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Amyloid Precursor Protein Fragment and Acetylcholinesterase Increase
with Cell Confluence and Differentiation in a Neuronal Cell Line
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[3], axonal sprouting [4], and interaction with the ex-
This study addresses the developmental regulation tracellular matrix (ECM) [5]. Current knowledge sug-

of amyloid precursor protein (APP) fragments com- gests that the metabolism of APP involves two major
prising the amyloid-b peptide (Ab) and the amyloid- pathways: an extracellular nonamyloidogenic route
promoting factor acetylcholinesterase (AChE) in a whereby transmembrane APP is cleaved between resi-
mouse neuronal cell line (Neuro-2a). Results indicate dues 16 and 17, precluding the formation of Ab, and
that a 35-kDa amyloidogenic fragment of APP and the an intracellular amyloidogenic route yielding COOH-
major molecular forms of AChE (G1 and G4) in Neuro- terminal fragments which contain the Ab sequence [1].
2a cells significantly increase with increasing levels The existence of several of these fragments [6] and
of cell confluence. The foregoing molecules undergo their demonstrated precursor–product relationship
further increases when neuroblastoma cells differenti- with Ab [7], suggest that the COOH-terminal region
ate in the presence of dibutyryl cAMP. In contrast, a of APP participates in the targeting of this protein
17-kDa fragment of APP and butyrylcholinesterase through the Ab-producing amyloidogenic pathway.were not affected by cell confluence or differentiation.

Of particular relevance to the foregoing APP pro-These findings are the first to indicate that a selective
cessing phenomena is the enzyme acetylcholinesteraseAb-containing fragment of APP is subject to develop-
(AChE) which catalyzes the hydrolysis of the neuro-mental regulation. Moreover, our data show that the
transmitter, acetylcholine, in the central and auto-35-kDa fragment and AChE forms respond in parallel
nomic nervous systems [8, 9] and may also serve ato the same developmental stimuli, i.e., cell confluence
function(s) in noncholinergic mechanisms [10]. Theand differentiation. This points to the existence of a
multiple oligomeric forms of AChE are not only pro-functional relationship between both molecules, a no-
foundly affected by AD [11], but some of them alsotion that is consistent with the potential role that has

been ascribed to AChE in both APP processing and the accumulate within the characteristic amyloid plaques
formation of amyloid deposits in Alzheimer’s brains. [12]. In this regard, we have recently reported that the
q 1996 Academic Press, Inc. purified bovine brain tetrameric (G4) AChE, as well as

both human and mouse recombinant enzymes, effec-
tively bind to soluble Ab and promote the in vitro aggre-
gation of this peptide into amyloid fibrils [13, 14]. Inas-INTRODUCTION
much as AChE-containing neurons are the most vul-
nerable cells in AD [15, 16], the above observations areThe significance of the elucidation of how nerve cells
consistent with the notion that AChE may be involvedregulate the processing of amyloid precursor protein
in the processing of membrane-bound APP and,(APP) cannot be overemphasized; in fact, this highly
thereby, play a role(s) in the formation of amyloid de-conserved, widely expressed, integral membrane pro-
posits in vivo.tein comprises the 4.1- to 4.3-kDa amyloid b-peptide

Both APP and AChE are known to be expressed and(Ab) that conforms the main component of amyloid de-
regulated by nerve cells in culture [17–19]. Indeed, itposits in senile plaques of patients suffering from Alz-
has been shown that neuronal differentiation is accom-heimer’s disease (AD) [1, 2]. Many efforts have been
panied by a decrease in the amount of secreted APP andmade to identify the functional significance of APP in

various biological processes, including cell proliferation a concomitant increase in the full-length membrane-
associated protein [20, 21]; more recent work indicated
that the total amount of APP was relatively constant

1 To whom reprint requests should be addressed at Molecular Neu- over time [22]. It is documented that neurite outgrowthrobiology Unit, Department of Cell and Molecular Biology, Catholic
elicits an elevation of total AChE activity [23, 24], spe-University of Chile, P.O. Box 114-D, Santiago, Chile. E-mail: ninestr

@genes.bio.puc.cl. Fax: /56 2 6862717. cific AChE molecular forms [18], and AChE mRNA [19].
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a dilution 1:50. The samples were then incubated with an alkalineFurther, it has been reported that in neuroblastoma
phosphatase-conjugated anti-rabbit IgG and immunoreactive bands(Neuro-2a) cells the formation of APP fragments con-
identified by using 4 chloro-1-naphthol and 5-bromo-4-chloro 3-indo-taining the Ab sequence is regulated by extracellular lyl phosphate. Quantitation of individual bands was performed by

matrix components [25]. In the present work we have densitometric scanning at 550 nm [25].
examined whether such APP fragments and the molec- Antibodies. Antibodies used included a polyclonal antiserum,

SGY2134, which binds the Ab1–40 peptide [32], a kind gift of Dr.ular forms of AChE expressed by Neuro-2a cells are
Steven Younkin (Mayo Clinic, Jacksonville, FL). The APP polyclonalinfluenced by cell confluence and differentiation.
antiserum, anti-GID, which recognizes amino acids 175–186 of the
N-terminal domain of the APP molecule [33], was kind gift of Dr.

MATERIALS AND METHODS Gregory Cole (University of California, Los Angeles, CA).
Materials. Acetylthiocholine iodide, butyrylthiocholine iodide,

Cell cultures. Mouse C.1300 neuroblastoma cells (Neuro-2a IsoOMPA, BW284c51 dibromide, dbcAMP, DMEM, and antibiotics
clone) were maintained in Dulbecco’s modified medium (DMEM) con- were all obtained from Sigma Chemical Co. (St. Louis, MO). Salts of
taining 5% (v/v) fetal calf serum, 100 U/ml penicillin, 2.5 mg/ml the purest grade available were obtained from Merck.
amphotericin B, 100 mg/ml streptomycin, and 3.7 g/liter NaHCO3,
pH 7.4 [24]. For experiments involving different stages of cellular

RESULTSconfluence, the cells were seeded at initial densities of 9, 18, and 36
1 103 cells/cm2 and grown for 4 days. For experiments involving
cellular differentiation, the cells were seeded at an initial density of Cellular Confluence and Differentiation
18 1 103 cells/cm2; after 1 day the cultures were supplemented with
5 mM dibutyryl cyclic AMP (dbcAMP) and grown for an additional Undifferentiated Neuro-2a cells display distinct gen-
3 days. In all cases, cells were harvested after 4 days in culture. eral morphologies when grown under conditions lead-

Preparation of samples. Cells were removed from the cultures ing to different degrees of cellular confluence. As illus-
flasks with 0.15 M phosphate-buffered saline (PBS), pH 7.4, con-

trated in Fig. 1, increasing initial seeding densities re-taining 10 mM EDTA and centrifuged at 3000 rpm for 2 min in a
sult in corresponding greater cellular confluence levels.clinical centrifuge (International Equipment Co). The pellets were

resuspended and homogenized at 07C in 300 ml of a solution con- At low levels these cells show flattened and expanded
taining 10 mM Tris–HCL, 0.1% Triton X-100, and a mixture of prote- shapes, whereas at high levels they gradually become
ase inhibitors. The homogenates were then centrifuged at 15,000 rpm more rounded and exhibit enhanced cellular contact.
for 15 min in a microcentrifuge (Eppendorf). Total protein content of

In turn, when Neuro-2a cells are made to differentiatesupernatants were determined by the method of Lowry [26]. Super-
by supplementing the cultures with 5 mM dbcAMPnatant samples were subsequently assayed for total AChE as well

as butyrylcholinesterase (BuChE) activities, AChE molecular forms, they acquire their typical neural phenotype, with thin
and Ab-bearing APP fragments. and elongated processes extending out from the cell

Enzymatic assays. AChe activity was measured at 377C for 30 bodies [24] (Fig. 2).
min in a reaction mixture (1 ml total volume) containing 0.1 M Tris–
HCL buffer (pH 7.2), 0.75 mM acetylthiocholine iodide as substrate,

AChE and BuChE Activities0.3 mM 5,5 *-dithio(bis)nitrobenzoic acid, and 0.1 mM tetraisopropyl
pyrophosphoramide (Iso-OMPA) as an inhibitor of nonspecific cholin-

AChE in Neuro-2a cells gradually augments withesterases. BuChE activity was measured under the above conditions,
greater levels of cellular confluence. As shown in Fig.but with 5 mM butyrylthiocholine iodide as substrate and 10 mM

BW284c51 dibromide as an inhibitor of AChE. The reactions were 3A, total AChE activity is increased approximately six-
uniformly stopped by lowering the temperature of assay mixtures to fold at the highest compared to the lowest confluence
07C [27]. levels studied. In contrast, under identical experimen-

Velocity sedimentation analyses. AChE molecular forms were tal condition, the amounts of total BuChE remainedevaluated by sedimentation on 5–20% linear sucrose gradients as
constant. Such a dramatic increase in AChE activitydescribed [18, 28]. In short, supernatant samples (200 ml) containing

400 mg of protein were individually layered on top of sucrose gradi- can be entirely accounted for by corresponding eleva-
ents containing 50 mM Tris–HCl (pH 7.4), 0.5% Triton X-100, 1 M tion in the two major molecular forms of the enzyme,
NaCl, 3 mM EDTA, and protease inhibitors [29]. Approximately 45 i.e., the monomeric G1 and the tetrameric G4 species
fractions (100 ml) were collected from the bottom of each tube and

[18, 34] (Fig. 3B).individually assayed for AChE activity as described above. Sedimen-
Similar results were obtained when Neuro-2a cellstation coefficients were estimated by comparison with that of cata-

lase [11.3 S]. were made to differentiate in the presence of dbcAMP.
Analyses of APP fragments. Supernatant samples, each con- As shown in Fig. 4A, total AChE activity increased

taining 60 mg of protein, were subjected to polyacrylamide gel electro- approximately 2.8-fold in the differentiated versus con-
phoresis (PAGE) in Tris–tricine buffer containing 16% polyacryl- trol cells, whereas BuChE activity remained un-amide, 0.1% sodium dodecyl sulfate (SDS) [5, 30]. The proteins re-

changed. Here again, the resulting increase in totalsolved by SDS–PAGE were either stained with Coomassie blue or
AChE can be accounted for by corresponding enhance-electrophoretically transferred to nitrocellulose membranes [31]. Im-

munoblotting of the transferred proteins was performed in screening ments in the enzyme’s G1 and G4 forms (Fig. 4B). In
microtiter chambers by initially blocking any possible nonspecific this experimental series Neuro-2a cells were seeded at
binding of the primary antibody via incubation with nonfat dry milk an initial density of 18 1 103 cells/cm2; thus, the extentin 10 mM Tris–HCl buffer (pH 8.0) containing 150 mM NaCl. Next,

of elevation in total AChE activity induced by the dif-incubation was carried out overnight at 47C with the SGY 2134 anti-
body directed against Ab1–40 (1:500). The APP antibody was used at ferentiation process is comparable to that produced by
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kDa [25]. As shown in Fig. 5A, the 35-kDa fragment
gradually increases with greater levels of cellular con-
fluence, while the 17-kDa fragment remains constant.
Quantitative densitometric analysis revealed that the

FIG. 1. General morphological features of undifferentiated
Neuro-2a cells exhibiting different degrees of cellular confluence.
After 4 days in culture (see Materials and Methods) the cells were
fixed with 3% glutaraldehyde and stained with hematoxilin–eosin.
Cells were initially seeded at: (A) 9 1 103 cells/cm2, (B) 18 1 103

cells/cm2, (C) 36 1 103 cells/cm2. Magnification, 14000.

FIG. 2. Morphological features of differentiated Neuro-2a cells.
Cells were initially seeded at a density of 18 1 103 cells/cm2 and
grown for 1 day. Subsequently, the cultures were supplemented withcellular confluence of undifferentiated cells grown at
5 mM dbcAMP to stimulate their differentiation and grown for an

the same initial seeding density (see Fig. 3A). additional 3 days. After 4 days in culture (see Materials and Meth-
ods) the cells were fixed with 3% glutaraldehyde ans stained with

Ab Peptide-Bearing APP Fragments hematoxilin–eosin. (A) Control cells grown in the absence of
dbcAMP; (B) cells grown in the presence of dbcAMP; and (C) the

We have previously reported that Neuro-2a cells con- same as (B) except that the cells were observed by phase-contrast
microscopy. Magnification, 14000.tain two amyloidogenic APP fragments of 17 and 35

AID ECR 3345 / 6i17$$$242 10-28-96 01:13:52 eca AP: Exp Cell



96 BRONFMAN, FERNANDEZ, AND INESTROSA

35-kDa fragment increased approximately fivefold at
the highest versus the lowest cellular confluence levels
(Fig. 5B). In these experiments, the different degrees
of cellular confluence did not alter the cell’s general

FIG. 4. AChE and BuChE activities in differentiated Neuro-2a
cells. Neuroblastoma cells were grown as described under Materials
and Methods and seeded at an initial density of 18 1 103 cells/cm2.
Then the cells were grown for 1 day, and on the second day and for
the following 2 days the cells were incubated in the presence and
the absence of 5 mM dbcAMP. (A) AChE and BuChE activity levels
in control and differentiated cell extracts. Results are expressed as
the mean { SEM of three experiments. (B) Sucrose gradient sedi-
mentation of AChE molecular forms in control and differentiatedFIG. 3. AChE and BuChE in undifferentiated Neuro-2a cells ex-
Neuro-2a cell extracts. The sedimentation marker corresponds tohibiting different degrees of cellular confluence. Cells were seeded
catalase (11.3 S).at initial densities of 9 1 103 cells/cm2, 18 1 103 cells/cm2, and 36 1

103 cells/cm2 and grown for 4 days (see Materials and Methods). (A)
AChE and BuChE activities (mU/mg protein) as a function of the
above initial seeding densities. One milliunit of AChE activity repre- polypeptide pattern as evidenced by SDS–PAGE (Fig.sents 1 nM of acetylthiocholine hydrolyzed/min. One milliunit of

5C). The increase in the level of the 35-kDa APP frag-BuChE activity represents 1 nM of butyrylthiocholine hydrolyzed/
ment observed at high cell confluence is probably duemin. Data are the mean { SEM of three separate experiments in

which the enzymatic activities were assayed in triplicate. (B) Velocity to an increase in APP processing rather than to an
sedimentation profiles of AChE (relative units) extracted from cells increase in APP expression, because the total amount
at different stages of confluence. The arrow indicates the position of of whole-length APP does not change with greater lev-the sedimentation marker catalase (11.3S) and the meniscus is on

els of cellular confluence (Fig. 6).the righthand side of the figure. Mayor peaks represent from right
to left the G1 and G4 molecular forms of AChE. Neuro-2a cells seeded at an initial density of 181 103
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cells/cm2 and made to differentiate with 5 mM dbcAMP
exhibited an approximately two-fold increase in the 35-
kDa fragment compared to control. Under these same
conditions, however, the levels of the 17-kDa fragment
were not altered (Fig. 7).

DISCUSSION

The present report indicates that a 35-kDa amyloido-
genic fragment of APP and the major molecular forms
of AChE in Neuro-2a cells in culture are influenced
by the extent of cellular confluence and by dbcAMP-
induced differentiation. To our knowledge this is the
first demonstration that a selective Ab-bearing frag-
ment of APP is subject to developmental regulation.
The fact that both this APP fragment and AChE quali-
tatively respond in a similar manner to the same devel-
opment stimuli points to a potential relationship be-

FIG. 6. APP levels in Neuro-2a cells grown at different states
tween the mechanisms underlying their formation, a confluence. Cells were incubated as described in Fig. 5. Protein cell
notion that is entirely consistent with the likely role(s) extracts (60 mg each) were separated in 16% Tris–tricine SDS–

PAGE and immunoblotted using an antibody directed against resi-played by AChE in the processing of APP [35].
dues 175–186 of the amino terminal of the APP molecule. Densito-Current data indicate that AChE is implicated in
metric evaluation of immunoblots shown in the figure. Data are ex-
pressed as the mean { SD of three separate experiments and values
are normalized for the initial seeding density of 18 1 103 cells/cm2.

neurodegenerative disorders such as AD as well as in
the mechanism underlying neuronal differentiation
[11–15]. As regards the latter, it has been reported that
during neural development in vivo the characteristic
changes observed in AChE activity correlate well with
the general process of synaptogenesis [36, 37]. The
present work further shows that in Neuro-2a cells in
vitro, both the state of cellular confluence and neuronal
differentiation influence total AChE activity, as well as
the G1 and G4 molecular forms of the enzyme. These
finding indicate that the aforementioned correlation
between AChE and synaptogenesis may be related not
only to the effects of cellular contact, but also to those
involving various degrees of neuronal outgrowth. By
contrast, the activity of BuChE, an enzyme that unlike
AChE is not apparently involved in cholinergic synap-
tic transmission and shows a tendency to decrease dur-
ing synaptogenesis [36, 37], was not affected by the
foregoing developmental phenomena.

A behavior qualitatively similar to that shown by
FIG. 5. Levels of APP fragments presents in Neuro-2a cells AChE in the Neuro-2a cells was exhibited by the 35-

grown at different states of cell confluence. Cells were incubated kDa Ab-bearing fragment of APP, suggesting that this
as described in Fig. 3 at initial seeding densities of 9 1 103 cells/ fragment could also serve a physiological function(s)cm2, 18 1 103 cells/cm2, and 36 1 103 cells/cm2. (A) Protein cell

during neuronal development. On the other hand, theextracts (60 mg each) were separated in 16% Tris–tricine SDS–
17-kDa fragment was not influenced by cellular contactPAGE and immunoblotted using an antibody directed against the

Ab peptide (SGY2134). (B) Densitometric evaluation of immu- or neuronal differentiation, thus implying that its regu-
noblots shown in (A). Data are expressed as the mean { SEM of lation probably occurs through an alternative route
four separate experiments and values are normalized for the ini- which may not involve a transduction system identicaltial seeding density of 18 1 103 cells/cm2. (C) Protein cell extracts

to that controlling the production of the 35-kDa frag-(60 mg each) were separated in 16% Tris–tricine SDS–PAGE and
stained with Coomassie blue. ment.
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this regard, it is known that the activation of protein
kinases C and A regulate the production of the Ab
peptide, i.e., through stimulating the formation of
trans-Golgi constitutive secretory vesicles that contain
and transport intact APP [42–44]. It is therefore possi-
ble that the cAMP transduction system plays some
role(s) in the developmental regulation of APP metabo-
lism, perhaps by shifting the balance toward the amy-
loidogenic pathway. Although more work is required to
resolve this point it is interesting to note that preseni-
lins I and II, the products of two genes (located in chro-
mosomes 14 and 1) linked to hereditary forms of AD,
comprise proteins with various transmembrane seg-
ments which are homologues of receptor molecules as-
sociated with signal transduction mechanisms [45, 46].

Very recently the Ab levels were studied in cultured
postmitotic CNS neuronal cells (NT2N) produced by
the terminal differentiation of a teratocarcinoma cell
line (NT2) with retinoic acid [22]. In this system, APP
processing is altered as NT2N cells age in culture such
that the production of secreted Ab1–40 and Ab1–42 is
dramatically increased, without a change in APP syn-
thesis [22].
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