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The amyloid
protein precursor
(APP) of Alrheimer’s
disease
was found to bind saturably
(K, = 60 nM) to embryonic
chick
brain extracellular
matrix (ECM). The binding
of APP to ECM
was not inhibited
by 10 pglml
heparin
or heparan
sulfate.
However,
pretreatment
of cells with 1 mr.! 4-methylumbelliferyl-@-D-XylOSide,
an inhibitor
of proteoglycan
biosynthesis,
reduced
the number
of APP binding
sites on the ECM by
60%. The binding
of APP to ECM was also inhibited
by pretreatment
with chlorate,
an inhibitor
of glycan sulfation,
and
heparitinase,
which digests the carbohydrate
component
of
heparan
sulfate
proteoglycans.
These results suggest
that
APP binds with high affinity to one or more heparan
sulfate
proteoglycans.
Acidic
and basic fibroblast
growth
factor
(FGF) also bound to chick ECM. When ECM was incubated
with a protease
associated
with the enzyme
AChE (AChEAP), APP and acidic FGF were released
intact from the matrix. The AChE-AP
was at least IOO-fold
more potent in releasing
APP from ECM than other trypsin-like
proteases
(trypsin,
plasmin,
thrombin).
The action of the AChE-AP
was
inhibited
by glia-derived
nexin (protease
nexin I) and by human brain APP at low nanomolar
concentrations.
These results suggest that in viwo an AChE-AP
may cleave ECM proteins to regulate the availability
of soluble APP or other factors
bound to the ECM.

The movement of neuronal growth cones and their interaction
with components of the extracellular matrix (ECM) are regulated
by the secretion of specific proteases and protease inhibitors
(Monard, 1987, 1988). Detachment of the plasma membrane
from the ECM may be mediated by the action of proteases that
are secreted from cells into the extracellular environment. Early
studies by Krystosek and Seeds (1981a,b, 1984) and Pittman
(1985) demonstrated that urokinase-like (plasminogen activator) activities may be released by growth cones and may be
important for cerebellar granule neuron migration.
The secretion of protease inhibitors regulates interactions between growth cones and the ECM. A glia-derived neurite-promoting factor, identified as a serine protease inhibitor (Guenther
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et al., 1985) has been called glia-derived nexin (GDN) (Gloor
et al., 1986). It has since been shown that protease nexin I (PN
I) has the same primary sequence as GDN (McGrogan et al.,
1988). PN I and PN I-protease complexes bind to components
of the ECM (Rovelli et al., 1990). The importance of such interactions is supported by the fact that PN I inhibits the degradation of isolated endothelial cell matrix by fibrosarcoma cells
(Bergman et al., 1986).
It has been suggested that ECM may serve as a reservoir for
growth factors and other proteins, as long-term effects of basic
fibroblast growth factor (FGF) on endothelial cells are dependent upon the binding of basic FGF to ECM (Flaumenhaft et
al., 1989; Vlodavsky et al., 199 1). The secretion of proteases
from the growth cone may be required for the release of growth
factors from the ECM (Saksela and Rilkin, 1990). Incubation
of plasmin or thrombin with ECM releases basic FGF that is
bound to matrix heparin sulfate proteoglycans. The PA4 amyloid protein precursor (APP) associated with Alzheimer’s disease (Kang et al., 1987) is also thought to bind to components
of the ECM (Klier et al., 1990) where it may interact with
heparan sulfate proteoglycans (Schubert et al., 1989a,b; Narindrasorasak et al., 199 1). However, APP may also bind to other
ECM components. Little is known about whether APP can be
released from ECM by the action of secreted proteases.
The developing chick embryo provides an excellent system
for studying neurite outgrowth and ECM interactions (Pert-is
and Bronner-Fraser, 1989). Studies by Layer (1983) and Layer
et al. (1987, 1988) have demonstrated that AChE is expressed
at a precise stage in the development of chick brain neuroblasts,
just prior to neurite outgrowth. There is evidence that the expression of AChE early in development is important for neurite
outgrowth (Small, 1990). A role for AChE in cell adhesion has
been suggested (Krejci et al., 199 1) based on the presence of a
cell adhesion epitope (HNK-1) on the surface of the protein
(Bon et al., 1987), and on the amino acid sequence homologies
between cholinesterases and the cell adhesion proteins glutactin
(Olson et al., 1990) and neurotactin (Barthalay et al., 1990; De
la Escalara et al., 1990).
We have demonstrated that a protease activity is associated
with AChE purified from fetal bovine serum (Small, 1988) or
eel electric organ (Small et al., 1987). This protease activity is
attributable to a protein that binds to AChE and that has the
properties ofan “APP secretase” (Small et al., 199 l), the enzyme
that is thought to release APP from the surface of cells. Released
APP may in turn bind to the ECM and influence the course of
neurite outgrowth (Schubert et al., 1989a).
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In order to identify prospective proteases that may cleave
ECM, we have examined the ability of the AChE-associated
protease (AChE-AP) to release APP and FGF from ECM produced by dissociated cultures ofembryonic chick brain. We have
also examined the ability of protease inhibitors such as PN I
and APP itself, the secreted form of which is PN II (Oltersdorf
et al., 1989; Van Nostrand et al., 1989) to inhibit this action
of the AChE-AP.
Materials

and Methods
APP was purified from human brain by a combination of
heparin-Sepharose, ion-exchange, and hydrophobic interaction chro-

Materials.

matography (Moir et al., in press). Acidic and basic fibroblast growth
factor (FGF) were from Amersham Australia Pty. Ltd. (North Ryde,
Australia). Recombinant
rat glia-derived nexin (PN I) was produced in
Saccharomyces cerevisiae strain GRF18 under the control of the PH05
promoter and purified from a cellular extract by heparin-Sepharose and
ion-exchange chromatography
(Sommer et al., 1989). Heparan sulfate
was purified from conditioned medium of 2.3D cells according to the
method of Hassell et al. (1980). Heparin (grade I, 176 IU/mg), 4-methylumbelliferyl-@-D-xyloside,
high-purity collagenase (type VII), plasmin,
and heparitinase were from Sigma Chemical Co. (St. Louis, MO). Highpurity-grade bovine thrombin was from ICN Flow (Sydney, Australia).
Bovine pancreatic trypsin was purchased from Boehringer-Mannheim
(Sydney, Australia).
PuriJication of AChE-associated protease. The AChE-associated protease (AChE-AP) was purified from a commercial
preparation of eel
electroplax AChE by affinity chromatography
on edrophonium-Sepharose and by size-exclusion high-performance
liquid chromatography
(SE-HPLC) on TSK 400SW as previously described (Small et al., 1987).
To remove any contaminating
trypsin-like enzymes (those not associated with AChE) from the preparation, crude eel AChE (Sigma type
V-S) was passed across a column (20 ml bed volume) of benzamidineSepharose (Pharmacia) before further purification on edrophonium-Sepharose. The AChE-AP was also purified from fetal bovine serum by
affinity chromatography
and SE-HPLC (S. Michaelson and D. H. Small,
unpublished observations).
Iodination
of APP and FGF. APP and acidic and basic FGF were
iodinated using chloramine T as described by Hunter and Greenwood
(1962) with a few minor modifications.
Protein (30 rg) was incubated
with 0.5 mCi of carrier-free ‘251-sodium iodide and 60 fig of chloramine
T for 5 min in 50 mM sodium phosphate buffer, pH 7.4. The reaction
was stopped with 0.12 ml of sodium metabisulfite
(0.6 mg’ml) containing 1 M sodium chloride, 0.1% (w/v) bovine serum albumin, and
1% (w/v) potassium iodide in 50 mM sodium phosphate buffer, pH 7.4.
Labeled protein was separated from free iodide by desalting on a BioRad Econo-Pat IODG column eauilibrated with 50 mM uhosphate buffer containing 1% (w/v) bovine serum albumin. Preparaiionsof
labeled
APP and basic and acidic FGF had specific radioactivities
of approximately 20,000 dpm/ng protein, 30,000 dpm/ng protein, and 26,000
dpm/ng protein, respectively.
Preparation of embryonic chick brain ECM. Brains were removed
from IO-d-old chick embryos, freed of meninges, and then minced finely
and incubated with trypsin-Versene for 0.5 hr at 37°C. Cells were dissociated by trituration
and then plated at a density of lo5 cells per 16
mm2 well in a 24-well culture plate in Dulbecco’s Modified Eagle’s
medium (DMEM) containing 10% fetal calfserum. The cells were maintained in culture until confluent and then cultured in DMEM containing
1% fetal calf serum for 7-10 d. Cultures were washed twice with phosphate-buffered saline (PBS) and then treated with lysis buffer (0.5%
Triton X-100, 20 mM NH,OH
in PBS) for approximately
10 min on
an orbital shaker until cells were observed to rupture. The lysis buffer
was removed and the plates washed twice with PBS. The resulting ECM
preparation was stored in 1 ml/well PBS at 4°C until ready to use.
Labelingqfcultures
with “S-sulfate. Five days before harvesting ECM,
cultures were treated with either 10 mM chlorate or 1.O mM 4-methylumbelliferyl-fi-D-xyloside
(xyloside). The effect of xyloside on heparan sulfate proteoglycan synthesis was monitored by incorporation
of Yj-labeled sulfate. During the last 24 hr of culture, cultures were incubated
with 100 &i/ml
ZsS-sulfate (Du Pont-New England Nuclear). After
incubation, the medium, was collected and dialyzed against three changes
of PBS. ECM was prepared as before and extracted with 0.25 ml of 2%
(w/v) sodium dodecyl sulfate in 0.1 M Tris-HCl,
pH 7.5. The incor-

poration of labeled sulfate into low-molecular-weight
glycosaminoglyproteoglycans was determined by sizecans and high-molecular-weight
exclusion chromatography as described by Saskela et al. (1988).
Incubation of ECM with labeled proteins and enzymes. ECM was
incubated for 1 hr at 37°C with 1.0 nCi of labeled APP or acidic or
basic FGF in 1.O ml of 1 .O% (w/v) bovine serum albumin in PBS per
well. After incubation, the label was removed and each well washed
twice with 1.0 ml PBS. The ability of proteases to release the labeled
protein from the ECM was examined by incubating each well with 0.2

ml of protease (O-lo4 rig/ml in PBS) for 1 hr at 37°C. After incubation,
the solution was collected and counted for radioactivity.
SDS-PAGE and autoradiography.
Samples (10 ~1) were analyzed by
12.5% or 15% polyacrylamide
gel electrophoresis in the presence of
0.1% sodium dodecyl sulfate (SDS-PAGE) (Laemmli,
1970). The gels
were either stained with silver reagent (Oakley et al., 1980) or dried
under vacuum, and the iodinated proteins were detected by autoradiography using Kodak XAR-5 film.
Western blotting of APP in brain. APP immunoreactivity was demonstrated in chick brain by SDS-PAGE followed by Western blotting.
Embryonic chick brains were weighed and then homogenized in an equal
volume of 50 mM Tris-HCI, pH 7.4, using a Branson sonicator at setting
3 (50% intermittency).
Homogenates (100 ~1) were heated in a boiling
water bath for 15 min in the presence of 100 ~1 of SDS-PAGE sample
buffer (Laemmli,
1970) before SDS-PAGE. Following electrophoretic
transfer onto nitrocellulose, APP was detected by staining with a mouse
monoclonal antibody (22Cll) (Boehringer-Mannheim)
directed against
an epitope on the ectodomain of the APP molecule (Weidemann et al.,
1989; Small et al., 199 1).
Assays. Cholinesterase activity was assayed by the method of Ellman
et al. (196 1) using acetylthiocholine
as substrate. Butyrylcholinesterase
(BChE) activity was defined as esterase activity that was not inhibited
by the specific AChE inhibitor BW284c5 1. For the assay of cholinesterase activity in embryonic chick brains, AChE and BChE were ex-

tracted by homogenizing each brain as described for measurement of
APP immunoreactivity,
except that the homogenization
buffer contained, in addition, 2 M sodium chloride and 2% (v/v) Triton X-100.
Protein was assayed by the method of Bradford (1976) using bovine
serum albumin as standard.

Results
Expression of cholinesterases and APP in
embryonic chick brain
As the cholinesterases and APP have been strongly implicated
in neurite outgrowth, we examined the expression of these proteins during periods at which neurite outgrowth becomes maximal in the developing chick brain. Embryonic chick brains (day
4 to day 13) were extracted at high ionic strength in the presence
of Triton X-100, and the extracts were assayed for AChE and
BChE activity. Both AChE and BChE were detectable from the
earliest embryonic age (4 d) (Fig. 1). The amount of activity per
gram of brain began to increase after day 7, during the main
period of neurite outgrowth in the developing chick brain. AChE
activity increased approximately fourfold between days 7 and
9. BChE activity increased about fourfold between days 8 and
13.
The amount of APP in the developing chick brain was assessed by Western blotting with monoclonal antibody 22C11,
which recognizes an epitope close to the N-terminus of APP.
Multiple immunoreactive
bands were identified in the chick
brain (Fig. 2), but the relative molecular masses (M,) of the
major APP-immunoreactive
polypeptides (between 90-l 30 kDa)
were similar to those found previously in studies of APP in
other tissues (Weidemann et al., 1989; Bush et al., 1990). Like
AChE, APP was detectable during the earliest stages of embryonic brain development, and increased between embryonic days
7 and 9. A major band of 42 kDa was also detected by the
monoclonal antibody. The expression of this 42 kDa protein
did not correlate with other APP-immunoreactive
bands, sug-
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Figure 1. Expression of AChE and BChE activities in embryonic chick
brain. Brains were dissected from embryonic chicks and weighed, and
then the cholinesterases were solubilized by homogenization
with Triton
X-100 in the presence of high salt. AChE and BChE activities were
measured using acetylthiocholine
as substrate. The amount of AChE
activity was defined as the difference between the total cholinesterase
activity and the amount of BChE activity (measured in the presence of
the specific AChE inhibitor BW284c51). Units of activity are micromoles of acetylthiocholine
hydrolyzed per min at 30°C. Error bars show
SEM.

Figure 3. Effect of APP (0), heparin (O), and heparan sulfate (A) on
the binding of 1251-labeled APP to embryonic chick brain ECM on a 24
well culture plate. All points show the mean of three determinations,
with error bars showing the SEM. Transformation
of the APP binding
data by Scatchard plot analysis yielded an equilibrium
dissociation constant (&) for the binding of APP to ECM of 60 tn.+ and a maximum
binding capacity (B,,,) of 0.38 pmol of APP per cm* of ECM. For the
purposes of calculation, the M, of APP was assumed to be 80,000. One
hundred percent bound corresponded to 1608 cpm of ‘*%APP bound
to ECM.

gesting that it may be an unrelated cross-reactive

ECM. APP, acidic FGF, and basic FGF were iodinated, and
then 1.0 nCi of labeled protein (approximately
100 pg) was
incubated with ECM prepared in 24-well culture dishes. Approximately 3% of the labeled APP, 6% of the acidic FGF, and
9% of the basic FGF remained bound to the matrix after repeated washings with PBS. The labeled proteins were released
from the matrix in the presence of 2% (w/v) SDS. To study the
specificity of the interaction between APP and ECM, we examined the ability of unlabeled APP, heparin, and heparan
sulfate to compete for binding (Fig. 3). Incubation with non-

protein. Preabsorption of the 22Cll antibody with purified APP completely
blocked the staining of all bands including the 42 kDa band,
indicating that the polypeptides recognized by the monoclonal
antibody were all fragments of APP or at least shared the same
epitope as APP.
of acidic FGF, basic FGF, and APP to ECM
To study the action of the AChE-AP on ECM, we first examined
the ability of FGF and APP to bind to embryonic chick brain
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Figure 2. Expression of APP-immunoreactive proteins in embryonic chick
brain as measured by Western blotting
with a mouse monoclonal
antibody
(22Cll).
The figure shows the M, of
standard proteins (myosin,
200 K;
phosphorylase, 97.4 K, bovine serum
albumin, 69 K, ovalbumin,
46 K, carbonic anhydrase, 3 1 K, soybean trypsin
inhibitor, 21 K). Each lane contains a
sample of protein derived from an
equivalent amount (10 mg wet weight)
of embryonic chick brain.
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Table 1. Inhibition of ?3-sulfate
incorporation
by embryonic chick brain cells in culture

into proteoglycans

and glycosaminoglycans

produced

Incorporation of sulfate (cpm/ 1OS cells)
Fraction
Medium
Proteoglycans
Glycosaminoglycans

No xyloside

Xyloside (1 mM)

%
Control

67,600 f 9800
80,200 + 2200

12,800 -c 1600
63 1,000 + 40,000

19
787

16,300 + 1600

4730 + 380

29

ECM

Proteoglycans

Cultured chick brain cells were labeled with 100 pCilm1 of 3sS-S0, for 24 hr in the presence or absence of xyloside. The
level of incorporation of label into proteoglycans and glycosaminoglycans in the medium and ECM was measured by
SE-HPLC as described by Saksela et al. (1988). Data are means f SEM (n = 3).

radioactive APP resulted in a dose-dependent inhibition of
binding of Y-APP. Scatchard analysis of the binding (not shown)
resulted in an equilibrium dissociation constant (KJ of 5 &ml
or 60 nM (assuming an approximate molecular weight for the
apoprotein form ofAPP of 80,000). Neither heparin nor heparan
sulfate inhibited the binding at concentrations up to 10 &ml.
We also examined the ability of APP to bind to ECM pretreated with agents that disrupt components of the ECM and
compared the binding with that of acidic and basic FGF, which
are known to bind heparan sulfate proteoglycans. Cultures of
brain cells were incubated for 5 d with 1 mM xyloside, an inhibitor of proteoglycan synthesis (Carey et al., 1987) or 10 mM
chlorate, an inhibitor of proteoglycan sulfation (Rapraeger et
al., 1991). Xyloside pretreatment of cells resulted in a 70%
inhibition of heparan sulfation as determined from the incorporction of radioactively labeled sulfate into ECM proteoglycans (Table 1). The binding of APP to ECM from cells pretreated
with 1 mM xyloside was approximately 80% lower than to control ECM. Xyloside pretreatment also reduced the binding of
acidic and basic FGF by 60% and 70%, respectively. Chlorate
pretreatment reduced the binding of APP, acidic FGF, and basic
FGF to ECM by 80%, 50%, and 60%, respectively.
The effect of enzymes that cleave components of the ECM on
APP binding was also examined and compared with effects on
acidic and basic FGF binding. The binding of APP, acidic FGF,
and basic FGF to ECM was inhibited by approximately 80%,
50%, and 55%, respectively, following incubation of the ECM
with heparitinase (10 mIU/ml), which digests the carbohydrate

moieties of heparan sulfate proteoglycans (Table 2). Collagenase
(100 &ml) digestion of ECM significantly increased the number
of APP binding sites on the matrix by 25% (P < 0.0 1). Although
the amount of acidic and basic FGF measured bound to the
matrix was greater after collagenase treatment, the increase in
binding was not statistically significant.
Release of acidic FGF and APP from ECM by AChE-AP
The ability of the AChE-AP to release bound acidic FGF and
APP from ECM was examined. Incubation of ECM with eel or
serum AChE-AP (1 rig/ml to 10 j&ml) resulted in the dosedependent release of label from the matrix (Fig. 4). To determine
whether the labeled proteins were being released intact from the
matrix, the released material was analyzed by SDS-PAGE followed by autoradiography. The A4, of the iodinated APP and
acidic FGF released by the AChE-AP was similar to that of the
intact protein (Fig. 5), indicating that the iodinated proteins had
not been cleaved to any major extent by the AChE-AP.
The actions of the AChE-AP in releasing APP from the ECM
were compared with those of other proteases by examining the
concentration dependence of the release of APP from the ECM
(Fig. 6). The eel and serum AChE-APs were at least loo-fold
more potent in their ability to release APP than other proteases
that were tested (thrombin, plasmin, trypsin). The protein concentration of eel or serum AChE-AP required to produce halfmaximal release of APP from the ECM was between lo-* and
lo-’ gm/ml. With the exception of plasmin, the proteases released all of the APP from the matrix at high concentrations

Table 2. Effect of pretreatment
with xyloside,
FGF, and 1Z51-basic FGF to chick brain ECM

Treatment
Control
Xyloside (1 mM)
Chlorate (10 mM)
Heparitinase
(10 mIU/ml)
Collagenase ( 100 &ml)
Thrombin
(100 &ml)

chlorate,

and enzymes on binding

of 1251-APP, 1251-acidic

Amount bound to ECM (cpm bound/well)
Y-APP
1251-acidic FGF

1251-basic FGF

676
136
126
132
842
716

1262
519
642
600
1368
1368

k
+
&
+
k
?

34
8”
13*
24*
27*
18

1875
617
754
1021
2067
1967

k
+
+
+
+
+

104
SO*
112*
146*
54
38

+
f
+
-t
k
&

113
87*
42*
52*
25
94

Chick brain neurons were cultured in 24-well plastic dishes until confluent (2 d) and then incubated for 5 d in the
presence or absence of xyloside or chlorate. ECM was prepared from the cultures and treated with heparitinase, collagenase, or thrombin. ECM was then incubated with 1.0 &ii/well of iodinated protein. The amount of radioactivity
bound to the ECM was measured. Values are means + SEM (n = 4).
*, Significantly different (P < 0.05) from controls as determined by two-tailed Student’s t-test.
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Figure 4. Effect of AChE-AP

Figure 6. Release of 1251-APP from embryonic chick brain ECM by
fetal bovine serum AChE-AP (O), eel AChE-AP (0), trypsin (A), plasmin
(V), and thrombin
(W). Iodinated APP was incubated with ECM. The
ECM was washed with phosphate-buffered
saline and then incubated
with the protease for 1 hr at 37°C. Each point represents the mean of
two determinations.
The experiment was performed four times with
similar results. The variation between duplicate values was less than
10%. One hundred percent bound represented 642 cpm of Y-APP
bound/well.

(0. l-l .O mg/ml). Incubations with similar concentrations of
plasmin resulted in release of approximately 60% of the total
bound APP, suggesting that APP may bind to sites on the ECM
that are resistant to digestion by plasmin.
Inhibition by protease inhibitors. The specificity of the effect
of AChE-AP on APP release from the ECM was tested further,
by examining the ability of protease inhibitors to inhibit the
release of APP from the matrix (Fig. 7). We found that inhibitors
of the AChE-AP also inhibited the ability of the AChE-AP
fraction to release APP from the ECM. Both PN I and APP
were potent inhibitors of release even at concentrations below
10 nM. The trypsin-like activities of serum and eel AChE-AP
were also potently inhibited by PN I and APP (Fig. 8). In contrast, the broad-spectrum serine protease inhibitor soybean trypsin inhibitor weakly inhibited release of APP (Fig. 7) and only

release of APP from ECM was due to its trypsin-like

purified from fetal bovine serum (0,A)
or eel electroplax organ (0,~) on the release of 1Z51-labeled APP (A,A)
or acidic FGF (0,O) from embryonic chick brain ECM. The figure shows
a typical result obtained in three separate experiments. The amount
released is shown as a percentage of the total amount of radioactivity
bound prior to the addition of protease. Points represent the mean of
two determinations.
One hundred percent bound represented 1565 and
1888 cpm/well for acidic FGF and APP, respectively.

weakly inhibited
high concentrations

the trypsin-like
protease activity
(Fig. 8) at
(> 1 PM). Taken together, these results con-

firmed that the effect of the AChE-AP

1
M,, (x lo- 3,
I

97.4
69
437
21
14

2

3

Discussion
that APP binds saturably to one or
of chick brain ECM with an equilibrium
dissociation
constant (&) of 60 nM. APP possesses a specific
heparin binding site (Schubert et al., 1989b) and may therefore
bind several heparan sulfate proteoglycans. In a study by Narindrasorasak et al. (199 l), it was concluded that APP could
bind to both the protein core and glycan moiety of a proteoglycan purified from Engelbreth-Holm-Swarm
tumor.
To study the possibility that APP may also bind to ECM
components of CNS origin, we examined the binding of APP
to chick brain ECM and the effect of inhibitors of proteoglycan
biosynthesis on binding. The finding that xyloside and chlorate
This

study

demonstrates

more components

pretreatment

of cells resulted

in 80% loss of APP

indicates that at least 80% of the APP binding

fractions in stimulating

4

protease

activity.

5

6

Figure 5. Autoradiogram

binding

sites

sites may be

of ~2sI-labeled APP and acidic FGF analyzed by
SDS-PAGE. Labeled proteins were separated on a 15% polyactylamide gel. The
figure shows that the labeled proteins
released from embryonic chick brain
ECM by incubation for 1 hr with the
AChE-AP (10 &ml)
have an IV, similar to the protein prior to incubation.
Lanes 1 and 2, Iodinated proteins prior
to binding experiment. Lanes 3-6, Labeled proteins released by AChE-AP
purified from fetal bovine serum (lanes
3 and 5) and eel electroplax (lanes 4
and 6). Experiments were performed
using either l*SI-acidic FGF(lunes 1,3,4,)
or lz51-APP (lanes 2,5,6). Each lane contained approximately
500-l 000 cpm of
1251-APP bound/well.
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Figure 7. Effect of human brain APP (0), recombinant PN I (O), and
soybean trypsin inhibitor
(U) on the release of iodinated APP from
embryonic chick brain ECM by incubation for 1 hr with AChE-AP (1
&ml)
purified from fetal bovine serum (A) or eel electroplax (B). Each
point represents the mean of two determinations.
The experiment was
performed twice with very similar results. The variation between duplicate values in this experiment was less than 10%. One hundred percent bound represented 625 cpm of lZSI-APP bound/well.

Figure 8. Effect of human brain APP (0) recombinant PN I (O), and
soybean trypsin inhibitor
(0) on the AChE-AP (1 &ml)
from fetal
bovine serum (A) or eel electroplax (B) as measured by the cleavage of
a model peptide substrate (Small et al., 1987). Protease activity was
defined as the amount of model peptide (Leu-Trp-Met-Arg-Phe-Ala)
cleaved to its tryptic fragment (Leu-Trp-Met-Arg)
for 1 hr at 37°C.
Approximately
10 ng of model peptide was hydrolyzed per hour per
microgram of protein.

associated with ECM proteins. It is unlikely that the 20% of
binding sites remaining after xyloside or chlorate treatment were
due to proteoglycans synthesized prior to treatment, as cells
were cultured for only a short period (2 d) until confluent prior
to the addition of inhibitor. Furthermore, maximum ECM production is normally only achieved once cells have reached confluency.
The proteins that bind APP in the brain ECM are not yet
known. Acidic and basic FGF are known to bind to the glycan
component of certain heparan sulfate proteoglycans (see Klagsbrun and Baird, 1991, for a recent review). Heparitinase pretreatment of ECM decreased the binding of APP by 80%, suggesting that APP may also bind to proteoglycans. Our results
are consistent with the studies of Narindrasorasak et al. (199 l),
who showed that APP can bind tightly (Kd = 10 nM) to a heparan
sulfate proteoglycan, an interaction that was weakly inhibited
by heparin. We observed that heparin and heparan sulfate did
not inhibit binding of APP to ECM at concentrations up to 10
&ml. This lack of inhibition is probably due to the presence
of heparan sulfate binding sites on ECM, which could compete
with APP for heparan sulfate binding.
Studies on the expression of AChEs in embryonic tissues have
provided evidence for the view that AChE has functions other
than the hydrolysis of ACh at choline&
synapses (Layer, 1983).
During the early stages of embryonic development in the chick,
AChE activity is expressed at stages in which cell proliferation
ceases and neurons begin to differentiate. The present study
confirms that levels of AChE begin to increase in the chick brain
at the major period of neurite outgrowth (embryonic day 7). At
this stage, levels of APP also increase dramatically in the embryonic brain.
A protease associated with preparations of AChE from eel
electric organ or fetal bovine serum was found to release APP
and acidic FGF from ECM. The AChE-AP was distinguished
from other trypsin-like proteases by its lack of interaction with

benzamidine-Sepharose, its low sensitivity to inhibition by soybean trypsin inhibitor, and its association with AChE through
several purification steps. The AChE-AP released acidic FGF
and APP intact from the matrix, presumably by acting upon an
ECM component that either directly or indirectly binds acidic
FGF or APP. The specificity of the action of the AChE-AP on
ECM is supported by the finding that other proteases (plasmin,
thrombin), previously implicated for their actions on ECM, were
approximately
loo-fold less potent than the partially purified
preparations of AChE-AP in their ability to release APP from
the ECM. Further evidence for the specificity of this effect comes
from the finding that PN I and purified human brain APP itself
potently inhibited the release of APP by the AChE-AP from the
ECM.
Our study leaves open the question of whether a protease
activity is associated with AChE in the chick brain. In a previous
study (Small et al., 1991) we found that a protease activity
similar to that associated with eel or bovine serum AChE was
recovered in a preparation of 400,000-fold-purified
human brain
AChE. As AChE comprises as little as 0.00 1% ofthe total protein
in most vertebrate brains (Silman, 1984), a direct demonstration
of the presence of a protease activity associated with chick brain
AChE must await the complete purification of the protease and
the generation of antibodies that specifically recognize it.
We have shown that the protease activity associated with
AChE purified from eel electroplax organ or fetal bovine serum
can act as an “APP secretase” to cleave the transmembrane
form of APP from cells, thereby releasing a soluble form of the
protein that is C-terminally truncated (Small et al., 1991). Secreted forms of APP may bind to components of the ECM such
as heparan sulfate proteoglycans (Klier et al., 1990). Our studies
suggest that the AChE-AP may act not only to increase the
secretion of APP from the surface of cells (Small et al., 199 1)
but also to release bound forms of APP from ECM.
Both APP and PN I were found to inhibit the ability of the
AChE-AP to release APP from ECM. PN I is an inhibitor of
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serine proteases such as thrombin

and urinary plasminogen ac-

tivator (urokinase)
(Baker et al., 1980) and has been shown to
promote
neurite outgrowth
from cultured sympathetic
neurons
(Zurn et al., 1988) and hippocampal
pyramidal
cells (Farmer et
al., 1990). Certain forms ofAPP produced by alternative
mRNA
splicing possess a domain that shares approximately
50% amino
acid sequence similarity
to the Kunitz family of protease inhibitors (KPI). The levels of WI-containing
forms of APP may be
important
in the pathogenesis
of Alzheimer’s
disease. Studies
by Quon et al. (199 1) suggest that overexpression
of KPI-containing
forms of APP in transgenic
mice leads to an amyloid
deposition
similar
to that seen in Alzheimer’s
disease. KPIcontaining
forms of APP may bind proteases and inhibit
their
action (Sinha et al., 1990). If KF’I-containing
forms of APP
inhibit proteases involved
in cell-ECM
intereactions,
then APP
may also be involved
in regulating
cell growth and adhesion.
The present study suggests that the release of APP or other
factors from ECM by proteases might be inhibited
by APP.
Thus, KFI-containing
forms of APP may have subtle actions
on neurite outgrowth
or cell differentiation
by regulating
the
availability
of growth factors bound to the ECM.
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