types that normally undergo apoptosis (20).

The finding that Bcl-2 is an inner mito-
chondrial membrane protein (11) raises the
possibility that mitochondria may play an
important role in apoptosis. Understanding
the mode of action of Bel-2 might provide
insights into the nature of degenerative
diseases (21).
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Release of Alzheimer Amyloid Precursor
Derivatives Stimulated by Activation of Muscarinic
Acetylcholine Receptors

Roger M. Nitsch,* Barbara E. Slack, Richard J. Wurtman,
John H. Growdon

Altered processing of the amyloid precursor protein (APP) is a central eventin the formation
of amyloid deposits in the brains of individuals with Alzheimer’s disease. To investigate
whether cellular APP processing is controlled by cell-surface neurotransmitter receptors,
human embryonic kidney (293) cell lines were transfected with the genes for human brain
muscarinic acetylcholine receptors. Stimulation of m1 and m3 receptor subtypes with
carbachol increased the basal release of APP derivatives within minutes of treatment,
indicating that preexisting APP is released in response to receptor activation. Receptor-
activated APP release was blocked by staurosporine, suggesting that protein kinases
mediate neurotransmitter receptor—controlled APP processing.

The deposition of extracellular amyloid in
brain parenchyma is characteristic of
Alzheimer’s disease pathology (1). Amyloid
deposits consist of aggregates of a 39— to
43—amino acid peptide termed BA4 (2),
which is an abnormal cleavage product of a
larger APP (3). Amyloid precursor protein
is an integral membrane glycoprotein, ex-
isting as several distinct forms derived from
alternative mRNA splicing (4). Water-sol-
uble APP fragments lacking the COOH-
terminus have been detected in condi-
tioned cell culture media and in human
cerebrospinal fluid (5), indicating that APP
is a secretory protein. Normal secretion of
water-soluble NH,-terminal APP deriva-
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tives involves cleavage of full-length APP
at an extracellular site located close to the
transmembrane domain and within the
BA4 domain (6). This cleavage event pre-
sumably precludes the formation of amy-
loidogenic APP fragments. Other than be-
ing processed by secretion, APP can be
processed by an internal lysosomal pathway
(7) that may generate amyloidogenic cleav-
age products (8). It is therefore likely that
aberrations in the regulation of APP pro-
cessing pathways contribute to amyloid for-
mation. The mechanisms regulating cellu-
lar APP processing, however, are un-
known.

To investigate whether APP processing
is controlled by activation of cell-surface
neurotransmitter receptors, we used cul-
tured human 293 cell lines transfected with
and stably expressing the genes for the
human brain muscarinic acetylcholine re-
ceptor (mAChR) subtypes m1, m2, m3, or
m4 (9). The 293 cells express full-length
human APP, secrete a large NH,-terminal
APP derivative, and retain an 11.5-kD
COOH-terminal APP fragment (10), in-
dicative of normal APP cleavage and secre-



tion by this cell line. Activation of musca-
rinic neurotransmitter receptors by the sta-
ble cholinergic agonist carbachol in 293
cells expressing the genes for the m1 (Fig.
1A) and m3 (Fig. 1B) mAChR subtypes
potently stimulated the release of water-
soluble APP fragments into the cell culture
media within 30 min (I11). Densitometric
analysis of the Western blots (12) indicated
that receptor activation with carbachol in-
creased the basal release of APP derivatives
3.9-fold (range 2.75 to 6.0, n = 7) in the

ml-transfected cells and 5.4-fold (range 4.1
to 6.7, n = 7) in the m3-transfected cells
(Fig. 1D). These results show that cellular
release of APP derivatives can be controlled
by cell surface neurotransmitter receptor ac-
tivity. Basal release of APP fragments from
m2 mAChR- or m4 mAChR-transfected
cells and from wild-type cell lines was not
stimulated by carbachol (Fig. 1, C and D).
These results indicate that neurotransmitter
control of APP processing is receptor sub-
type-specific, presumably owing to the dif-
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Fig. 1. Western blots of APP derivatives secreted by human 293 cell lines transfected with the genes
for the human brain mAChR subtypes m1 (A), m3 (B), and m2, m4, and nontransfected wild-type
293 cells (C) with the use of the monoclonal antibody 22C11 (77). CCh, carbachol; Atr, atropine;
Stau, staurosporine; A23, calcium ionophore A23187; and wt, wild type. Molecular size markers are
shown at the left (in kilodaltons). Densitometric analysis of secreted APP fragments after stimulation
with carbachol [(D) *P < 0.01 versus basal APP release, Mann-Whitney rank sum tests] and under
various other conditions [(E) *P < 0.01 versus CCh-induced APP release, analysis of variance and
post hoc Scheffé tests]. Bars indicate means + SEM of five to seven experiments.

Fig. 2. Time-dependent (A and B)
and concentration-dependent (C
and D) release of APP derivatives
by human 293 cell lines trans-
fected with the genes for the hu-
man m1 (triangles) and m3 (cir-
cles) mAChR subtypes in re-
sponse to receptor activation by
carbachol (CCh). (A and B) Filled
symbols, CCh; open symbols, ve-
hicle controls. (C and D) Filled
symbols, CCh; open symbols,
CCh in the presence of atropine
(10 pM). For the time courses, the
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ferential coupling of the receptor subtypes to
distinct second messenger systems: activa-
tion of the phospholipase C-linked mAChR
subtypes m1 and m3 (9, 13) stimulated APP
release, whereas the adenylyl cyclase—linked
subtypes m2 and m4 (9) did not mediate this
response (Fig. 1D).

Receptor-activated APP release by both
ml- (Fig. 1A) and m3- (Fig. 1B) trans-
fected cell lines was blocked by the musca-
rinic antagonist atropine, indicating a spe-
cific agonist-receptor interaction (Fig. 1E).
The effect of carbachol was also inhibited
by staurosporine, suggesting that mAChR-
coupled APP release may be mediated by
protein kinase activation (Fig. 1, A, B, and
E). Stimulation of ml and m3 receptors
activates protein kinase C (PKC) by in-
creasing diacylglycerol formation (14),
which, along with inositol phosphate, is a
product of phosphatidylinositol hydrolysis
(9, 13). Receptor-coupled release of APP
derivatives may thus be mediated by diacyl-
glycerol-induced PKC activation or by an
interaction of diacylglycerol and calcium
released from internal pools by inositol
trisphosphate (15). Protein kinase C acti-
vation by phorbol esters has been shown to
increase both the release of NH,-terminal
APP derivatives and the abundance of cell-
associated COOH-terminal APP cleavage
products in PC-12 cells and to phosphoryl-
ate APP at Ser®® in semi-intact PC-12 cells
(16). Furthermore, purified PKC can di-
rectly phosphorylate a synthetic COOH-
terminal APP fragment (17). These data, as
well as our results, however, do not rule out
the possibility that phosphorylation of oth-
er proteins (for example, proteases) is in-
volved in the regulation of APP release. A
causal relation between phosphorylation of
APP and its cleavage has not been estab-
lished. Furthermore, our observations do not
exclude the possibility that other receptor
species linked to phosphatidylinositol turn-
over, and thus to receptor-coupled genera-
tion of diacylglycerol with subsequent acti-
vation of PKC, may also regulate APP re-
lease. In four independent experiments,
bradykinin caused a rapid increase in the
release of APP fragments from differentiated
PC-12 cells (18). Like the muscarinic ml
and m3 receptors, the bradykinin receptor is
also linked to activation of phospholipase C
and PKC. Release of APP derivatives was
not stimulated by increased intracellular cal-
cium levels alone, as indicated by the failure
of the calcium ionophore A23187 to mimic
the receptor-mediated stimulation of basal
release (Fig. 1, A, B, and E).

The effect of both m1 and m3 mAChR
stimulation on the release of APP deriva-
tives was rapid: half-maximal stimulation
was reached within 5 to 10 min, and max-
imum stimulation was attained within 15 to

30 min (Fig. 2, A and B). These time-
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Fig. 3. Western blot of cell-associated (cells)
and secreted (CM, conditioned media) APP
from m1 mAChR- and m3 mAChR-transfected
human 293 cells with the use of (A) the mono-
clonal antibody 22C11 and (B) a polyclonal
antiserum directed against the COOH-terminus
of APP (anti-Cg) (79). FC, frontal cortex (20 ng
of protein), was obtained at autopsy from an
85-year-old woman who had no evidence of
neurologic disease. Molecular size markers are
shown at the left (in kilodaltons).

course experiments strongly suggest that
preexisting cellular APP was processed in
response to receptor activation [using pulse-
chase methods, Weidemann et al. (5)
showed that secreted forms of APP do not
appear in the medium until 45 min after
labeling]. Stimulation of the release of APP
derivatives by carbachol showed a clear
dose-response relation (Fig. 2, C and D),
and the median effective concentration
(EC,) values of 0.4 pM for the ml- and
0.15 pM for the m3-transfected cells were
virtually identical to those obtained for
receptor-coupled phosphatidylinositol turn-
over in the same cell lines (13).

Western blots of cell-associated APP
(19) with the monoclonal antibody 22C11
showed that stimulation with carbachol
decreased the abundance of the 141-kD
APP, whereas the amount of 115-kD APP
remained unaffected (Fig. 3A). The con-
comitant carbachol-induced increase of a
128-kD APP fragment secreted into the
culture medium (Fig. 3A) suggests that the
secreted 128-kD protein is a cleavage prod-
uct of the cell-associated 141-kD APP.

In order to investigate whether the se-
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creted APP fragments were cleavage prod-
ucts of the parent protein lacking the
COOH-terminus, we used a polyclonal an-
tiserum against the COOH-terminus (20).
Western blot analysis of cell-associated

APP in both ml mAChR- and m3
mAChR-transfected cell lines with the use
of this antiserum revealed the expected
pattern of APP and APP fragments (Fig.
3B), which was similar to that described in
human brain cortex (20). This antiserum
did not detect any APP fragments in con-
ditioned media obtained from stimulated or
unstimulated m1- and m3-transfected cell
lines (Fig. 3B), indicating that the secreted
APP fragments are indeed APP cleavage
products lacking the COOH-terminus.
These data might imply that stimulation of
the secretory pathway by receptor activa-
tion is associated with decreased endoso-
mal-lysosomal generation of amyloidogenic
APP fragments (8).

It is important to note that the trans-
fected cell lines used in these experiments
express larger than normal numbers of mus-
carinic receptors. However, other studies in
our laboratory indicate that stimulation of
endogenous neurotransmitter receptors in
nontransfected, differentiated PC-12 cells
also increases the release of APP fragments,
indicating that physiologic receptor levels
are sufficient to mediate this response (18).
We have also observed that electrical stim-
ulation of rat hippocampal slices in vitro
evoked a frequency-dependent, tetrodotox-
in-sensitive increase in the release of APP
fragments (18).

In summary, we report a cell-surface
neurotransmitter receptor-mediated mech-
anism for the stimulation of rapid release of
soluble NH,-terminal APP derivatives.
This mechanism presumably is mediated by
receptor-coupled activation of PKC. This is
the first report describing the effect of neu-
rotransmitter receptor activation on APP
processing, which appears to be changed in
the brains of individuals with Alzheimer’s
disease. Our results lead to the hypothesis
that abnormal APP processing in Alzhei-
mer’s disease could in part be due to altered
neurotransmitter receptor control of APP-
producing cholinergic target cells express-
ing m1 and m3 mAChR. Further study of
receptor-controlled APP processing in this
cell culture model system should provide
additional insight into both the regulation
of APP processing and the possibility that
alterations of this mechanism lead to the
generation of amyloidogenic (8) or toxic
(21) APP fragments.
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Acetylcholine Receptor Channel Structure
Probed in Cysteine-Substitution Mutants

Myles H. Akabas, David A. Stauffer, Ming Xu, Arthur Karlin*

In order to understand the structural bases of ion conduction, ion selectivity, and gating in
the nicotinic acetylcholine receptor, mutagenesis and covalent modification were combined
to identify the amino acid residues that line the channel. The side chains of alternate
residues—Ser?+8, Leu?5°, Ser252, and Thr25—in M2, a membrane-spanning segment of
the o subunit, are exposed in the closed channel. Thus «248-254 probably forms a 8 strand,
and the gate is closer to the cytoplasmic end of the channel than any of these residues.
On channel opening, Leu®s" is also exposed. These results lead to a revised view of the

closed and open channel structures.

Nicotinic receptors transduce the binding
of acetylcholine (ACh) into the opening of
a cation-conducting channel (I). The five
subunits (2) of these receptors form a pseu-
dosymmetric (3) ring around a central
channel (4). Each subunit contains four
membrane-spanning segments, M1 through
M4 (3, 5); both the NH,-terminus and the
COOH-terminus of each subunit are extra-
cellular (6, 7). The cation-conducting
channel must be formed by residues of the
membrane-spanning segments. Mutagene-
sis of charged residues flanking M2 (Fig. 1)
in all four subunits demonstrated the influ-
ence of these residues on ion conduction
(7, 8) and selectivity (9). Within M2,
mutations of residues homologous to Thr?#4
of the Torpedo o subunit altered cation
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selectivity (10, 11), mutations of residues
homologous to Ser’®® and Ser?”? of the a
subunit influenced the binding of the chan-
nel blocker QX-222 (12), and mutation of a
residue homologous to Torpedo a sub-
unit Leu?”! decreased K, (concentration of
agonist eliciting a half-maximal response),
revealed a new high-conductance state,
decreased the rate of desensitization, and
abolished block by QX-222 (13). In a dif-
ferent approach, Torpedo a subunit Ser**8
(14, 15) and the homologous residues in
the B (14, 16), vy (17), and & subunits (18)
were photolabeled by noncompetitive in-
hibitors that are believed to bind within the
channel. Other M2 residues photolabeled
were the residues in the B (16) and vy
subunits (17) homologous to a subunit
Leu?®! and a residue in the -y subunit (17)
homologous to a subunit Thr?**. A residue
flanking M2, o subunit Glu*®?, was also
labeled (19).

We assume (i) that residues lining the
cation-conducting pathway of the receptor
constitute a portion of the water-accessible
surface of the protein; (ii) that these resi-
dues are accessible to sufficiently small,
charged reagents, at least in the open state
of the channel; (iii) that the addition of a
charged group to a channel-lining residue
would alter ion conduction; and (iv) that
residues in the membrane-spanning seg-
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ments but not exposed in the channel are
inaccessible to charged, lipophobic re-
agents. We mutated consecutive residues in
M2 of the mouse muscle a subunit to
cysteine and expressed the mutant receptors
in Xenopus oocytes. We determined the
susceptibility of these mutant receptors to
irreversible  channel-block by  small,
charged, sulfhydryl-specific reagents. The
technique of substitution of residues with
cysteine and chemical modification of the
new sulfhydryls has been used in structural
studies of the aspartate receptor (20), coli-
cin (21), and bacteriorhodopsin (22).

The small, charged, sulthydryl-specific
reagents, which we synthesized, are the
three methanethiosulfonate (MTS) deriva-
tives, CH,SO,SCH,CH,NH,* (MTSEA),
CH,SO,SCH,CH,NMe;* (MTSET), and
CH,SO,SCH,CH,SO,~ (MTSES) (23).
These MTS derivatives are at least 2500
times as soluble in water as in n-octanol
(23). Although they differ somewhat in
size, each MTS derivative fits into a cylin-
der about 0.6 nm in diameter and about 1
nm in length; hence each should fit into the
open channel of the ACh receptor, which
conducts organic cations up to 0.65 nm in
diameter (24). Nevertheless, these reagents
might not react even with a solvent-ex-
posed side chain due to steric hindrance
because their lengths are greater than the
minimal diameter of the channel. These
reagents specifically add the -SCH,CH,R
moiety to reduced sulfhydryls to form mixed
disulfides (25). The MTS derivatives were
added to the oocytes at concentrations of 1
mM for MTSET, 2.5 mM for MTSEA, and
10 mM for MTSES in order to compensate
for their different reactivities with non-
protein sulthydryls (23).

We mutated one at a time nine consec-
utive residues in M2 (246 to 254) of the
mouse muscle a subunit to cysteine (Fig. 1)
and injected the mutant a subunit mRNA,
together with wild-type B, vy, and 8 subunit
mRNAs, into oocytes (26). One to 3 days

240 250 260
I I I I I I
z M
cceeeccce

IN M2 EX

Fig. 1. Partial sequence of the mouse muscle
ACh receptor a subunit, numbered by align-
ment with Torpedo a subunit. M2 segment
underlined; EX, extracellular; IN, intracellular;
Z, labeled by chlorpromazine (15) and triph-
enylmethylphosphonium (74) and M, labeled
by meproadifen mustard (79), all in Torpedo
«; C, mutated to cysteine as described in text.
Single-letter codes for the amino acids are
used (37).
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