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Amyloid Precursor Protein in Cortical Neurons: Coexistence of Two
Pools Differentially Distributed in Axons and Dendrites and

Association with Cytoskeleton
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Embryonic cortical neurons in culture contain transmem-
brane amyloid precursor protein (APP) capable of associ-
ating with the detergent-insoluble cytoskeleton through in-
teractions requiring the presence of its C-terminal. These
transmembrane APPs are not detectable at the surface of
living cells. When neurons are fixed with paraformaldehyde
alone, APP is mainly visualized close to the membrane of
the axon and cell body of 40% of neurons, with virtually no
dendritic staining. Membrane permeabilization with deter-
gent or methanol extends APP immunostaining to 100% of
the cells and to all compartments, including the dendrites.
Taken together, these results suggest that APP in embryonic
neurons is present in two compartments, one more readily
detectable in some axons and cell bodies and the other
distributed throughout all neurons. The axonal and somatic
pool of APP detectable after paraformaldehyde fixation alone
is highly and rapidly augmented after exposure to calcium
ionophores. We propose that calcium entry increases the
amount of axonal APP close to the cell surface, but that the
stabilization of the protein at the cell surface and its sub-
sequent secretion require further physiological stimuli.
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Extracellular senile plaques found in Alzheimer’s disease and
in Down’s syndrome are characterized by fibrillary deposits
containing the A4 amyloid peptide. This peptide is a fragment
cleaved from the amyloid precursor protein (APP), which is
ubiquitously expressed in the nervous system from early em-
bryogenesis throughout adulthood. APP is derived from a single
gene, which by alternative splicing yields three principal iso-
forms designated APP770, APP751, and APP695. This latter
isoform, APP695, lacks the Kunitz protease inhibitor domain
observed in the other isoforms and is the major form in neurons
(for review, see Selkoe, 1991). Sequence analysis of APP suggests
an integral membrane protein with a long N-terminal region, a
transmembrane domain, and a short C-terminal tail (Kang et
al., 1987).
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APP is subject to a number of proteolytic events, some of
which give rise to SA4-containing fragments with variable C-ter-
mini observed in endosomes and lysosomes (Estus et al., 1992;
Golde et al., 1992). Recent studies have reported the production
and release of A4 itself (Haass et al., 1992; Seubert et al., 1992),
but it is not yet clear if this involves a distinct processing path-
way. In addition, APP is normally processed in a constitutive
secretory pathway in which the long N-terminal region is cleaved
near the extracellular membrane surface within the A4 se-
quence and released (Palmert et al., 1989; Schubert et al., 1989;
Weidemann et al., 1989; Esch et al., 1990; Sisodia et al., 1990;
Sisodia, 1992). In the brain, all of these processes may act to
different degrees to produce 8A4 amyloid deposits. However,
the specific cells in which APP metabolism is disrupted are
unknown. One likely possibility are the neurons that contain
considerable APP immunoreactivity in the vicinity of amyloid
plaques (Martin et al., 1991).

The physiological role of APP has yet to be elucidated, but
the relative abundance of APP695 in neurons indicates a specific
biological function, and some have suggested that the protein
participates in cell—cell interactions. In peripheral nerve the pro-
tein is rapidly transported down the axons (Koo et al., 1990),
and in a developing central pathway its synthesis and axonal
transport coincide with axon elongation and synaptogenesis
(Moya et al., 1994). In the mature nervous system, the protein
has been localized to both peripheral and central synaptic sites
(Schubert et al., 1991). Studies using neuronal cell lines have
shown that APP can mediate cell—cell and cell-substrate ad-
hesion (Schubert et al., 1989; Breen et al., 1991), and recently
it has been suggested that APP may function as a G-protein—
coupled receptor (Nishimoto et al., 1993). In addition, amyloid
precursor protein expression increases during neuronal differ-
entiation (Hung et al., 1992).

To begin to understand the biological function of APP, we
studied the localization of the protein in differentiating primary
neurons under normal and calcium-stimulated culture condi-
tions. This led us to examine the localization of APP and its
association with the cytoskeleton. We found that APP is dis-
tributed into two distinct intracellular pools, and we propose a
model in which one of these pools, highly enriched in the axon,
would cycle rapidly with the neuronal surface but would only
be stabilized at the surface upon specific physiological stimuli.

Materials and Methods

Primary cell cultures. Cortical neurons were prepared from E15 or E16
rat fetuses as previously described (Lafont et al., 1992). Viable disso-
ciated cells were plated onto polyornithine (Sigma; 1.5 ug/ml)-coated
coverslips (at a density of 50 x 10%/cm?) for immunolabeling experi-



ments or onto polyornithine-coated plastic dishes (at a density of 15—
30 x 10%cm?) for biochemistry experiments. Neuronal cultures were
incubated in a chemically defined medium (CDM) free of serum and
supplemented with hormones, proteins, and salts.

Primary astrocyte cultures were prepared according to McCarthy and
de Vellis (1980) from trypsinized neonatal rat cortices stripped of me-
ninges. Dissociated viable cells were plated onto polylysine (Sigma; 1.5
pg/ml)-coated plastic dishes at an initial density of 20 x 10%cm? in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf se-
rum, and cultured for 10 d before use.

Cell fractionation and homogenization. Neurons (107/dish) at 5 d in
vitro (DIV) were rinsed twice in TBS pH 7.4 (50 mm Tris-HCI, 150 mm
NaCl, 5 mm EDTA), and scraped in 0.5 ml of TBS with protease in-
hibitors (1 mm Pefablock, 1 um leupeptin, 1 um pepstatin, and 0.3 um
aprotinin). The cells were homogenized in a Dounce homogenizer, and
centrifuged at 1000 x g for 5 min. The supernatant was then centrifuged
at 100,000 x g for 1 hr at 4°C to yield a cytosolic fraction and a
particulate pellet. In some experiments, the high-speed pellets contain-
ing membrane-associated proteins were resuspended in 0.1 M sodium
carbonate, pH 11.05, for 30 min at 4°C and centrifuged at 100,000 x
gfor 1 hrat 4°C. The pellets were then resuspended in TBS plus protease
inhibitors and 0.5% Triton X-100.

Cell surface biotinylation. Cells were washed three times in PBS pH
7.4 and incubated with sulfo-NHS-SS-biotin (Pierce Chemical) at 200
ug/ml, 30 min at 4°C or 5 min at 37°C. These conditions were determined
to give access to membrane constituents without altering the viability
of the cells, as determined by trypan blue exclusion. The cells were then
washed once in PBS-glycine and twice in PBS, scraped from the dish,
homogenized, and fractionated as described above. The particulate pel-
let was resuspended in PBS with 2% SDS and boiled for 5 min. After
cooling, 4 vol of S0 mm Tris-HCl pH 7.4, 190 mMm NaCl, 6 mm EDTA,
2.5% Triton X-~100 was added to 1 vol of extract. The suspension was
centrifuged at 4°C for 5 min at 7800 x g and the supernatant mixed
with avidin-agarose beads overnight at 4°C. After five washes in 10 mm
Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% SDS, 0.1% Triton
X-100 and one wash in 10 mum Tris-HCI pH 7.4, 500 mMm NaCl, 5 mm
EDTA, biotinylated proteins were desorbed from avidin-agarose by
boiling for 5 min in Laemmli sample buffer containing 5% SDS.

Immunocytochemistry. Neurons were fixed with paraformaldehyde
(4% in PBS, pH 7.4) for 20 min at room temperature. After rinsing with
PBS, nonspecific binding was blocked with 10% newborn calf serum
(GIBCO) in PBS (PBS-serum) for 60 min at 37°C, and the cells were
incubated for 60 min at 37°C with 5 pg/ml mab22C11 (Boehringer—
Mannheim) or with an anti-C-terminal serum (1:200) provided by Dr.
Frey (Palacios et al., 1992). Coverslips were rinsed and APP immu-
noreactivity was visualized with Texas red—conjugated secondary an-
tibody (45 min at 37°C), or with a biotinylated secondary antibody (45
min at 37°C) followed by Texas red—conjugated streptavidin (20 min at
37°C). All secondary antibodies and amplification reagents were from
Amersham and all incubations and dilutions were in PBS serum. In
some experiments, where indicated, the cells were permeabilized with
0.2% Triton X-100 after fixation and then treated as above in PBS
serum with 0.2% Triton X-100. In other experiments, neurons were
fixed and permeabilized with 100% methanol at —20°C for 5 min and
subsequent steps were carried in PBS serum.

For double-labeling experiments, cells were fixed with paraformal-
dehyde, incubated with mab22C11 as above, and then incubated with
either monoclonal anti-clathrin (Boehringer) or polyclonal anti-MAP2
or anti-tau (gifts of Dr. A. Fellous) and diluted in PBS serum with (MAP2
and tau) or without (clathrin) 0.2% Triton X-100. Immunoreactivity
was visualized using FITC- or TRITC-conjugated appropriate second-
ary antibodies (Amersham).

For immunocytochemistry on live cells mab22C11 was incubated for
60 min or 4 hr on ice or at higher temperatures (15°C or 37°C). In some
of these experiments, permeabilization with 0.001% saponin in the cul-
ture medium for 20 min at room temperature was performed before
incubation with the first antibody. The cells were then washed and fixed
in 4% paraformaldehyde, and immunoreactivity revealed as described
above.

Confocal laser microscopy. Confocal laser microscopy was performed
on a Molecular Dynamics 1000 system using dedicated image software.
For the comparison of fluorescence in different experimental conditions,
the scanning intensity was first empirically determined so that the signal
of the most intensely labeled cells was below saturation, and then these
conditions were used for all subsequent cell scanning.
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Quantification by confocal laser microscopy was obtained by scanning
five fields (512 x 512 pixel image size) at the same intensity with 0.5
wm section increments. The most fluorescent section in each of the five
series per condition was quantified. The same threshold of pixel amount
corresponding to the background was removed and the number of pixels
obtained was divided by the number of cells in the field.

Calcium ionophore treatment. Tonomycin or A23187 (to a final con-
centration of 10-¢ M) was added to 3-5 DIV neurons for 2-4 min. To
test the effects of calcium, the ionophores were also added to cells in
calcium-free media. Treatment was stopped with paraformaldehyde
(immunocytochemistry) or with PBS rinses (biochemical studies).

Cell cytoskeleton preparation. Detergent-soluble and -insoluble frac-
tions of embryonic neurons were prepared according to Refolo et al.
(1991). The cells were washed twice in PBS containing Ca?+ and Mg?+
and once in buffer A (10 mMm PIPES pH 6.9, 5 mm EGTA, 5 mm MgCl,,
2 M glycerol, and protease inhibitors) and then incubated for 5 min at
room temperature in buffer A with 0.25% Triton X-100. Extracted
proteins were centrifuged at room temperature (15,000 x g, 15 min)
and the supernatant (detergent soluble fraction) was reserved. Unso-
lubilized cytoskeleton was scraped from the dishes in a minimal volume
of buffer A, incubated on ice for 30 min, and centrifuged at 10,000 x
£ (10 min, 4°C). The pellet was resuspended in 50 mm Tris-HC] pH
7.4, 10 mM EGTA, 10 mm EDTA, 100 mMm NaCl, 1% SDS, and protease
inhibitors, then triturated, boiled for 10 min, and centrifuged at room
temperature (15,000 x g, 15 min). The pellet is referred to as the
detergent-insoluble fraction.

Cell cytoskeleton polymerization was carried out according to She-
lanski et al. (1972). Five days after plating, 200 x 10 embryonic neurons
were washed in PBS, harvested in buffer B (100 mm MES pH 6.75, 1
mM EGTA, 1 mm MgCl,, and protease inhibitors) at 4°C, lysed in ice-
cold buffer B containing 0.5% Triton X-100, homogenized, kept on ice
for 30 min, and centrifuged at 100,000 x g for 45 min at 4°C. The
supernatants were adjusted to 2 M glycerol and 1 mM GTP, incubated
at 30°C for 30 min, loaded onto a 1.5 M sucrose layer, and centrifuged
at 100,000 x g for 2 hr 30 min at 30°C. Pelleted polymerized micro-
tubules were resuspended in ice-cold buffer B, kept on ice for 30 min,
and centrifuged again (100,000 x g, 4°C 45 min). The supernatant and
pellet correspond to the cold-labile and cold-stable cytoskeleton frac-
tions, respectively.

Brain cytoskeleton preparation. Typically, three to four adult rat brains
were homogenized in ice-cold buffer B with or without 0.5% Triton
X-100. Supernatants were adjusted to 2 M glycerol and 1 mm GTP,
incubated at 30°C for 30 min loaded onto a 1.5 M sucrose layer, and
centrifuged at 100,000 x g for 2 hr 30 min at 30°C.

Gel electrophoresis and immunoblotting. Equal amounts of protein
(50-70 wg) or fraction equivalents were separated on 7% SDS-poly-
acrylamide gels and transferred to Immobilon membranes (Millipore).
Membranes were blocked for 2 hr with 10% newborn calf serum in
TBST (25 mm Tris-HCl pH 8.0, 150 mm NaCl, 0.1% Tween 20) and
incubated overnight at 4°C with the primary antibodies diluted in TBST,
10% newborn calf serum (mab22Cl11, 0.5 ug/ml; anti-C-terminal, 1:2000;
anti-NCAM from Sigma, 1:1000), and immunoreactivity was revealed
with an alkaline phosphatase~conjugated secondary antibody (Southern
Biotechnology Associates) diluted 1:500 in TBST-newborn calf serum.
In some experiments, relative quantities of detected proteins were es-
timated by scanning densitometry.

Results

Neurons in culture express only full-length transmembrane
APP

Our primary embryonic neuron culture system results in cell
populations with 95-99% neurons, and in cultures from E15 or
E16 cortex, neuronal differentiation starts immediately, yielding
cells with distinct axons and dendrites as early as 2-3 d in vitro.
However, it should be noted that these conditions do not permit
the formation of synaptic contacts.

The monoclonal antibody 22C11 (mab22C11) recognizes an
epitope in the N-terminal part of APP (Weidemann et al., 1989;
Martinetal., 1991; Hilbich et al., 1993) and reveals a prominent
protein band at 105 kDa on Western blots containing extracts
from cultured neurons S d in vitro (Fig. 14, lane 2), which likely
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Figure 1. Immunoblot analysis of APP in neuronal extracts (4). Mab22Cl11, which recognizes an epitope in the N-terminal region of APP,
visualizes several APP isoforms in total extracts (10¢ cells) from primary astrocyte (lane 1) and embryonic cortical neuron (lane 2) cultures. B, In
extracts of cortical neuron cultures (2 x 10¢ cells) 5 DIV, the N-terminal-specific (lane 1) and C-terminal-specific (/ane 2) antibodies recognize
the same pattern of APP proteins. C, Partial subcellular fractionation of cultured cortical neurons examined with mab22C11 shows that APP is
absent from the cytosolic fraction (lane I), and present in the membrane-enriched fraction (lane 2). When the extraction is performed in the
presence of 0.5% Triton X-100, APP is solubilized from the membrane and mab22Cl11 reveals the protein in the high-speed supernatant (lane 3),
while little or no signal is present in the residual pellet (lane 4). D, The calcium ionophore ionomycin has no effect on the partitioning of APP
between the membrane-enriched fraction (/ane 2) and the cytosolic fraction (fane 1). In C and D, each lane contains the fraction equivalent of 1.5

x 10¢ cells.

corresponds to the APP695 isoform. Minor quantities of other
proteins migrating with apparent molecular weights ranging from
108 to 120 kDa can also be detected, which may represent
posttranslationally modified forms of APP 695 or proteins de-
rived from APP 751 and APP 770. These latter isoforms, which
are prominent in astrocytes (Fig. 1, lane 1; Haass et al., 1991),
might be due to the few astrocytes (1-5% of the cells) present
in the cultures. In neurons, none of the immunoreactive bands
corresponded to KPI-containing isoforms, as we verified by
polymerase chain reaction the absence of transcripts coding for
the KPI domain (not shown). Finally, we found no evidence for
a soluble form of APP in the conditioned medium from cultures
of embryonic cortical neurons (not shown).

In total extracts from cultured neurons (5 DIV), the same
pattern of proteins is recognized by antibodies specific for the
C-terminal and for the N-terminal of APP, indicating that only
full-length transmembrane proteins are present in primary cor-
tical neurons in vitro (Fig. 1B, lanes 1, 2). This is confirmed by
partial subcellular fractionation of neuronal cultures showing
that while APP is not readily detected in the cytosolic fraction,
it is present in the membrane-containing fraction (Fig. 1C, lanes
1, 2). Treatment of the particulate fraction with 0.1 M sodium
carbonate, pH 11.05, does not release APP, indicating that APP
in the particulate fraction is tightly associated with the mem-
brane. Furthermore, Triton X-100 solubilizes cellular mem-
branes and results in the quantitative release (over 90%) of the
full-length isoforms of APP (Fig. 1C, lanes 3, 4). Thus, all of

the full-length APP detected with the two different antibodies
corresponds to transmembrane isoforms.

Transmembrane APP is not uniformly distributed

We used immunostaining of neuronal cultures at 5 DIV to ex-
amine the localization of APP. Immunostaining of nonfixed
living neurons with mab22C11 results in no specific signal (Fig.
24,B), indicating that few epitopes are accessible at the surface
of living cells. This absence of staining is not due to a nonim-
munoreactive conformation of the epitope on live cells since
permeabilizing live cells with 0.001% saponin before incubation
with the mab22C11 results in clear APP immunoreactivity (Fig.
2C). The absence of APP at the neuronal surface is confirmed
by experiments in which cell surface proteins are biotinylated,
extracted, and purified on avidin-agarose. Figure 2D shows that
whereas the neural cell adhesion molecule (NCAM) is present
in both intracellular (upper lane 1) and extracellular membrane
(upper lane 2) fractions, APP cannot be detected in the fraction
of surface proteins retained by the avidin-agarose (lower lane
2) and is present only in the nonretained fraction (lower lane
1).

Fixation of the cells in 4% paraformaldehyde prior to im-
munostaining reveals the presence of APPin 39.9 + 4.2% (mean
+ SEM, n = 3 separate experiments) of the cells. In these con-
ditions, APP immunoreactivity is observed in cell bodies and/
or neurites, and has a vesicular-like aspect with multiple fine
fluorescent puncta. When APP is present in neurites it is not
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Figure 2. APP is not expressed at the surface of living embryonic cells. APP immunofluorescence is not detected on nonfixed cells (4), while the
same field viewed with phase contrast shows a number of viable neurons (B). C, Confocal section of a neuron illustrating that after permeabilization
with saponin at 0.001% for 20 min, APP can be detected in the cell body and some neurites of living nonfixed neurons using mab22Cl11. D, After
surface biotinylation of neurons in culture, proteins present intracellularly are not retained by avidin-agarose (lane I), while biotinylated cell surface
proteins are retained by avidin-agarose (/ane 2). In contrast with NCAM, which is present both intracellularly and on the surface of neurons
(respectively, upper portions of lanes 1 and 2), APP is only intracellular (/ower portion of lane 1). The large spreading of NCAM immunoreactivity
is due to the high levels of polysialylated NCAM isoforms in embryonic neurons.

uniformly distributed and the more intensely labeled neurites
are long and thin with a constant diameter, three morphological
characteristics reminiscent of axons. To investigate a possible
enriched axonal localization of the staining, we performed dou-
ble-labeling experiments using antibodies against APP and tau
or MAP2 (Fig. 3), two cytoskeletal proteins enriched in the
axonal and dendritic compartments, respectively (Kosik and
Finch, 1987). Cells were fixed in 4% paraformaldehyde, incu-
bated with mab22Cl11, and permeabilized with Triton X-100
before incubating with anti-tau or anti-MAP2 antibodies. APP
immunofluorescence is observed in neurites containing the ax-
onal protein tau (Fig. 34-D), and is only weakly present in
neurites strongly immunoreactive for MAP2 (Fig. 3E,F), con-
firming that, with paraformaldehyde fixation, APP is primarily
detected in the axon. We also observed that APP is not in all
axons and is not uniformly distributed. Indeed, stretches of
brightly labeled neurites interrupted by APP-negative regions
are common (Fig. 3C, D).

We observed a marked difference in APP immunostaining
when cells are permeabilized with Triton X-100 or with meth-
anol before being exposed to mab22C11. While in the absence
of detergent, cultures contain a high percentage (about 60%) of
nonimmunoreactive neurons, in Triton X-100- or in methanol-
permeabilized cultures, 100% (n = 5) of the cells become im-
munofluorescent (Fig. 44,B). In addition, APP is widely and
uniformly distributed in the neurons and is detected in all cel-
lular compartments, that is, cell bodies, axons, and dendrites
(Fig. 4C,D). No difference in the intensity of labeling can be
observed between the different neurites. The addition of Triton
X-100 or of methanol after fixation does not modify the punc-
tuate aspect of the labeling (Fig. 4C, D), making it rather unlikely
that the change in its distribution can be attributed to detergent-
induced diffusion of the antigen after fixation.

These differences in the intensity and distribution between
cells treated with or without Triton X-100 suggest the existence
of at least two pools of APP, a wide-spread pool accessible after







detergent permeabilization and a restricted pool mainly present
in axons and cell bodies and virtually absent from the dendrites.
The pattern of immunostaining, the absence of detectable ex-
tracellular APP, and the accessibility of the ““axonal” pool after
mild permeabilization suggest that it may reside with vesicular
structures near the cell surface or be in poorly accessible mem-
brane invaginations.

Calcium entry changes APP distribution

We next examined whether the axonal/somatic APP could be
modified by physiological conditions. Since calcium entry is
associated with several physiological events, including neurite
elongation, and can lead to vesicle fusion and exocytosis, we
examined the effect of two different calcium ionophores on the
distribution of APP. In the absence of ionophore, or in the
presence of ionophore but in the absence of calcium, only a
fraction (approximately 40%) of the cells fixed with 4% para-
formaldehyde alone can be immunostained with the mab22Cl11
antibody (Fig. 54,B). Two to five minutes after the addition of
either ionomycin or A23187, APP is detected in virtually 100%
of the cells fixed with 4% paraformaldehyde alone (Fig. 5C,D).
Double-immunostaining experiments demonstrated that APP
observed in neurites after calcium ionophore treatment is still
primarily localized in cell bodies and axons. The distribution
of APP within the ionophore-treated cells is thus similar to that
observed in control conditions. In contrast, the intensity of the
labeling is much stronger, as illustrated in Figure 54-D and
quantified in Figure 5E.

As illustrated in the serial sections of Figure 64, confocal
microscopy also suggests that the punctuate APP immunoreac-
tivity is close to the plasma membrane in both axons and cell
bodies. Despite this distribution, no specific signal could be
discerned on nonfixed, ionophore-treated living cells or in the
culture medium. The absence of surface APP in ionophore-
treated cells was confirmed by surface biotinylation experiments
(not shown) identical to those of Figure 2. To investigate the
nature of the vesicles with which APP is associated following
calcium entry, we performed double-immunostaining experi-
ments with anti-APP and anti-clathrin antibodies. Figure 6.5~
D illustrates that although some colocalization is obvious, sev-
eral regions of axons and cell bodies are stained only with the
anti-APP antibody, thus suggesting that a pool of non-clathrin-
coated vesicles contain the amyloid precursor. The nature of
this pool is presently under study.

Western blot analysis showed that ionomycin does not in-
crease the amounts of APP present in the cells, does not modify
the patterns of migration on polyacrylamide gels, and does not
increase significantly the amount of soluble APP (Fig. 1 D). Thus,
calcium influx has little effect on the synthesis and processing
of APP or on its association with membranes. Nevertheless, at
the whole-cell level, calcium entry greatly augments the number
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Figure 4. APP immunoreactivity in methanol- or Triton X-100-per-
meabilized neurons. Methanol fixation (5 min at —20°C, after parafor-
maldehyde treatment) demonstrates that APP immunofluorescence (B)
is visible in all neurites and cell bodies seen under phase contrast (4).
Cand D, High magnification of neurons after paraformaldehyde fixation
and Triton X-100 permeabilization shows that APP immunoreactivity
retains its punctuated appearance and is in all neurites.

Figure 3. APP localization in cultured embryonic neurons after fixation with 4% paraformaldehyde. APP (4 and C) and tau (8 and D) double
immunostaining shows that APP is primarily present in some cell bodies and tau-positive neurites. B was overexposed to allow the visualization
of cells (arrow) not labeled with the APP antibody in 4. A small axon with no APP immunoreactivity is also visible. When present, APP is not
distributed on the entire length of the axon, as shown in C. The arrow in D indicates a region of the axon labeled with tau antibody that does not
show APP immunoreactivity (C). APP (E) and MAP2 (F) double immunostaining reveals that APP is not found in the major dendrites identified
by their tapering shapes and by their high MAP2 immunoreactivity (straight arrow, F). F was overexposed to illustrate details. The visualization
of the axon (curved arrow) is due to overexposure. It should also be noted that some staining can be attributed to the presence of small amounts

of MAP2 in immature axons (Higgins et al., 1988).
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Figure 5. APP immunoreactivity after calcium ionophore treatment. Neurons 3 DIV were treated for 2 min without (4 and B) or with (C and
D) 10-¢ M ionophore A23187 and then APP was revealed with mab22C11. A23187 (C and D) greatly increased APP immunoreactivity compared
to control neuronal cultures (4 and B). Quantification of confocal microscopy shows a significantly enhanced staining per cell after ionophore

treatment (E; p < 0.001, Student’s ¢ test).

of immunoreactive neurons after paraformaldehyde fixation. It
also markedly increases the intensity of this labeling in cell
bodies and axons, suggesting an effect on the accessibility of the
protein. The mode of action of calcium could be by modifying

the epitope and making it more immunoreactive. It is also pos-
sible that high intracellular calcium mimics neuronal activity,
promoting the translocation toward the cell surface of APP-
containing vesicles associated with the axonal cytoskeleton.




Association of APP with the neuronal cytoskeleton

To test the association of APP with the cytoskeleton, we ex-
tracted E16 cortical neurons (5 DIV) using Triton X-100 in
conditions that preserve the structural integrity of major cyto-
skeletal elements (Refolo et al., 1991). We verified that in these
conditions, synaptophysin and neurofilament-M are enriched
in the soluble and insoluble fractions, respectively (not shown).
APP is found in both the detergent-soluble and detergent-in-
soluble fractions (Fig. 74, lanes 1, 2). The former contains truly
soluble proteins as well as membrane proteins solubilized by
Triton X-100, while the latter contains cytoskeletal elements
and tightly associated proteins. The amounts of the precursor
protein and the qualitative pattern of APP isoforms are similar
in the two fractions.

This led us to investigate a possible direct association of APP
with cytoskeletal elements in microtubule polymerization ex-
periments. We first harvested cells under conditions that de-
polymerize the cytoskeleton and then exposed the samples to
Triton X-100 to liberate APP from the membranes, since only
transmembrane forms of APP are present in our cultures. Then
the samples were placed in conditions to polymerize microtu-
bules and the polymerized cytoskeleton was isolated by high-
speed centrifugation. After cold-induced depolymerization the
samples were centrifuged again at high speed to separate cold-
labile and cold-stable cytoskeleton fractions. We then tested for
the presence of APP in the different fractions and found the
protein associated with the cold-stable cytoskeleton (Fig. 7C,
lanes 1-3).

The C-terminus is necessary for APP association with the
cytoskeleton

One obvious possibility is that the association of APP with the
cytoskeleton is mediated by its C-terminal region that, under
physiological conditions, is oriented toward the cytoplasmic
compartment. However, since Triton X-100 disrupts the mem-
brane and liberates APP, association with the cytoskeleton could
also occur via an N-terminal region. In fact, the N-terminus of
APP contains a long stretch of acidic amino acids (residues 229-
260, according to Shivers et al., 1988) that bears remarkable
homology to an acidic sequence in tubulin. This acidic tubulin
region is a known binding site for the basic repeats of the mi-
crotubule-associated protein tau, thus raising the possibility that
APP may interact with an MAP and subsequently with tubulin
through its N-terminus.

To test directly if cytoskeleton-APP interactions could be me-
diated by the acidic region, we extracted neuronal cultures in
conditions preserving polymerized microtubules in the absence
or presence of the peptide (AEEEEVAEVEEEEADDDED-
DEDGD) corresponding to the major part of this acidic APP
region. As shown in Figure 7B, the presence of the peptide at
concentrations 2.5 x 10~ M or 2.5 x 10-% M does not alter the
partitioning of APP between the detergent-insoluble and -sol-
uble cytoskeleton fractions, suggesting that the APP N-terminal
acidic sequence alone does not mediate the association between
APP and the cytoskeleton. Since the configuration of the peptide
may not be ideal for competing with native APP, we further
examined if the N-terminal portion of APP is sufficient for
cytoskeleton association. We took advantage of the presence of
secreted APP forms lacking the C-terminal region in the adult
brain (Palmert et al., 1989). Adult rat brains were homogenized
in the absence of Triton X-100 and the membranous and cy-
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tosolic fractions were separated by high-speed centrifugation.
Western blots using mab22C11 and the C-terminal-specific an-
tibody demonstrate that the cytosolic fractions contain primar-
ily the N-terminal secreted region of APP (Fig. 84,B), and that
this N-terminal region of APP does not associate with the cold-
labile or with the cold-stable polymerized cytoskeleton fractions
(Fig. 8C). The addition of Triton X-100 to the secreted N-ter-
minal form does not provoke an association with the polymer-
ized cytoskeleton (not shown).

Finally, adult rat brains were homogenized in the presence of
Triton X-100 to solubilize all APP isoforms and to examine if
they are able to associate with the polymerized cytoskeleton.
The different fractions were analyzed with the antibodies rec-
ognizing the APP N- and C-terminals. In Figure 8, D and E
show that, in contrast to isoforms lacking the C-terminus, the
transmembrane isoforms recognized by the two antibodies
strongly associate with the cold-stable polymerized cytoskele-
ton. Thus, in adult brain as in embryonic neurons, only trans-
membrane APP forms containing the C-terminal associate with
the cytoskeleton.

Discussion

We found that cultures of cortical embryonic neurons contain
only full-length transmembrane forms of APP. The virtual ab-
sence of cleaved and secreted forms of APP is consistent with
recent results obtained with hippocampal cells (Hung et al.,
1992). In addition, we could not detect the protein on the surface
of living neurons, and this is similar to results using other brain
cell types in primary culture (Haass et al., 1991). Paraformal-
dehyde fixation without further permeabilization revealed a
striking APP immunoreactivity close to the cell surface that,
under these conditions, is present in the cell body and axon but
virtually absent from dendrites of polarized neurons. The pro-
tein seems localized near the plasma membrane, perhaps within
vesicles or invaginations at the surface. Thus, without fixation,
APP would be inaccessible from the exterior of cells, which
could explain the absence of specific immunoreactivity on the
surface of nonfixed, living cells.

Permeabilization with Triton X-100 after paraformaldehyde
fixation revealed another pool of APP immunoreactivity that
is distributed throughout the entire neuron, including both ax-
ons and dendrites. Since neurons iz vitro contain only mem-
brane-associated forms of APP, the protein visualized after per-
meabilization most likely represents APP on vesicles at a distance
from the membrane, This APP may be associated with vesicles
that are rapidly transported in axons (Koo et al., 1990; Ferreira
et al., 1993; Moya et al., 1994) or associated with microtubules
as seen in dendrites (Schubert et al., 1991). The intense labeling
seen in the cell body may correspond to the different compart-
ments where APP has already been observed, including endo-
plasmic reticulum, Golgi, late endosomes, or lysosomes (Be-
nowitz et al., 1989; Palacios et al., 1992; Ferreira et al., 1993).

Ionomycin and A23187 markedly increase APP immunoflu-
orescence at the membrane of paraformaldehyde-fixed cells
without modifying its axosomatic distribution. The changes in
the intensity of immunoreactivity after treatment are calcium
dependent and cannot be explained by an effect on precursor
protein synthesis since neither the levels of APP nor the pattern
of isoforms present on Western blots is noticeably altered by
the ionophores. It is noteworthy that although APP immuno-
reactivity is greatly enhanced in paraformaldehyde-fixed cells
after ionophore treatment, no APP can be visualized in cultures
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Figure 7.

APP from embryonic neurons associates with the detergent-insoluble cytoskeleton. 4, Cortical neurons 5 DIV were extracted in situ

with 0.25% Triton X-100 in conditions that preserve the integrity of the cytoskeleton. Western blot analysis with mab22C11 shows similar levels
of APP immunoreactivity in the detergent-soluble (lane 1) and detergent-insoluble (/ane 2) fractions. Each lane contains the fraction equivalent of
1.5 x 10¢ cells. B, Cultured neurons were extracted with Triton X-100 in the presence (lanes 2 and 4) or absence (lanes 1 and 3) of 2 x 10— m
acidic peptide. This peptide does not alter the pattern or the amount of APP in the detergent-soluble (lanes I and 2) or -insoluble (lanes 3 and 4)
fractions. C, The high-speed supernatant of cells extracted in the presence of Triton X-100 contains APP as detected with mab22Cl11 (lane 1).
When the microtubules in this fraction are polymerized, part of the APP does not associate with the polymerizable cytoskeleton and remains in
the supernatant (lane 2). The detergent-insoluble, cytoskeleton-containing fraction also shows APP immunoreactivity (lane 3). Total of 50 ug of

protein were loaded onto each lane.

of living neurons, suggesting that even after calcium entry, APP
is still not directly accessible at the cell surface. The absence of
freely accessible protein at the cell surface correlates with the
lack of measurable secretion of APP in these conditions and is
consistent with the absence of ionophore-stimulated APP re-
lease in other cells capable of receptor-mediated APP secretion
(Nitsch et al., 1992). Although the precise mechanism for the
increased number of APP epitopes in the vicinity of the plasma
membrane is still unknown, one possibility is that intracellular
calcium triggers an accumulation of vesicles near the axonal
membrane. However, the exposure of the protein at the surface
and/or its secretion into the medium may require other steps,
such as kinase activation or the onset of physiological activity
(Caporaso et al., 1992a,b; Nitsch et al., 1993). It is also possible
that in embryonic neurons the protein itself, in terms of post-
translational modifications (Weidemann et al., 1989; Oltersdorf
et al., 1990) and/or the secretase, have not yet matured to a
stage allowing detectable secretion.

f—

Our results suggest the presence of transmembrane forms at
or close to the axonal plasma membrane but not directly ac-
cessible on the exterior of neurons. One hypothesis is that APP
at the plasma membrane may cycle rapidly in growing axons
(Klier et al., 1990), and this would be consistent with the pres-
ence of APP in clathrin-coated vesicles in PC12 cells (Nordstedt
etal., 1993). In fact, we are presently trying to identify the nature
of the axonal APP-positive vesicles, and preliminary experi-
ments strongly suggest that APP is present in different types of
structures, including early endosomes, clathrin-coated vesicles,
and vesicles enriched in glypiated molecules (C. Bouillot, A.
Prochiantz, and B. Allinquant, unpublished observations). This
latter finding suggests that APP might be present in caveolar
structures known to be targeted to the apical compartment of
cells in culture, the axon in the case of neurons (Dupree et al.,
1993).

The stabilization of APP at the plasma membrane might in-
volve homo- or heterophilic interactions with extracellular el-

Figure 6. Distribution of APP after ionomycin treatment. A series of confocal sections (0.5 um increment) shows that, after paraformaldehyde
fixation alone, considerable APP is localized close to the membrane of the axon and cell body (4). In double-immunofluorescence experiments,
APP immunoreactivity was visualized with fluorescein (green) and clathrin immunoreactivity revealed with Texas red (B-D). After confocal
scanning with the appropriate excitations, the images were combined; the yellow indicates areas of APP/clathrin colocalization. Note that some
colocalization is evident in axons (arrows in B) and cell bodies (C and D). C and D are confocal sections separated by 1 um increment and show
the same pattern of colocalization. In some cells, the APP/clathrin colocalization is sparse (arrow in C).
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Figure 8. Polymerization of adult rat brain microtubules with or without Triton X-100. 4, In the absence of detergent, the particulate (lane 1)
and cytosolic (lane 2) fractions from adult rat brain contain APP detected with mab22C11. B, In the absence of detergent, the C-terminal-specific
antibody shows numerous transmembrane forms of APP in the particulate fraction (lane 1) and few, if any, C-terminal-containing forms in the
cytosolic fraction (lane 2). C, In the absence of detergent, polymerization of the microtubules in the cytosolic fraction shows little or no APP
associated with either the cold-stable (/ane 2) or cold-labile (lane 3) microtubules. All detectable APP remains in the supernatant of the microtubule
pellet (/ane 1). D and E, When adult rat brain homogenates are extracted with Triton X-100, APP detected with mab22Cl11 (D, lanes 1-4) or with
the C-terminal-specific antibody (E, lanes 1-4) is abundant in the initial high-speed supernatant (D and E, lanes 1), the supernatant of the
polymerized microtubules (lanes 2), and the detergent-insoluble cytoskeleton (lanes 4). Considerably less APP is detected in the cold-labile

microtubule-containing fraction (lanes 3).

ements in order to participate in cell and substrate adhesion
(Klier et al., 1990; Small et al., 1992). Such target elements
could be present on postsynaptic sites, thus explaining the rel-
ative abundance of APP in the synapse (Schubert et al., 1991).
It is interesting to note that in other studies we have observed
an increased synthesis and rapid axonal transport of several
forms of APP in the developing brain precisely at the time of
target contact and synaptogenesis in vivo (Moya et al., 1994).
In this context, it is interesting that calcium influx had a
striking effect on APP in axons, the domain of the neuron most
likely to interact with target elements and be influenced by phys-
iological stimuli. Although there is no direct evidence, we sug-
gest that the calcium-dependent increase in APP may be due to
a translocation of vesicles associated with the cytoskeleton along
the axons, some of which may be destined for nerve terminals.
As a first step in examining this possibility, we show that in
neurons in culture, the association of APP with the polymerized
cytoskeleton involves the C-terminal part of the protein.
Although the association of APP with the cytoskeleton has
been reported before (Refolo et al., 1991), ours is the first dem-
onstration involving neurons in primary culture. Moreover, to
our knowledge, all previous studies used detergent extracts and
thus could not determine whether the interaction was through
the APP N- or C-terminus. This latter point is not trivial because
the APP N-terminus contains an acidic sequence that is highly
similar to a stretch of amino acids in tubulin, which is capable

of interacting with several MAPs, including tau. Under normal
physiologic conditions, interactions between the APP N-ter-
minal and the cytoskeleton should not occur since the N-ter-
minus is sequestered within vesicular structures or exposed at
the neuronal surface. However, in nonphysiological conditions
or in some pathologies, an induced accessibility of APP N-ter-
minal regions could lead to catastrophic interactions between
APP and cytoskeletal elements. In this regard, it is interesting
to note that antibodies directed against the N-terminal of APP
stain abnormal filaments in tangle-containing neurons (McGeer
et al., 1992).

Our results strongly suggest that in the intact neuron, both in
embryonic cells and in the adult brain, the interaction of APP
with the cytoskeleton requires the presence of a C-terminal re-
gion, which is oriented in the cytoplasm and contains a site for
phosphorylation (Gandy et al., 1988). This is in agreement both
with the observation that in a glioma cell line (Refolo et al.,
1991) the association of APP with the cytoskeleton is phos-
phorylation dependent, and with the finding that APP C-ter-
minal fragments can form complexes with the microtubule-
associated protein tau (Caputo et al., 1992).

In conclusion, our data demonstrate that in neurons, a pool
of APP highly enriched in the axon is located near the cell
surface, while another is present in all compartments and less
accessible to antibodies following mild fixation. We speculate
that, at least in the axon, this latter pool is associated with the




cytoskeleton and that upon calcium entry, this interaction is
altered allowing APP-containing vesicles to accumulate under
the plasma membrane or recycle very rapidly with the axonal
membrane. However, in this model, APP stabilization at the
surface and its significant release into the extracellular space
may depend upon additional signals and/or further maturation.
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