shown). These features are characteristic of rapidly desen-
sitizing a7-nAChRs (12, 47, 50). Examining the same neurons at
1-min intervals before and during a 3- to 5-min exposure to
nanomolar concentrations of rat AB;_4, revealed a substantial
blockade of the a7-nAChR response caused by the peptide (Fig.
1A4). Maximal inhibition approached 80% and occurred within 1
min. Full recovery occurred within 5 min after AB;_4» removal.
Analysis of the concentration dependence yielded an ICsy for
blockade of 7.5 nM (Fig. 1B). Both rat ABi_4 and ABi_a0
produced the blockade, as did human A B;_49 (Fig. 1C). No effect
was seen when the reverse peptide, human AB4o_1, was used as
a negative control, or when vehicle alone was applied.

The inhibition of the a7-nAChR response by AB1-42 (100 nM)
was selective. It did not significantly reduce the peak amplitude
response of other nAChRs that could be found on a minor
fraction (<10%) of hippocampal neurons in culture (Fig. 24).
Such receptors were distinguished in each case by their slowly
decaying ACh responses and their resistance to blockade by 100
nM aBgt (1-2 h at 37°C) and atropine (0.3 uM); in some cases
100 uM d-tubocurarine was also tested and found to block the
response completely. ABi_42 (100 nM) also had no effect on the
response elicited either by 100 uM y-aminobutyric acid (GABA)
or by 100 uM glutamate, indicating that the cognate receptors
were spared (Fig. 2B). Blockade by ABi_4> may be a feature of
all rapidly desensitizing «7-nAChRs, however, because the pep-
tide did produce a substantial blockade of a7-nAChRs on chick
ciliary ganglion cells tested with 20 uM nicotine (Fig. 2B).

Mechanism of B-Amyloid Blockade. Varying the concentration of
agonist in the presence of 10 nM Api_4 indicated that the
peptide blockade was noncompetitive (Fig. 3). Thus, the peptide
reduced the maximum response without altering the ECs( for
agonist (346 uM vs. 351 uM for control and Ap;_s-treated,
respectively). This effect was unexpected because ABi_42 Was
reported to compete with aBgt for binding to a7-nAChRs (35,
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Fig. 1. Specific blockade of a7-nAChRs by B-amyloid peptides. (A) ACh

responses characteristic of hippocampal a7-nAChRs before (Left), during (Cen-
ter), and 5 min after (Right) a 3-min exposure to 100 nM rat AB1_s2. (B)
Concentration dependence for the AB1-4; blockade of the a7-nAChR response
(n = 6-8 for each value). (C) Effects of the rat (r) and human (h) ABs_4; and
AB1-40 peptides (all at 100 nM; n = 8) on the a7-nAChR response. Negative
control: hABag-1 (100 nM; n = 6); vehicle (n = 6) was extracellular recording
solution plus 0.005% acetic acid. Both here and in the other figures, results
were normalized to the peak response obtained from the same cell before
peptide application (normalized current).

36) and aBgt binding is competitive with ACh on the receptors
(11, 12). We examined the ability of ABj_4, to compete with
125T-aBgt on hippocampal neurons in culture under exactly the
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Fig. 2. Effects of 100 nM AB1_42 on other ionotropic receptors. Cells were
voltage-clamped at —60 mV. (A) Representative example showing the slowly
desensitizing, aBgt-resistant ACh responses of a neuron with non-a7-nAChRs
before (Left) and during (Right) application of ABi_s. (B) Compiled data
showing the absence of significant AB_42 blockade on peak responses from
non-a7-nAChRs (non-a7), glutamate receptors (Glu), and GABA receptors
(GABA) on rat hippocampal neurons and the presence of blockade for a7-
nAChRs on chick ciliary ganglion neurons (CGa7). Mean initial responses (in
nanoamperes) from Left to Right were 0.8 =0.2(n =6),3.2=0.7(7),43 £ 1.2
(4), and 4.5 = 0.5 (8).
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Fig. 3. Noncompetitive blockade of hippocampal a7-nAChRs by AB1-s;.

Individual cells were tested at 10 mM ACh and one or more additional
concentrations of ACh before and after application of 10 nM AB1_4,. Results
were normalized to those obtained with 10 MM ACh and then pooled for each
data point (n = 5-7). Increasing the concentration of ACh did not overcome
the partial block achieved with the concentration of ABy_4; used.

same conditions (culture age, cell density, buffer composition) as
those used above to demonstrate blockade of function. AB;_4; at
200 nM, a concentration representing at least a 25-fold excess
over that required for the ICsy, produced no significant inhibi-
tion of '>I-aBgt binding. Thus, AB;_4o-treated cells specifically
bound 96 = 18% (n = 5 experiments; three determinations per
experiment), as much as control cells did when tested in a 1-h
incubation with 10 nM '>I-aBgt. Inclusion of 100 uM d-
tubocurarine, in contrast, reduced the level of specific binding to
12 £ 12% (n = 3) of controls, demonstrating that competition
by ABi_42 could have been seen, had it occurred.

Because hippocampal cultures yield variable levels of !%1-
aBgt binding among experiments (0.5-5 fmol per culture),
similar studies were carried out on chick ciliary ganglion neu-
rons, which consistently yield high levels of receptor. As shown
above, ciliary ganglion a7-nAChRs are blocked by AB;_42. To
increase the chances of detecting competition, the neurons were
first incubated with 1 uM AB;_4 for 15 min and then with
125]-aBgt under nonsaturating conditions (2 nM, 30 min at 37°)
in the continued presence of the peptide. AB;_4> caused little, if
any, significant reduction in binding compared with untreated
controls (91 £ 5% of controls; n = 5 experiments, three
determinations per experiment), despite being present in a vast
excess over that required for blockade of function. Toxin binding
was not saturating under these conditions because 5 nM ]-
aBgt (30 min at 37°C) produced half again as much specific
binding on average. The ABi_42 peptide was recovered at the end
of the experiment (from culture medium lacking 'I-aBgt),
diluted 20-fold, and found to produce 51 = 5% (n = 6 neurons)
blockade of the a7-nAChR response. Thus, the peptide retained
the activity level expected. The results indicate that blockade of
a7-nAChR function by AB;_4> is unlikely to involve a compet-
itive interaction with the peptide.

Further studies were conducted to examine the mechanism of
Api_42 blockade. Increased desensitization did not seem to play
a role. Fitting the decay phase of the response in the presence
and absence of 100 nM Api_4; yielded time constants for the
decay of 20 £ 3 and 14 = 2 ms (n = 7; P < 0.05, paired ¢ test),
respectively. Thus, if anything, AB_4, slightly decreased the rate
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of desensitization of the whole-cell response. The AB;_4, block-
ade did not require receptor preactivation: applying the 100 nM
APi_4 continuously 1-5 min before, but not along with, agonist
yielded substantial blockade (27 = 2% of control; n = 6). This
controlled application was achieved by using separate barrels of
the rapid applicator for the AB;_42 and ACh. In contrast, when
Api_42 was applied with, but not before, agonist (i.e., coappli-
cation only), the mean peak amplitude was 96 = 3% of control
(n = 6). Even repeated trials (three to five) of coapplication for
the normal duration (0.4-1 s) at 1-min intervals yielded no
significant block. Thus, ABi_4 blockade of «7-nAChR function
requires preapplication but is not use-dependent, i.e., it does not
require activation of the receptors (presence of agonist). Nor is
the blockade voltage-dependent, which was shown by comparing
the extent of blockade by ABi_42 (10 nM) at —60 and +60 mV.
Although inward rectification limited the peak amplitude re-
sponse at +60 mV to 23 * 3% of that at seen —60 mV, treatment
with ABi_4> produced the same proportional blockade: 53 * 4%
at +60 mV and 50 = 5% at —60 mV (mean * SEM; n = 4). [The
inward rectification (11) required us to select neurons with large
responses to 1 mM ACh, i.e.,, =2 nA at —60 mV, so that the
responses could still be quantified at +60 mV.]

No evidence supported an intracellular mechanism involving
either calcium influx or G protein-coupled receptors to mediate
the ABi_42 inhibition of a7-nAChRs. Thus, dialyzing the neurons
with 10 mM 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-
tetraacetate, a calcium chelator, for =3 min via the patch pipette
during conventional whole-cell recording failed to prevent
ABi_4 (100 nM) from blocking the response (25 * 4% of
control; n = 7). Dialyzing with either 0.5 mM GDPSS to block
G protein-dependent signal transduction pathways or 0.5 mM
GTP»S to activate them (=3 min) also had no significant effect
on the blockade: peak amplitudes in the presence of peptide
were 26 = 3% and 25 * 3% of controls, respectively (n = 6 in
each case).

Blockade of Chimeric a7/5HT; Receptors. The blockade clearly
depends on the extracellular portion of the a7-nAChR, which
was shown by comparing the responsiveness of an a7-nAChR/
S5HTj; chimeric receptor with that of wild-type SHT; receptors.
The chimeric receptor contained the N-terminal extracellular
portion of the a7-nAChR gene (up to valine 201 just before the
first putative transmembrane domain) fused to the complemen-
tary (remaining) portion of the wild-type SHTj3 receptor, includ-
ing the four putative transmembrane domains and the C termi-
nus (43). When constructs encoding such chimeras were
heterologously expressed in transfected HEK293 cells, the cells
became responsive to ACh as reported (43, 51). ABi_42 (100 nM)
substantially inhibited the response elicited by 1 mM ACh (Fig.
4 A and C). Mean peak amplitudes of 2.5 = 0.4 and 1.1 = 0.2 nA
(n = 10; P < 0.001) were seen before and after ABi_42 appli-
cation to cells voltage-clamped at —60 mV.

The inhibition of the chimeric receptor appeared noncompet-
itive, as seen for hippocampal a7-nAChRs. Thus, ABi_42 (100
nM) was equally effective at inhibiting responses elicited by 0.3
and 1 mM ACh (Fig. 4 4 and C), and 0.3 mM ACh was
nonsaturating, i.e., it elicited a smaller response (1.3 = 0.2 nA;
n = 10) than did 1 mM ACh. Blockade of the chimeric receptor
did not depend on receptor activation: maximal block was
obtained with the first 0.4- to 1-s trial, as in the case of
hippocampal «7-nAChR response, and further trials did not
increase the blockade, despite continued application of AB1_4o.
No inhibition was seen for the wild-type SHT; receptor heter-
ologously expressed in transfected cells (Fig. 4 B and C). Mean
peak amplitudes in this case were 3.7 £ 0.9 and 3.7 £ 0.9nA (n =
9) before and after AB;_42 application, respectively. The results
strongly suggest that the blockade by AB;_4, is mediated by an
interaction of the peptide with the extracellular N-terminal
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Fig. 4. Api_s2 blockade of chimeric a7-nAChR/5HT3 receptors. HEK293 cells
were transfected with either the chimeric a7-nAChR/5HT3; receptor (A) or
wild-type 5HT3 receptor (B) constructs and were examined 2 days later with
whole-cell patch—clamp recording to compare responses elicited by ACh or
5-HT in the absence (Left) and presence (Right) of 100 nM AB1-4; for cells
voltage-clamped at —60 mV. The black bar of the construct represents the «7
domain; the gray bar represents 5HT3 wild-type domain; M indicates trans-
membrane domain. The peptide produced significant (and equivalent) inhi-
bition of chimeric responses elicited by either 0.3 or 1 mM ACh but not
wild-type responses elicited by 1 mM 5HT (C). The peak amplitude of the
response in ABi_s2 was normalized to the initial response from the same cell
in each case (n = 10 for each; P < 0.001).

domain of the «7-nAChR. The results do not exclude the
possibility that the interaction is indirect, i.e., that it is mediated
by an interposed component, but the component would have to
interact with the N-terminal extracellular domain of «7-nAChRs
and be present not only on hippocampal and ciliary ganglion
neurons, but also on HEK293 cells.

B-Amyloid Effects on Presynaptic Modulation of Transmitter Release.
In the hippocampus, «7-nAChRs can act presynaptically to
augment the release of excitatory neurotransmitters, suggesting
a role for the receptors in synaptic modulation and information
processing. Thus, nicotine increases the frequency but not the
amplitude of spontaneously occurring mEPSCs in cultured
hippocampal neurons, and the increase is blocked by aBgt (16).
We tested the effects of ABj_42 on presynaptic hippocampal
a7-nAChRs by determining whether the peptide prevented the
nicotine-induced increase in mEPSC frequency. In a third of the
neurons tested, bath application of 1 uM nicotine elicited a
significant increase in the frequency of spontaneous mEPSCs
(188 = 23% of control values; 5/16 neurons; P < 0.01). This
observation was made in the presence of 0.5 uM tetrodotoxin to
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Fig.5. Api_s2 blockade of nicotine-induced increases in spontaneous mEPSC
frequency in hippocampal neurons. (A) Whole-cell perforated-patch—clamp
recording from a neuron showing that the rate of spontaneous mePSCs (Top)
is increased by application of 1 uM nicotine (Middle) as shown previously (16)
and that the nicotine-induced increase can be blocked by 100 nM AB1_4, (AB;
Bottom). Tetrodotoxin and bicucculine were present to block action poten-
tials and GABAA receptors, respectively. (B) Same neuron as in A, showing that
AB1-22 does not depress the basal rate of spontaneous mEPSCs. (C) Cumulative
distribution plots showing that 100 nM AB1_4; prevents 1 uM nicotine (Nic)
from increasing the frequency of spontaneous mEPSCs but that the peptide
has no effect on the basal rate (Left); in contrast, neither nicotine nor ABi_4,
has any effect on the amplitude distribution of the spontaneous mEPSCs
(Right).

block action potentials and 2 uM bicucculine to block GABAA
receptors (Fig. 54). The mEPSCs were blocked by 10 uM
6-cyano-7-nitroquinoxaline-2, 3-dione, as expected for gluta-
mate responses (not shown). In all cases, the nicotine-induced
increase in mEPSC frequency was blocked by 100 nM AB;_42
(103 = 11% of control values in the absence of nicotine; n = 5),
and the peptide had no effect on the basal rate of mMEPSCs (96 *
7% of controls; n = 5; Fig. 5B). Cumulative distribution plots
showed the selective effect of AB;_4; on the nicotine-induced
increase in mEPSC frequency, with no effect on either the basal
rate or the amplitude of spontaneous mEPSCs, which is consis-
tent with the peptide acting on presynaptic a7-nAChRs
(Fig. 5C).

Discussion

We have shown that B-amyloid peptides can block the function
of a7-nAChRs specifically, reversibly, and with high affinity. The
blockade is noncompetitive and is exerted through the N-
terminal extracellular portion of the receptor. It is voltage-
independent and does not appear to result from AB;_4; acting as
an open channel blocker, because receptor activation is not
required for the inhibition. The fact that a7-nAChRs on cell
types as diverse as rat hippocampal neurons and chick ciliary
ganglion neurons can be blocked by ABi_4» suggests that the
property may be a common feature of such receptors. Moreover,
the blockade is likely to have pleiotropic effects, because it
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applies both to somato-dendritic «7-nAChRs thought to mediate
synaptic currents (22-25, 27) and to presynaptic a7-nAChRs
thought to modulate transmitter release (16, 26). Given the
widespread distribution of B-amyloid peptides in Alzheimer’s
disease (2, 3) and given the proposed roles for «7-nAChRs in
learning and memory (31-33), the receptors may represent a
significant molecular target of the disease in producing a cog-
nitive deficit.

All of the a7-nAChR populations tested here were function-
ally blocked by nanomolar concentrations of ABi_42, but in no
case was the blockade of the whole-cell response greater than
80%. Conceivably native a7-nAChRs are heterogeneous, with
some being blocked and others being resistant, but this expla-
nation is difficult to sustain for the partial block of chimeric
a7/5HT; receptors. Most likely, all rapidly desensitizing a7-
nAChRs are incompletely blocked by the peptide. None of the
receptor populations tested included the few cases of slowly
desensitizing a7-nAChRs found on some cell types (52, 53). A
recent study of nicotinic responses in hippocampal slices showed
that AB;_4> can inhibit both a7-nAChR and non-a7-nAChR
single-channel events; the extent of blockade predicted for the
a7-nAChR portion of the whole-cell current (54) was less than
that seen here. A more significant difference is the partial
blockade of non-a7-nAChRs reported (54); no blockade of
non-a7-nAChRs was seen here. Part of the explanation may be
the 10- to 20-fold higher AB;_s» concentrations used in the
previous study, which may affect non-a7-nAChRs. The other
possibility is cell type: pyramidal neurons are the most likely
target in hippocampal cell culture, whereas interneurons
were being selected in the hippocampal slice work (54); dif-
ferent non-a7-nAChR subtypes may be expressed by the two
populations.

Reports that AB;_s» competes with oBgt for binding to
a7-nAChRs (35, 36) originally motivated the present studies, but
no significant competition between ABi_4> and aBgt was seen
here with intact neurons under conditions where AB;_4, was able
to block «7-nAChR function. Clearly the competition reported
earlier, which was biphasic and displayed components with both
picomolar and nanomolar affinities, is different from the AB;-
42/a7-nAChR interactions seen here. Possibly the competition
previously reported depended critically on the aggregation state
of the ABi_42 (55). No effort was made in the present studies to
promote aggregation of the peptide, but we have no information
about the physical state of the active species. An alternative
explanation for the disparity is that the properties of ABi_42
binding to receptors in membrane fragments as used previously
(35, 36) may differ from that of receptors on intact neurons.

What is the biomedical relevance of «7-nAChR blockade by
B-amyloid peptides? B-Amyloid peptides have been advanced as
key determinants of Alzheimer’s disease (2, 3, 37). ABi_4 levels
in cerebrospinal fluid from Alzheimer’s patients are low (=0.2
nM; ref. 56). Concentrations of B-amyloid peptides in brain
tissue as a whole from Alzheimer’s patients are in vast excess
(2-20 uM) over those required for maximal «7-nAChR blockade
(57), but such peptides are concentrated in neurofibrillary
tangles or plaques, and their exchange with interstitial fluid and
proximity to receptors are difficult to estimate. Mice genetically
engineered to express B-amyloid peptides show little relationship
between plaque load and behavioral deficits characteristic of the
human disease (58). Such mice can, however, display synaptic
toxicity that correlates with the ABi_4> level in the 10-100 nM
range (59, 60), concentrations that are effective at blocking
a7-nAChRs in the present experiments. In fact, the significance
of the a7-nAChR blockade by B-amyloid peptides lies not so
much in the possibility that the blockade produces the disease
but rather that the blockade contributes importantly to the
long-term behavioral consequences of the disease. Thus, the
blockade can be expected to exacerbate cholinergic deficits
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associated with Alzheimer’s disease and would put at additional
risk the many cellular events the receptors influence.

Most, if not all, approved drug treatments at present for
Alzheimer’s disease involve compounds designed to augment
cholinergic signaling. These include cholinesterase inhibitors to
prolong the life of endogenous ACh and receptor agonists to
stimulate cholinergic transmission (1). Compounds that enhance
ACh levels or activate multiple cholinergic receptor subtypes,
however, are broad spectrum and cause serious side effects.
Designing compounds that distinguish individual receptor sub-
types is a highly desirable therapeutic strategy for redressing
some of the degenerative effects associated with Alzheimer’s
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