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Abnormal metabolic processing of the B/A4 amyloid pre- 
cursor protein (APP) has been implicated in the pathogen- 
esis of Alzheimer disease. Several aspects of normal APP 
processing have been elucidated, but the precise cellular 
trafficking of APP remains unclear. To investigate APP traf- 
ficking pathways further, we have examined the subcellular 
distribution of APP in rat brain tissue and a variety of cultured 
cell types, and correlated this distribution with the biochem- 
ical processing of APP. 

In immunofluorescence microscopy of rat brain sections, 
APP immunoreactivity was concentrated in the Golgi com- 
plex and in proximal axon segments. In addition, a lower 
level of punctate fluorescence was visible throughout the 
neuropil. By immunoelectron microscopy of rat brain tissue 
fragments, APP was found associated with Golgi elements 
and with medium-sized, invaginated vesicles in both axons 
and dendrites. Prominent localization of APP to the Golgi 
complex was also found in primary cultures of rat hippo- 
campal neurons and in non-neuronal cell lines. 

When cultured cells were treated with brefeldin A (BFA), 
APP immunoreactivity changed from a Golgi-like to an en- 
doplasmic reticulum-like distribution. No APP was detected 
in the BFA-induced reticulum identified by the transferrin 
receptor, indicating that concentration of APP in the Golgi 
does not reflect recycling between the frans-Golgi network 
and early endosomal system. In immunoblots of BFA-treated 
cells, there was an accumulation of full-length APP and in- 
hibition of APP secretory processing. Treatment with phorbol 
ester resulted in a marked elevation of APP secretion, but 
no obvious redistribution of APP immunoreactivity was ap- 
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parent at the light microscope level. The lysosomotropic 
drug chloroquine induced accumulation of APP in cell lys- 
ates, as seen by immunoblotting. lmmunofluorescence mi- 
croscopy of chloroquine-treated cells demonstrated a co- 
localization of APP with the lysosomal marker Igpl20, where- 
as no colocalization was seen in untreated cells. Taken 
together, these results support a scheme in which APP is 
concentrated in the Golgi complex as it travels through the 
central vacuolar system en route to the plasma membrane 
for secretion of its amino-terminal domain and/or to lyso- 
somes for degradation. 

[Key words: Golgi complex, synaptic vesicles, brefeldin 
A, chloroquine, lysosomes, phorbol ester] 

The extracellular deposition of PIA4 amyloid peptide in brain 
cortical parenchyma and cerebromeningeal blood vessels is a 
pathological hallmark ofAlzheimer disease (Glenner and Wong, 
1984; Tomlinson and Corsellis, 1984; Masters et al., 1985). The 
PIA4 peptide arises from proteolytic cleavage of the amyloid 
precursor protein (APP), a transmembrane glycoprotein that 
exists as multiple isoforms resulting from alternative splicing 
of a single transcript (Goldgaber et al., 1987; Kang et al., 1987; 
Robakis et al., 1987; Tanzi et al., 1987, 1988; Kitaguchi et al., 
1988; Ponte et al., 1988). It is believed that abnormalities in 
the APP molecule or in its metabolism can give rise to Alzhei- 
mer disease. Several mutations in the APP gene have been iden- 
tified in the kindred of patients suffering from early-onset, her- 
itable forms of the disease (Chattier-Harlin et al., 199 1; Goate 
et al., 199 1; Murrell et al., 199 1; Naruse et al., 199 1; Mullan et 
al., 1992). Mutations in the APP gene are also apparently re- 
sponsible for hereditary cerebral hemorrhage with amyloidosis 
(Dutch type), a rare inherited disorder in which deposition of 
PIA4 peptide in cerebral blood vessels produces fatal hemor- 
rhages (Levy et al., 1990; Hendriks et al., 1992). Consequently, 
elucidation of the normal metabolic pathways of APP should 
provide a base for studying the processing abnormalities in- 
volved in the pathogenesis of these diseases. 

Current evidence suggests the existence of multiple processing 
pathways for APP. One pool of APP molecules is cleaved within 
the PIA4 region, with the APP ectodomain secreted into cere- 
brospinal fluid and into the medium of cultured cells (Palmert 
et al., 1989; Weidemann et al., 1989; Oltersdorf et al., 1990). 
Since the proteolytic event that results in APP secretion occurs 
within the PIA4 domain of APP, it precludes a contribution of 
this population of molecules to amyloid deposits (Esch et al., 
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1990; Sisodia et al., 1990). The principal cellular site of APP 
secretory cleavage has not been determined, but recently it has 
been shown that at least some molecules may be cleaved at the 
cell surface (Sisodia, 1992). Although the kinetics of APP ec- 
todomain secretion indicate that APP does not follow the stan- 
dard regulated secretory pathway (Overly et al., 1991) APP 
secretion can be stimulated either by direct activation of protein 
kinase C with phorbol esters (Caporaso et al., 1992b; Gillespie 
et al., 1992; S. Sinha, personal communication) or by application 
of first messengers that act through protein kinase C (Buxbaum 
et al., 1992; Nitsch et al., 1992), suggesting a regulatory mech- 
anism for this processing pathway. The mechanism by which 
protein kinase C modulates secretion of APP ectodomain has 
not been determined, although protein kinase C can phospho- 
rylate APP in vitro (Gandy et al., 1988; Suzuki et al., 1992). 

In most cell types that have been studied, the secretory path- 
way accounts for only a small fraction of total APP processing 
(Weidemann et al., 1989; Haass et al., 1991; Caporaso et al., 
1992a; Knops et al., 1992). In rat neuroendocrine PC12 cells, 
the majority of APP molecules are proteolytically degraded in 
a chloroquine-sensitive intracellular compartment, presumably 
endosomes and/or lysosomes (Caporaso et al., 1992a). It has 
also been shown that full-length APP and APP degradative frag- 
ments are present in a lysosome-enriched subcellular fraction 
(Haass et ai., 1992a), that potentially amyloidogenic APP frag- 
ments are probably processed in endosomes and lysosomes 
(Golde et al., 1992; Knops et al., 1992), and that APP immu- 
noreactivity is present in neuronal structures identified as sec- 
ondary lysosomes (Benowitz et al., 1989). Furthermore, full- 
length APP and the carboxyl-terminal APP fragment resulting 
from secretory cleavage are enriched in clathrin-coated vesicles, 
suggesting that these protein species are targeted to the endo- 
somal system after endocytosis from the plasma membrane or 
directly from the trans-Golgi network (TGN) (Nordstedt et al., 
1993). It was demonstrated recently that intact @A4 peptide is 
released from cultured cells and is present in plasma and ce- 
rebrospinal fluid (Haass et al., 1992b; Seubert et al., 1992), and 
that production of secreted P/A4 might occur in the endosomal/ 
lysosomal system (Shoji et al., 1992) additionally stressing the 
importance of this compartment in APP metabolism. 

In the present study, the subcellular distribution of APP was 
examined in a variety of cell types in an attempt to elucidate 
APP trafficking further. Employing markers specific for indi- 
vidual cellular compartments and pharmacological agents known 
to affect organelle function or signal transduction, we correlate 
the localization of APP with the biochemical processing of the 
molecule. 

Materials and Methods 
Antibodies. Preparation of affinity-purified rabbit anti-carboxyl-termi- 
nal APP antibody (369A) has been described previously, and this an- 
tibody identifies immature and mature holomolecules of all APP iso- 
forms as well as carboxyl-terminal APP fragments (Buxbaum et al., 
1990). [It is possible that antibody 369A may, under some circumstanc- 
es, cross-react with other proteins in the APP family (e.g., APLPl, 
Wasco et al., 1992, or APLP2, Wasco et al., 1993). Experiments designed 
to clarify this issue are underway.] Other antibodies were generous gifts, 
as follows: a monoclonal antibody against the amino terminus of APP 
(22Cll; Dr. Konrad Beyreuther, University of Heidelberg, Heidelberg, 
Germany), polyclonal rabbit serum raised against the carboxyl terminus 
of APP (C7; Dr. Dennis Selkoe, Harvard Medical School, Boston, MA), 
a monoclonal antibody that recognizes an integral membrane protein 
ofthe truns-Golgi and TGN (GIMP,; Dr. Ignacio Sandoval, Universidad 
Autonoma de Madrid, Cantoblanco, Madrid, Spain), a monoclonal an- 
tibody against the synaptic vesicle protein SV2 (Dr. Kathleen Buckley, 

Harvard Medical School, Boston, MA), a rabbit polyclonal antibody 
against mannosidase II (Dr. Kelley Moreman, Massachusetts Institute 
of Technology, Cambridge, MA), a rabbit polyclonal antibody against 
the intermediate compartment protein ~58 (Dr. Jaakko Saraste, Ludwig 
Institute for Cancer Research, Stockholm, Sweden), a monoclonal an- 
tibody against the cytoplasmic domain of human transferrin receptor 
(Tf-R) (Dr. Ian Trowbridge, Salk Institute, San Diego, CA), a mono- 
clonal antibody that recognizes the endoplasmic reticulum (ER) marker 
BiP (Dr. David Bole, University of Michigan, Ann Arbor, MI), and a 
monoclonal antibody against the lysosomal marker lgp 120 (Dr. Ira Mell- 
man, Yale University School of Medicine, New Haven, CT). 

FITC-conjugated goat anti-mouse antibody was obtained from Sigma 
Chemical Co. (St. Louis, MO), and rhodamine-conjugated goat anti- 
rabbit antibody was obtained from Boehringer Mannheim Biochemicals 
(Indianapolis, IN). FITC-conjugated wheat germ agglutinin (WGA) was 
obtained from Vector Laboratories, Inc. (Burlingame, CA). FITC-con- 
jugated lentil lectin was obtained from E-Y Laboratories (San Mateo, 
CA). Protein A-gold particles were prepared according to the method 
of Slot and Geuze (1985). Donkey anti-rabbit and sheep anti-mouse 
horseradish peroxidase-coupled secondary antibodies were purchased 
from Amersham Corp. (Arlington Heights, IL). 

Cell cultures. Primary cultures of rat hippocampal neurons were pre- 
pared from l&d-old fetal rats as described (Banker and Cowan, 1977; 
Bartlett and Banker, 1984). Cells were arown for 4 d on oolv-r-lvsine- 
treated glass coverslips in’minimum essential medium without serum, 
containing 1% HLI supplement (Ventrex, Portland, ME), 2 mM gluta- 
mine, and 1 mg/ml BSA. 

Chinese hamster ovary (CHO) cells were grown in Dulbecco’s mod- 
ified Eagle’s medium (DMEM) containing 10% heat-inactivated FBS, 
34 pg/rnl proline, 100 U/ml penicillin, and 100 &ml streptomycin. 
African green monkey kidney (COS) cells were grown in DMEM con- 
taining 10% heat-inactivated FBS, 20 mM HEPES (pH 7.4) and 1 x 
antibiotic/antimycotic solution (GIBCO-Bethesda Research Labs, 
Gaithersburg, MD). Undifferentiated rat pheochromocytoma (PC12) 
cells were grown in DMEM containing 10% heat-inactivated FBS, 5% 
heat-inactivated horse serum, and 1 x antibiotic/antimycotic solution. 
Rat insulinoma (RINmSF) cells (Gazdar et al., 1980) were grown in 
RPM1 1640 medium containing 10% fetal calf serum. Mouse insuli- 
noma (flTC3) cells (Efrat et al.. 1988) were arown in Click medium 
(Irvine”Scientific, Santa Ana, CA) containing 3% fetal calf serum. Pri- 
mary cultures and all cell lines were grown in 5% CO, at 37°C. 

Drug treatments. Brefeldin A (BFA) was obtained from Epicentre 
Technologies (Madison, WI) and was stored at - 20°C as a 1000 x stock 
solution of 10 mg/ml in methanol. Phorbol 12,13-dibutyrate (PDBu) 
was obtained from LC Services (Wobum, MA) and was stored at -20°C 
as a 1000x stock solution of 1 rnr.4 in 50% dimethvl sulfoxide. Chlo- 
roquine was obtained from Sigma Chemical Co. and was stored at 4°C 
as a 1000x stock solution of 50 mM. Cells were incubated for the 
indicated times in medium containing drug, and then washed prior to 
fixation for immunocytochemistry or prior to lysis for immunoblot 
analysis. 

Immunojluorescence labeling. Cells were grown for 2-3 d on poly-L- 
omithine-coated glass coverslips. Following incubation in medium alone 
or in medium containing drugs, cells were washed once with 120 mM 
phosphate buffer (pH 7.4) and then fixed for 30 min at 37°C with 4% 
formaldehyde (freshly prepared from paraformaldehyde), 4% sucrose in 
120 mM phosphate buffer. All subsequent steps were performed at room 
temperature. After a wash with high-salt PBS (500 mM NaCl, 20 mM 
phosphate buffer), cells were incubated for 30 min with “goat serum 
dilution buffer” (GSDB; 0.45 M NaCl, 20 mM phosphate buffer, 0.3% 
Triton X-100, 17% goat serum) in order to permeabilize membranes 
and block nonspecific secondary antibody binding sites. Cells were next 
incubated for 2-3 hr with primary antibodies prepared in GSDB. Fol- 
lowing washes with high-salt PBS, cells were incubated for 30-90 min 
with fluorescent secondary antibodies prepared in GSDB. Cells were 
washed with high-salt PBS and then briefly with 5 mM phosphate buffer 
before mounting the coverslips onto glass slides using freshly prepared 
mounting solution [70% glycerol, 1 mg/ml p-phenylenediamine (Sigma 
Chemical Co.), 150 mM NaCl, 10 mM phosphate buffer]. Slides were 
viewed with a Zeiss Axiophot microscope equipped with epifluorescence 
optics and photographed with Kodak TMAX-100 film. 

Brains of adult Sprague-Dawley rats (150-200 gm) were fixed by 
perfusion with 4% paraformaldehyde in 120 mM phosphate buffer and 
7 pm sections were prepared (De Camilli et al., 1983a). Brain sections 
were labeled for immunofluorescence microscopy essentially as de- 
scribed above. 
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Figure 1. Comparison of the subcel- 
lular localization of APP and GIMP, in 
rat brain by immunofluorescence mi- 
croscopy. Rat brain sections were dou- 
ble labeled for APP (antibody 369A) 
(u-d) and GIMP, (a’-&). The following 
populations of cells are shown: a, a’, 
cortical forebrain pyramidal cells; b, b’, 
hippocampal pyramidal cells; c, c’, 
brainstem neurons; and d, d’, cerebellar 
Purkinje cells. APP immunoreactivity 
in the proximal segment of axons is in- 
dicated (arrows). Scale Bars, 20 pm. 

APP GlMPt 

APP GlMPt 

GlMPt 

Immunoelectron microscopy. Preparation of agarose-embedded rat were washed with 120 mM phosphate buffer or Hank’s balanced saline 
brain tissue fragments and immunoe~ectron microscopy were performed 
as described nreviouslv (De Camilli et al., 1983b: Takei et al., 1992). 

Immunobh unuZys~~‘Cells were grown for 2-3 d on 6 cm culture 
dishes. Following drug treatment, the medium was removed, the cells 

solution and scraped from the dishes in 400-600 ~1 of 1% SDS, and the 
lvsates were boiled and sonicated. Following centrifuaation at 14.000 
x g for 10 min, supematants were assayed for total protein using the 
BCA system (Pierce, Rockford, IL). Aliquots of cell lysates containing 
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equal amounts of protein, or volumes of medium normalized for cell 
lysate protein, were diluted and boiled in sample buffer, separated on 
SDS-pblyacrylamide gels by electrophoresis under reducing conditions 
(Laemmli. 1970). and transferred to nitrocellulose membranes (Towbin 
et al., 1979). The procedure for immunoblotting has been described 
elsewhere (Nordstedt et al., 1993). Immunoreactivity was visualized 
with the enhanced chemiluminescence system (Amersham Corp.) ac- 
cording to the manufacturer’s instructions, and blots were exposed to 
x-ray film. 

Pulse-chase labeling and immunoprecipitation. Experimental proce- 
dures for %-methionine pulse labeling of CHO cells and immunopre- 
cipitation using antibody 369A were essentially as described previously 
(Caporaso et al., 1992a). When APP maturation was examined, im- 
munoprecipitates were treated with endoglycosidase H (endo H) (Boeh- 
ringerMannheim Biochemicals) for 16 hror with neuraminidase (Boeh- 
rineer Mannheim Biochemicals) for 2 hr at 37°C as described (Teixido 
- - - - 0 -m  ~~ 

and Massague, 1988). Control samples were treated with enzyme buffer 
alone for 16 hr at 37°C. Incubations were stopped by the addition of 
5 x gel sample buffer and boiling. 

Results 
APP is concentrated in the Go& complex of neurons and in 
vesicular structures of dendrites and axons 
To examine the subcellular localization of APP, rat brains were 
fixed by perfusion with formaldehyde and cryosectioned, and 7 
pm slices were examined by immunofluorescence microscopy 
(De Camilli et al., 1983a) with an antibody against the carboxyl 
terminus of APP (369A; Buxbaum et al., 1990). In the brain 
regions studied-forebrain, hippocampus, brainstem, and cer- 
ebellum- most neurons were intensely APP immunoreactive 
(Fig. 1). Some APP immunoreactivity was also detected in a 
variety of supporting cells, including glial cells. APP was ob- 
served predominantly in perinuclear structures in all cell types. 
In neurons, this intense immunoreactivity extended into the 
proximal portions of cell processes. 

This distribution was suggestive of a concentration of APP 
in the region of the neuronal Golgi complex (De Camilli et al., 
1986). Brain sections were therefore double labeled with an 
antibody directed against GIMP,, an integral membrane protein 
localized to the trans-Golgi and TGN (Yuan et al., 1987). Cel- 
lular areas of the greatest APP immunoreactivity coincided with 
GIMP,-immunoreactive areas in perikarya and dendrites (Fig. 
1). In addition, high levels of APP staining were found in the 
proximal portion of axons, which do not contain elements of 
the Golgi complex (De Camilli et al., 1986) and which were 
accordingly negative for GIMP, immunoreactivity (Fig. 
la,a’,b,b$ A high-power view of a cerebellar Purkinje cell with 
its initial axonal segment is shown in Figure 1, d and d’. APP 
immunoreactivity extended along the axon into the granule cell 
layer (Fig. Id). This staining became weaker with increasing 
distance from the perikaryon. Diffuse punctate APP immuno- 
fluorescence was present throughout the neuropil (compare the 
background immunofluorescence of Fig. 1, a-d, with that of a 1 
d?, but no accumulation of APP was seen at synapses. 

A predominant localization of APP in the region of the Golgi 
complex was also observed in neurons in culture (Banker and 
Cowan, 1977; Bartlett and Banker, 1984) (Fig. 2a). In addition, 
in these cells a moderate to intense APP immunoreactivity was 
present as fine puncta in neuronal processes. APP was not con- 
centrated at synaptic vesicles, however, as indicated by double 
labeling for the synaptic vesicle protein SV2 (Buckley and Kelly, 
1985) (Fig. 2b). 

To confirm the Golgi localization of APP and to examine the 
nature of the APP immunoreactivity seen in neuronal processes, 
fragments of brain tissue were obtained by coarse homogeni- 

APP 

Figure 2. Localization of APP and SV2 in primary cultures of rat 
hippocampal neurons by immunofluorescence microscopy. Hippocam- 
pal neurons were grown in culture for 4 d before fixation and double 
labeled for APP (antibody 369A) (a) and SV2 (b). Scale bar, 20 pm. 

zation, embedded in agarose, immunogold labeled for APP, and 
finally Epon embedded (De Camilli et al., 1983b; Takei et al., 
1992). In fragments of the Golgi complex, the presence of gold 
particles on cistemae was visible (Fig. 3a). This labeling of the 
Golgi complex was not seen in control preparations reacted with 
preimmune serum. 

In microscopic fields containing fragments of cell processes 
and synapses, APP immunoreactivity was found to be associ- 
ated with medium-sized vesicles, many of which were charac- 
terized by outer and inner membranes, the latter appearing to 
arise by the invagination of the outer membrane (Fig. 3&f). 
Gold particles were found at the cytoplasmic face of the outer 
membrane of these structures. The vesicles decorated with gold 
particles were seen both in myelinated (Fig. 3b,c) and in un- 
myelinated (Fig. 3d) axons as well as in pre- and postsynaptic 
compartments (Fig. 3e,f). No other dendritic or axonal struc- 
tures were labeled, nor were the majority of synaptic vesicles 
(Fig. 3ef). 

Golgi localization of APP in cultured non-neuronal cells 
Since we wished to determine the effects of experimental ma- 
nipulations on the subcellular distribution ofAPP, several mam- 
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Figure 3. Localization of APP in rat 
brain tissue fragments by immunoelec- 
tron microscopy. Rat brain tissue frag- 
ments from forebrain (a, b, d) or from 
cerebellum plus brainstem (c, e, j) were 
embedded in agarose and probed with 
antibody 369A and colloidal gold-con- 
jugated protein A prior to plastic em- 
bedding. APP immunoreactivity, as re- 
vealed by gold particle accumulation, 
is visible on Golgi membranes (small 
arrows, a) and on medium-sized vesi- 
cles (large arrows and b, inset) in cell 
processes (b, c, d), including myelinated 
(b, c) axons, and in pre- (e) and post- 
synaptic compartments (fl. Some of 
these vesicles contain an internal mem- 
brane that appears to originate by an 
invagination of the outer membrane. A 
mitochondrion is indicated in a (M). 
Scale bars, 200 nm. 

malian cell lines were examined to select a cell type appropriate ster ovary (CHO) cells all exhibited a predominant concentra- 
for immunofluorescence microscopy of APP. Mouse insulinoma tion of APP at a juxtanuclear location, with fine punctate stain- 
@TC3), rat insulinoma (RINmSF), rat pheochromocytoma ing seen in the cytoplasm (Fig. 4). The juxtanuclear staining 
(PC1 2), African green monkey kidney (COS), and Chinese ham- coincided with the localization of the Golgi complex and pri- 
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RINmSF 

PC12 

CHO (Ab 369A) CHO (Ab C7) 
Figure 4. Immunofluorescence microscopy of various mammalian cell lines showing the juxtanuclear localization of APP. j3TC3 (a), RINmSF 
(b), PC12 (c), and COS (d) cells were labeled with antibody 369A, and CHO cells were labeled with antibodies 369A (e) or C7 (A. Scale bars, 
10 Wm. 

marily with that of the TGN (see below). Another carboxyl- 369A was preincubated with a synthetic peptide corresponding 
terminal APP antibody, C7 (Podlisny et al., 1991) presented to the cytoplasmic domain of APP (APP645-694; APP,,, num- 
an identical pattern of APP immunoreactivity (Fig. 4fl. This bering system) (not shown). 
pattern was not seen with preimmune serum or when antibody On immunoblots of these cell types (Fig. 5) antibody 369A 
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69- 

d-mat APP 
4imm APP 

46- 

*C-term 

Figure 5. Immunoblot analysis of APP in rat brain and mammalian 
cell lines. Proteins (50 pg) from a rat cerebellar homogenate and from 
cell lysates of PC1 2, RINmSF, CHO, and COS cells were separated on 
a 4-l 5% continuous gradient SDS-polyacrylamide gel, and then trans- 
ferred to nitrocellulose membrane and probed with antibody 369A. The 
identities of immature and mature full-length APP and the carboxyl- 
terminal APP fragment resulting from secretory processing are indicated 
for the cell lines. Relative molecular masses are in kilodaltons. 

recognized proteins corresponding in apparent molecular mass 
to previously identified APP species (Weidemann et al., 1989; 
Buxbaum et al., 1990; Caporaso et al., 1992b). There were dif- 
ferences between cell types, though, in the relative intensities 
of specific APP bands. For example, PC1 2 cells contained abun- 
dant amounts of mature (completely glycosylated) full-length 
APP (Caporaso et al., 1992b), whereas both CHO and COS cells 
contained mostly APP species that comigrated with the protein 
bands corresponding to immature full-length APP in PC 12 cells. 
Much lower levels of mature full-length APP were present in 
these cells. CHO and COS cells were also found to produce 
predominantly the 7511770 amino acid isoforms of APP, as 
indicated by an antibody specific for these species (Caporaso et 
al., 1992b) (not shown). CHO and COS cells also contained 
relatively high levels of an approximately 14 kDa APP-im- 
munoreactive protein that comigrated with an immunoreactive 
band in PC12 cells, which was previously identified (Caporaso 
et al., 1992a) as the carboxyl-terminal fragment resulting from 
APP secretory cleavage (Esch et al., 1990; Sisodia et al., 1990). 
Because of the large size of CHO and COS cells, and their relative 
abundance of APP, these cells were selected for further micro- 
scopic study. 

To confirm the Golgi localization of APP, several well-char- 
acterized markers of the Golgi complex were used (the antibody 
recognizing GIMP, did not react with CHO or COS cells). In 

CHO cells, APP was found to be concentrated in the region of 
the cell that stained most intensely for WGA, a lectin that binds 
with high affinity, although not selectively, to the Golgi complex 
(Virtanen et al., 1980; Tartakoff and Vassalli, 1983) (Fig. 6~~2’). 
The most intense APP immunoreactivity closely coincided with 
the distribution of lentil (Lens culinaris) lectin, which specifi- 
cally labels glycoproteins of the Golgi complex (Ridgway et al., 
1992) (Fig. 66,b’), as shown by its colocalization with the Golgi- 
specific enzyme mannosidase II (Novikoff et al., 1983; More- 
man and Touster, 1985) (Fig. 6c,c’). Similar results were ob- 
tained in COS cells (not shown). 

The pattern of APP immunoreactivity in CHO cells was not 
suggestive of a localization to the c&Golgi network, the tran- 
sitional or intermediate compartment between the ER and the 
Golgi stacks. This was shown by staining CHO cells for APP 
and for the intermediate compartment and cis-Golgi marker 
~58 (Saraste et al., 1987). Although there was some overlap 
between the distributions of the two proteins, ~58 immuno- 
reactivity also extended away from the Golgi region (Fig. 7). 
APP staining, in contrast, appeared to be excluded from these 
extensions. 

To evaluate the time course of APP transport through the 
Golgi complex, CHO cells were pulse labeled for 5 min with 
35S-methionine and then chased in the absence of labeled me- 
thionine (Fig. 8, top). The levels of immature APP remained 
unchanged for the first 10 min of chase, with no labeled mature 
APP being recovered. Mature APP was detected at 15 min, and 
the levels ofmature APP peaked at 30 min, with a corresponding 
decrease in the levels of immature APP. By 60 min of chase, 
the levels of both immature and mature APP were substantially 
diminished. 

The nature of the biochemical difference(s) between immature 
and mature APP was examined by treating the immunoprecip- 
itates from pulse-labeled cells with endo H and neuraminidase, 
which cleave from proteins, high-mannose-type glycans, and 
sialic acid moieties, respectively (Fig. 8, bottom). When im- 
munoprecipitates were incubated with endo H, there was a slight 
increase in the migration (- 2 kDa) of the immature APP bands, 
with no change in the migration of mature APP. In contrast, 
neuraminidase treatment affected only mature APP, resulting 
in a shift of the mature APP species to a position comigrating 
with immature APP. These experiments indicate that immature 
APP is a high-mannose form of APP, characteristic of an ER 
and possibly cis-Golgi localization. The shift in migration of 
mature APP seems to be solely the result of addition of sialic 
acid, which is a truns-GolgilTGN protein modification (Grif- 
fiths and Simons, 1986). These results are in close agreement 
with the posttranslational modifications demonstrated for APP 
in other cell types (Weidemann et al., 1989; Oltersdorf et al., 
1990). Taken together with the results of the pulse-chase time 
course, it appears that approximately 15 min is the minimum 
time required for APP synthesis, transport through the ER and 
Golgi stacks, and arrival at the distal Golgi, where APP is sia- 
lylated. 

BFA induces a redistribution of APP from a Golgi to an ER 
localization 
To examine further the Golgi localization of APP, we used BFA, 
a fungal metabolite that induces disappearance of the Golgi 
complex and a relocation of its components into pre- and post- 
Golgi compartments (Pelham, 1991; Klausner et al., 1992). 
Treatment of cells with BFA results in a functional and spatial 
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APP WGA 

Lentil lectin 

Mann II Lentil lectin 
Figure 6. Comparison of the distributions of APP and several Golgi complex markers by fluorescence microscopy in CHO cells. Cells were double 
labeled for APP (antibody 3694, a) and WGA (a?, for APP (b) and lentil lectin (b’), or for mannosidase II (c) and lentil lectin (c?. Scale bars, 10 
Wm. 

dissection of the [runs-Golgi from the TGN (Chege and Pfeffer, 
1990; Reaves and Banting, 1992). Specifically, BFA causes a 
resorption of cis-, middle-, and trans-Golgi proteins and mem- 
branes to the ER (Doms et al., 1989; Lippincott-Schwartz et al., 
1989). At the same time, BFA has also been shown to produce 
fusion of the TGN and early endosomes into a tubular network 
(Lippincott-Schwartz et al., 199 1; Wood et al., 199 1). 

We have previously demonstrated in PC12 cells that BFA 
interferes with normal posttranslational modification of APP 
and completely abolishes secretion and proteolytic turnover of 
APP (Caporaso et al., 1992a). Similar results were obtained in 
CHO cells treated with BFA and analyzed by immunoblotting 

(Fig. 9). In untreated cells, most detectable APP consisted of 
the immature full-length molecule, with mature full-length APP 
and the carboxyl-terminal APP fragment representing minor 
species. After 30 min of BFA treatment, the protein band cor- 
responding to immature APP was slightly shifted to a higher 
molecular mass; by 2 hr of BFA treatment, APP immunoreac- 
tivity comprised a broad band spanning the positions of im- 
mature and mature APP (Fig. 9). At the peak effect of BFA 
treatment, the intensity of the full-length APP band was greater 
than that in control cells, suggesting an overall accumulation of 
APP inside the cells. In addition, the carboxyl-terminal APP 
fragment was scarcely visible, indicating that secretory cleavage 
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Figure 7. Comparison of the distributions of APP and p58 by immunofluorescence microscopy in CHO cells. Cells were labeled in parallel for 
APP (antibody 369A; a) and p58 (b). Scale bar, 10 Wm. 

had been inhibited. The effects of BFA on APP metabolism 
were reversible; 2 hr after removal of BFA, all APP species had 
returned to their pretreatment states (Fig. 9). 

We next examined the effects of BFA on the subcellular lo- 
calization of APP. Assuming that APP is not a resident Golgi 
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Figure 8. Pulse-chase analysis of APP maturation and processing in 
CHO cells. Cells were pulse labeled with ?S-methionine for 5 min, and 
then chased in the presence of excess unlabeled methionine for 5, 10, 
15,30, or 60 min. APP species were immunoprecipitated with antibody 
369A and separated on a 4-15% SDS-polvacrvlamide gel, treated for 
fluography, and exposed to film. Top, Time course of f;ll-length APP 
maturation and turnover. Bottom, Immunoprecipitates from 0 and 30 
min chase intervals were mock treated (C), or incubated with endo H 
(H) or neuraminidase (N) prior to gel electrophoresis. The identities of 
immature and mature full-length APP are indicated. Relative molecular 
masses are in kilodaltons. 

protein (see Discussion), there are two plausible explanations 
for the intense APP immunoreactivity seen in the region of the 
Golgi complex. First, the abundance of APP in the Golgi com- 
plex might reflect its concentration in the distal Golgi as the 
protein travels through the central vacuolar system and is sorted 
in the TGN (Griffiths and Simons, 1986). In this case, upon 
BFA treatment one might expect a change in the distribution 
of APP immunoreactivity, resulting both from the rapid dis- 
persal and clearance of APP molecules in the TGN to their post- 
Golgi destinations (e.g., constitutive secretory vesicles), and from 
the accumulation of newly synthesized APP in the ER-Golgi 
hybrid compartment (Doms et al., 1989; Lippincott-Schwartz 
et al., 1989; Chege and Pfeffer, 1990). Such a result would be 
consistent with the accumulation of full-length APP seen with 
the immunoblots of BFA-treated cells (Fig. 9). Alternatively, 
the pattern of APP staining might represent a population of 
molecules in the TGN that is involved in recycling among the 
TGN, early endosomes, and the plasma membrane. In this case, 
APP should be present in the tubular reticulum resulting from 
the BFA-induced fusion of these compartments (Lippincott- 
Schwartz et al., 199 1; Wood et al., 199 1). 

CHO cells were double labeled for APP and Tf-R, a protein 
known to recycle between the TGN and endosomes (Stoorvogel 
et al., 1988; Cameron et al., 199 l), and which can be used as a 
marker of the BFA-induced reticulum formed from these two 
compartments (Lippincott-Schwartz et al., 199 1). In untreated 
cells, both APP and Tf-R staining were most concentrated in 
the region of the Golgi complex, but intense punctate Tf-R 
immunoreactivity extended from the centrosomal region to the 
cell periphery (Fig. 1 Oa,a’). Upon treatment with 10 clg/ml BFA 
for 30 min, a network of tubules emanating from the Golgi 
region was stained for Tf-R (Fig. 1 Ob’) (Lippincott-Schwartz et 
al., 199 1). In contrast, BFA treatment resulted in a more diffuse 
APP staining (Fig. lob). There was no apparent colocalization 
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of APP with the tubular network identified by TER. After 4 hr 
in the presence of BFA, cells exhibited a fine meshwork of APP 
immunostaining throughout the cytoplasm that resembled the 
structure of the ER (Fig. lOc,d) (see below). 

Similar results were obtained in COS cells double labeled for 
APP and TER before and after BFA treatment (Fig. 1 la,a’,b,b’). 
In these cells, the tubular network positive for Tf-R (Fig. 1 lb’) 
was not as well defined as that seen in CHO cells (Fig. lob’). 

Since the cellular distribution of APP after BFA treatment 
was suggestive of an ER localization, COS cells were double 
labeled for APP and BiP, an ER-resident protein (Bole et al., 
1986). The distribution of BiP was the same in both untreated 
and BFA-treated cells, and consisted ofa fine network of staining 
extending to the cell periphery (Fig. 1 lc’,d’). When cells were 
treated with BFA, the immunolocalization of APP was very 
similar to that of BiP (Fig. 1 l&Y), although some difference in 
fine details was observed. 

Phorbol ester-stimulated APP secretion is not accompanied by 
an obvious redistribution of APP immunoreactivity 
Activation of protein kinase C by phorbol esters has been shown 
previously to stimulate the proteolytic processing and secretion 
of APP in PC12, human embryonic kidney (293), and human 
mononuclear leukemia (K562) cells (Buxbaum et al., 1990; Ca- 
poraso et al., 1992b; Gillespie et al., 1992; Sinha, personal com- 
munication). To determine whether phorbol esters would stim- 
ulate APP secretion from CHO cells, cells were incubated with 
1 PM PDBu and both the medium and cell lysates were analyzed 
by immunoblotting with an antibody directed against the amino 
terminus of APP (22Cll; Weidemann et al., 1989) (Fig. 12). 
PDBu produced a severalfold increase in APP secretion that 
was apparent as early as 15 min following initiation of treatment 
and that continued for at least 2 hr (Fig. 12, bottom). 

Concomitant with the increase in secretion, there was a de- 
crease in levels of mature full-length APP observed between 15 
min and 1 hr of PDBu treatment (Fig. 12, middle). [The increase 
in levels of mature APP seen at 2 hr might reflect the protein 
kinase C-mediated upregulation of APP gene expression (Gold- 
gaber et al., 1989).] This suggests that the secreted form of APP 
may arise by proteolytic cleavage of mature full-length APP. 
Consistent with this model, PDBu had no detectable effects on 
the steady-state level of immature full-length APP (Fig. 12, top). 

Despite the dramatic effects that phorbol ester produced on 
APP secretion, no changes were observed in the immunoflu- 
orescent pattern produced by any of several antibodies directed 
against the carboxyl terminus of APP in CHO cells after PDBu 
treatment (not shown). 

APP accumulates in the lysosomes of chloroquine-treated cells 
There is considerable evidence for a role of lysosomes in the 
processing of APP. In PC12 cells, the majority of mature full- 
length APP molecules are proteolytically degraded in a chlo- 
roquine-sensitive cellular compartment that is distinct from the 
site where APP secretory cleavage occurs (Caporaso et al., 1992a). 
It has also been shown that APP holomolecules and carboxyl- 
terminal fragments can be recovered from a subcellular fraction 
enriched in lysosomes (Haass et al., 1992a). In addition, clath- 
rin-coated vesicles purified from PC12 cells are enriched in 
mature full-length APP and the carboxyl-terminal APP frag- 
ment resulting from secretory cleavage, indicating that these 
proteins are targeted to the endosomal system and, presumably, 
to lysosomes as their final destination (Nordstedt et al., 1993). 

To establish a role for lysosomes in APP metabolism in CHO 
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Figure 9. Immunoblot analysis of CHO cells treated with BFA. CHO 
cells were untreated or incubated with 10 &ml BFA for 5 min, 30 min, 
or 2 hr. or for 30 min followed bv incubation in the absence of BFA 
for 2 or 4 hr, then lysed with 1% SDS. Proteins (50 lug) were separated 
on a 4-l 5% SDS-polyacrylamide gel, transferred to nitrocellulose, and 
probed with antibody 369A. The maior APP-immunoreactive orotein 
band of approximately 128 kDa seen at 0 min represents immature full- 
length APP. Mature full-length APP appears as a faint band at approx- 
imately 145 kDa. The protein band of approximately 14 kDa represents 
the carboxyl-terminal fragment resulting from APP secretory cleavage. 
Two hour BFA treatment results in abnormal APP posttranslational 
processing and inhibits APP secretory processing as demonstrated by 
the virtual absence of the 14 kDa fragment. Relative molecular masses 
in kilodaltons are indicated. 

cells, cells were double labeled for APP and lgp 120, an integral 
membrane protein of lysosomes (Lewis et al., 1985). In untreat- 
ed cells, lgpl20 immunostaining was punctate and dispersed 
throughout the cytoplasm, but was most prevalent at a juxtan- 
uclear location that coincided with the region enriched in APP 
(Fig. 13~~‘). However, within this region the lgp120-positive 
puncta were clearly different from the more diffuse APP im- 
munoreactivity. The lgp 120-positive puncta have been shown 
to represent individual lysosomes (Lewis et al., 1985). There 
was little or no colocalization of APP immunoreactivity and the 
punctate lgpl20 immunoreactivity in untreated cells (Fig. 13a,a’). 

Following a 4 hr incubation in the presence of the weakly 
basic lysosomotropic agent chloroquine (de Duve et al., 1974) 
lgp 120 immunoreactivity was no longer dispersed throughout 
the cytoplasm, but consisted of scattered clumps of punctate 
staining (Fig. 13b’). This is consistent with the lysosomal swell- 
ing seen in cells treated with weak bases (Ohkuma and Poole, 
198 1). APP immunostaining in the Golgi region was still present 
(Fig. 13b). However, there was striking colocalization of APP 
and lgp120 staining. Immunoblot analysis revealed an accu- 
mulation of mature APP and the 14 kDa carboxyl-terminal APP 
fragment, but no change in immature APP levels, in cells treated 
with chloroquine (Fig. 14). 
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APP, 30 min BFA Tf-R, 30 min BFA 

APP, 4 h BFA 
__FI 

APP, 4 h BFA 
Figure 10. Comparison of the distributions of APP and Tf-R by immunofhtorescence microscopy in control CT-IO cells and in CHO cells treated 
with BFA. Cells were untreated (a. a’) or treated with 10 &ml BFA for 30 min (b, b’) or 4 hr (c, d), fixed, and double labeled for APP (antibody 

369A; a, b) and Tf-R (a’, b’), or labeled for APP alone (c, d). Scale bars, 10 pm. 

Figure 11. Comparison of the distributions of APP, TER, and BiP by immunofluorescence microscopy in control COS cells and in COS cells 
treated with BFA. Cells were untreated (a, a’, c, c’) or treated with 10 &ml BFA for 30 min (b, b’, d, d’), washed, fixed, and double labeled for 
APP (antibody 3694 u-d) and Tf-R (a’, b’) or BiP (c’, d’). Scale bars, 10 pm. 
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Figure 12. Immunoblot analysis of CHO cells treated with phorbol 
ester. Cells were incubated with medium alone or with medium con- 
taining 1 ELM PDBu for the indicated times. Proteins from cell lysates 
(50 pg) or culture medium were separated on 7.5% SDS-polyacrylamide 
gels, transferred to nitrocellulose, and probed with antibody 22Cll. 
Full-length immature and mature APP appear in cell lysates as 128 and 
145 kDa proteins, respectively (top and middle), and secreted APP 
appears in conditioned medium as a 134 kDa protein (bottom). The top 
and middle panels represent different length exposures of the same im- 
munoblot to optimize signal clarity for immature and mature APP, 
respectively. Relative molecular masses in kilodaltons are indicated. 

Discussion 
Much has been learned about the cell biology of APP since the 
cloning of its gene and elucidation of its structure (Kang et al., 
1987). Nevertheless, investigative efforts have not yet yielded 
a comprehensive scheme for the cellular trafficking and meta- 
bolic pathways of this molecule. In this study, we have inves- 
tigated the cellular trafficking of APP by examining the rela- 
tionship between the subcellular localization of APP and its 
biochemical processing. 

A striking feature of the distribution of APP within the cell 
is its high concentration in the region of the Golgi complex. In 
rat brain, in primary cultures of rat hippocampal neurons, and 
in cultures of several non-neuronal mammalian cell lines, APP 
immunoreactivity was localized to the region of the Golgi com- 
plex as demonstrated by several Golgi markers. A concentration 
ofAPP in the Golgi complex is in agreement with the perinuclear 
distribution for APP reported previously (Card et al., 1988; 
Martin et al., 1991; Schubert et al., 1991; Haass et al., 1992a). 
In those earlier studies, however, the precise localization of APP 
in the perinuclear area was not investigated. 

The predominant localization of immunoreactivity in the Golgi 
complex is not in contrast with the predominant presence of 
immature APP in most cells as suggested by immunoblot anal- 
ysis. Light microscopy immunocytochemistry revealed primar- 
ily sites of high antigen concentration in the region of the Golgi 

complex, whereas the large pool of APP in the ER appears 
simply as diffuse fluorescence. 

Our data are consistent with a model in which APP is con- 
centrated in the trans-Golgi and TGN during its transit through 
the central vacuolar system (Palade, 1975). Unfortunately, the 
presence of APP at the TGN could not be assessed by immu- 
noelectron microscopy, because the experimental procedure re- 
sulted in the disruption of the TGN. Other experimental pro- 
tocols (i.e., ultrathin frozen sectioning) did not allow sufficient 
labeling of APP with the antibodies used. 

Concentration of the protein as it moves through the most 
distal Golgi compartments would occur prior to its dispersal in 
carrier vesicles to the cell surface or endocytic compartment 
(Griffiths and Simons, 1986). In addition to the intense Golgi 
staining, there was visible throughout the cell diffuse punctate 
APP immunoreactivity, which most likely represents these car- 
rier vesicles. Concentration of immunoreactivity in the tram 
regions of the Golgi complex can be observed for proteins that 
travel through the secretory pathway and that are destined for 
secretion in the plasma membrane (Farquhar, 1985; Griffiths 
and Simons, 1986). Thus, this localization is in agreement with 
what is known about the biochemical processing of APP. 

Our results with BFA argue against the possibility that ac- 
cumulation of APP in the distal Golgi complex reflects a re- 
cycling of mature APP, or of its carboxyl-terminal fragment, 
between the TGN and early endosomes. Although BFA induced 
the formation of a reticulum between the TGN and endosomal 
system-as identified by TER, a marker for early endosomes 
(Stoorvogel et al., 1988; Cameron et al., 1991)-no APP im- 
munoreactivity was present in this structure. BFA treatment 
also resulted in accumulation of full-length APP and inhibition 
of APP secretion. These results are in agreement with inhibition 
by BFA of the transport to the plasma membrane and secretion 
of several proteins (Takatsuki and Tamura, 1985; Misumi et 
al., 1986; Fujiwara et al., 1988; Magner and Papagiannes, 1988), 
as well as with the relocation without functional impairment of 
Golgi enzymes to the ER (Doms et al., 1989). Since BFA has 
been shown to dissect functionally the truns-Golgi from the 
TGN (Chege and Pfeffer, 1990) our results indicate that APP 
secretory cleavage occurs distal to the truns-Golgi. 

It seems unlikely that APP is a resident Golgi protein. In 
contrast to some resident Golgi proteins such as mannosidase 
II or galactosyltransferase, which have half-lives of about 20 hr 
(Strous and Berger, 1982; Moreman and Touster, 1985), APP 
was shown by pulse-chase analysis in PC 12 cells to turn over 
with a half-life of less than 2 hr (Weidemann et al., 1989; Ca- 
poraso et al., 1992a). In addition, there is strong evidence for 
trafficking of APP to compartments distal to the Golgi complex 
(i.e., the plasma membrane and lysosomes) (Haass et al., 1992a; 
Sisodia, 1992). 

The precise mechanism by which phorbol esters affect APP 
proteolytic processing is not yet understood. Activation of pro- 
tein kinase C by phorbol esters stimulates the turnover ofmature 
full-length APP in PC1 2 cells (Buxbaum et al., 1990) and in- 
creases APP secretion (Caporaso et al., 1992b). Mature full- 
length APP and carboxyl-terminal APP fragments have been 
shown to be substrates for protein kinase C (Gandy et al., 1988; 
Suzuki et al., 1992) but the significance, if any, of APP phos- 
phorylation on its processing remains to be determined. Alter- 
natively, PDBu might exert its effect on a component of the 
APP processing apparatus. In an attempt to assess whether phor- 
bol esters exert their effect on APP processing by altering the 
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Figure 13. Comparison of the distributions of APP and lgp 120 by immunofluorescence microscopy in control CHO cells and in CHO cells treated 
with chloroquine. Cells were untreated (a, a’) or treated with 50 PM chloroquine for 4 hr (b, b’J, fixed, and double labeled for APP (antibody 369A; 
a, b) and lgpl20 (a’, b?. Scale bars, 10 Frn. 

movement of APP molecules, we examined whether APP cel- 
lular immunoreactivity could be redistributed by treatment of 
cells with PDBu. No apparent change in APP immunolocali- 
zation was observed when using different carboxyl-terminal APP 
antibodies. 

The present study provides strong evidence that APP is tar- 
geted to lysosomes for proteolytic processing. In cells treated 
with the weak base chloroquine (de Duve et al., 1974) there 
was extensive colocalization of APP and the lysosomal integral 
membrane protein lgp120 (Lewis et al., 1985), though little or 
no colocalization was seen in untreated cells (Fig. 13). There 
was no accumulation of APP immunoreactivity in the region 
of the Golgi complex, indicating that the effects of chloroquine 
on APP processing do not occur at the TGN, which is an acidic 
cellular compartment that might be sensitive to weak bases 
(Anderson and Pathak, 1985). Also, the results suggest that APP 
is rapidly proteolyzed in lysosomes, since APP could be seen in 
these structures only when lysosomal proteolysis was inhibited 
by chloroquine. This was apparent by the accumulation, in lys- 
ates from chloroquine-treated cells, of mature full-length APP 
and the carboxyl-terminal APP fragment resulting from secre- 

tory cleavage (Fig. 14). These results agree with other studies 
indicating that lysosomotropic agents can affect APP proteolytic 
processing (Cole et al., 1989; Caporaso et al., 1992a; Golde et 
al., 1992; Knops et al., 1992) or cause accumulation of APP 
and APP degradation products in vesicular structures identified 
as lysosomes (Haass et al., 1992a). The conclusion that lyso- 
somes play a role in the pathogenesis of Alzheimer disease, 
however, would require definitive evidence that lysosome-spe- 
cific enzymes can produce PIA4 amyloid peptide in vitro or in 
cell-free preparations. The recent demonstration that lysosom- 
otropic agents can alter the production of @IA4 peptide from 
cultured cells (Shoji et al., 1992) should facilitate the study of 
the precise cellular locus for the production of PIA4 amyloid. 

An intriguing finding from this study was the immunoelectron 
microscopic localization of APP to medium-sized, apparently 
invaginated vesicles in axons and dendrites (Fig. 3). The punc- 
tate APP staining seen in the proximal segments of axons (Fig. 
1) and in the processes of hippocampal neurons (Fig. 2) might 
at least be partially accounted for by these vesicles. These struc- 
tures may be carrier vesicles for APP, though it remains to be 
established whether they are migrating from the Golgi complex 



3136 Caporaso et al. * Traffickmg of APP 

69- 

46- 

30- 

+mat APP 
4imm APP 

+C-term 

Figure 14. Immunoblot analysis of CHO cells treated with chloro- 
quine. Cells were incubated with medium alone or with medium con- 
taining 50 PM chloroquine for 4 hr. Proteins from cell lysates (50 pg) 
were separated on a 4-l 5% SDS-polyacrylamide gel, transferred to ni- 
trocellulose, and probed with antibody 369A. Full-length immature and 
mature APP appear as 128 and 145 kDa proteins, respectively, and the 
carboxyl-terminal APP fragment resulting from secretory cleavage ap- 
pears as an approximately 14 kDa protein. Relative molecular masses 
in kilodaltons are indicated. 

to the cell periphery or vice versa or both. Studies with ligated 
rat sciatic nerve revealed that APP undergoes anterograde fast 
axonal transport, but the organelles responsible for this transport 
were not identified (Koo et al., 1990). Structures (“compound 
double vesicles”) similar to the ones observed in the present 
report have been seen in the cell body and axon of the giant 
cerebral neuron of Aplysia, and have been suggested to be ves- 
icles on their way to nerve terminals (Shkolnik and Schwartz, 
1980). Schubert et al. (1991) reported an association of APP 
with presynaptic vesicles. Our data argue against the presence 
of significant amounts of APP in synaptic vesicles and do not 
indicate a concentration of APP at CNS synapses (Fig. 3). 

On the other hand, the APP-positive vesicles may mediate 
retrograde transport of APP or its carboxyl-terminal fragment. 
The inner membranes of these structures appear to arise by 
invagination of the outer membranes and therefore bear simi- 
larity to multivesicular bodies (late endosomes), which are known 
to be involved in retrograde axonal flow (Tsukita and Ishikawa, 
1980; Parton et al., 1992). In addition, trafficking through mul- 
tivesicular bodies could provide a means by which APP is tar- 
geted to lysosomes and by which it is released from the mem- 
brane so that proteolytic processing to P/A4 peptide could occur 

(Gandy et al., 1992). Further study is required to clarify the role 
of these structures in APP trafficking. 
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