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Mutations in the presenilin-1 (PS1) gene is a cause of early-
onset familial Alzheimer’s disease (AD). Endogenous PS1 is
associated with the endoplasmic reticulum in the cell body of
undifferentiated SH-SY5Y neuroblastoma cells. At early stages
of neuronal differentiation in rat hippocampal culture, PS1 ap-
pears in all neuritic processes and in growth cones. In mature
differentiated neurons, PS1 is concentrated in the somatoden-
dritic compartment but is also present at lower levels in axons.
A similar localization of PS1 is observed in vivo in neurons of the
adult human cerebral cortex. In sporadic AD, PS1 appears in
the dystrophic neurites of mature amyloid plaques and co-
localizes with a subset of intraneuronal neurofibrillary tangles
(NFTs). About 30% of hippocampal NFTs are labeled with a

highly specific antibody to the PS1 C-terminal loop domain but
not with an antibody to the PS1 N terminus. This observation is
consistent with a potential association of the PS1 C-terminal
fragment with NFTs, because PS1 is constitutively cleaved to
N- and C-terminal fragments in neurons. These results suggest
that PS1 is highly expressed and broadly distributed during
early stages of neuronal differentiation, consistent with a role for
PS1 in neuronal differentiation. Furthermore, the co-localization
of PS1 with NFTs and plaque dystrophic neurites implicates a
role for PS1 in the diverse pathological manifestations of AD.
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The identification of specific genes that give rise to Alzheimer’s
disease (AD) has provided a powerful tool for the elucidation of
the disease mechanism (Yankner, 1996). The majority of familial
early-onset AD is caused by mutations in a new gene family, the
presenilins (Sherrington et al., 1995). Most familial early-onset
AD is caused by mutations in the presenilin-1 (PS1) gene, which
is localized to chromosome 14. A much smaller number of cases
are caused by mutations in a highly homologous protein,
presenilin-2 (PS2), which is localized to chromosome 1 (Levy-
Lahad et al., 1995; Li et al., 1995; Rogaev et al., 1995). AD-
causing mutations occur in residues that are highly conserved
between PS1 and PS2, suggesting that they may alter presenilin
function. Presenilins are eight transmembrane domain proteins
that are expressed in the brain and other tissues (Doan et al.,
1996; Li and Greenwald, 1996). The presenilins are most homol-
ogous to the protein sel-12 from Caenorhabditis elegans (Levitan
and Greenwald, 1995). Sel-12 may act to facilitate signaling
through the Notch / lin-12 pathway that regulates cell fate deci-
sions during early development. The presenilins exhibit a lesser
degree of homology to the C. elegans protein spe-4, which may be
involved in protein segregation during spermatogenesis

(L’Hernault and Arduengo, 1992). However, the biological func-
tions of the presenilins and the mechanism by which they cause
AD are unknown.

Analysis by in situ hybridization suggests that in the brain, PS1
and PS2 mRNAs are expressed at the highest levels in neurons
(Kovacs et al., 1996). In this report, we show that endogenous PS1
is highly expressed from the earliest stages of neuronal differen-
tiation and is present in all neuritic processes and in growth cones.
PS1 exhibits a predominantly somatodendritic localization in
more mature neurons in culture and in the adult brain but is still
present at lower levels in axons. In the brains of patients with AD,
PS1 appears in plaque dystrophic neurites and co-localizes with a
subset of intraneuronal neurofibrillary tangles. These findings
suggest a role for PS1 in neuronal differentiation and in the
diverse pathological manifestations of AD.

MATERIALS AND METHODS
Antibodies. The PS1 antibody 231 (Ab 231) is a rabbit antiserum raised
against a synthetic peptide corresponding to residues 2–20 of PS1 (Sher-
rington et al., 1995) conjugated to keyhole limpet hemocyanin. Antibody
R28 is a rabbit antiserum raised against a bacterial glutathione
S-transferase GST fusion protein containing residues 263–407 of PS1,
corresponding to the loop region between the predicted sixth and seventh
transmembrane domains. The GST fusion protein was expressed in
Escherichia coli; inclusion bodies were isolated and solubilized in 0.1%
SDS and used for immunization of rabbits as described (Harlow and
Lane, 1988). Antibody preabsorptions were performed as described (Bus-
ciglio et al., 1993) using the PS1 peptide (residues 2–20) for Ab 231 and
the PS1 fusion protein (residues 263–407) for Ab R28. The mouse
monoclonal antibody to amyloid b protein (b1) has been described
(Schrader-Fischer and Paganetti, 1996). Other antibodies used include
monoclonal anti-BiP (clone 10C3, 1:50; Stressgen), a polyclonal antibody
to the Golgi marker JE4 (Gabuzda et al., 1994), and monoclonal anti-
bodies to phosphorylated tau (PHF-1, 1:500) (Greenberg and Davies,
1990), nonphosphorylated tau (tau-1, 1:200; Boehringer Mannheim),
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MAP-2 (clone AP20, 1:500; Sigma), and GFAP (clone GA5, 1:1000;
Boehringer Mannheim).

Cell culture. Primary cultures of rat hippocampal neurons were estab-
lished from embryonic day 18 fetuses as described previously (Lorenzo
and Yankner, 1994). Primary human cortical cultures were established
from 15- to 17-week-gestation fetal abortuses as described previously
(Busciglio and Yankner, 1995). Rat and human cortical cultures were
plated on poly-L-lysine-coated dishes and maintained in DMEM contain-
ing 10% supplemented calf serum (HyClone). Forty-eight hours after
plating the medium was changed to DMEM containing N2 supplements
(Gibco-BRL). Cells were harvested for Western blotting at day 7 after
plating. Primary human skin fibroblasts were obtained from the Coriell
Institute for Medical Research and were maintained in DMEM contain-
ing 10% fetal bovine serum. Cells were harvested for Western blotting in
4% SDS, 20% glycerol, and 0.1 M Tris-HCl, pH 6.8, supplemented with
protease inhibitors (Complete tablets, Boehringer Mannheim). COS-1
cells were grown in 35 mm dishes and transfected using LipofectAMINE
(Gibco-BRL) by addition of 0.8 mg of PS1 cDNA in the cytomegalovirus
promoter-based pRK-7 vector (Gorman et al., 1990). Controls were
transfected with pRK-7 without the PS1 insert. Cells were harvested for
Western blotting 36 hr after transfection. Detergent-extracted samples
were sheared with a 22 gauge needle and centrifuged at 14,000 3 g for 20
min, and the protein concentration of the supernatant was determined
(Bio-Rad protein assay kit).

Western blotting. Fifteen micrograms of protein per lane were separated
by 4–20% PAGE without previous heating and electrotransferred to a
polyvinylidene difluoride membrane. Western blotting was performed
with antibodies 231 and R28 at dilutions of 1:3000 followed by incubation
with peroxidase-conjugated anti-rabbit IgG and detection by enhanced
chemiluminescence (Amersham).

Immunocytochemistry. Cell cultures were fixed in 4% paraformalde-
hyde/120 mM sucrose in PBS for 30 min. For double labeling, coverslips
were permeabilized with 0.02% Triton X-100 in PBS and blocked with
5% albumin in PBS for 1 hr. The coverslips were then incubated with
both primary antibodies for 12 hr at 4°C, washed three times with PBS,
and incubated for 1 hr at room temperature with Texas Red-conjugated
anti-rabbit IgG (Jackson Labs) and fluorescein-conjugated anti-mouse
IgG (Vector Laboratories). Fluorescence was visualized with a Nikon
fluorescence microscope. Formalin-fixed human brain tissue was embed-
ded in paraffin, and 5–8 mm sections were obtained from the frontal and
parietal cortices, hippocampus, and parahippocampal gyrus. Sections
were pretreated with 2% hydrogen peroxide followed by incubation in
Target unmasking fluid (Signet Laboratories) for 10 min at 90°C. After
blocking in 5% albumin in PBS for 30 min, sections were incubated in
primary antibody overnight at 4°C. The sections were then incubated with
biotin-conjugated secondary antibodies and developed with streptavidin–
alkaline phosphatase and Fast Red (Signet). For double labeling, sections
were incubated with the second primary antibody followed by incubation
with a peroxidase-conjugated secondary antibody. The second antibody
reaction was developed using a metal-enhanced DAB reaction kit
(Pierce). Some sections were lightly counterstained with cresyl violet after
immunostaining. For double label immunofluorescence of paraffin sec-
tions, the first antibody was visualized using an enzyme-based fluores-
cence kit (ELF-AP kit, Molecular Probes). Sequential double labeling
was performed using a secondary antibody conjugated to Cascade Blue
(Molecular Probes). Both secondary antibodies were visualized by UV
light with a Hoechst filter. Under these conditions, the green ELF and
blue Cascade signals are readily distinguished from the tissue autofluo-
rescence, which is pale white.

RESULTS
Expression of PS1 in transfected cells and
primary neurons
The PS1 protein was examined in neuronal and non-neuronal
cells using Ab 231 directed against residues 2–20 of the PS1 N
terminus and Ab R28 directed against residues 263–407 of the
PS1 C-terminal loop region. COS-1 cells were transiently trans-
fected with the PS1 cDNA, and cell lysates were analyzed by
Western blotting. Ab 231 detected a 45–50 kDa species corre-
sponding to the predicted Mr of full-length PS1. The 45–50 kDa
species was markedly increased by transfection and was abolished
by preabsorption of the antibody with the antigenic peptide (Fig.

1A). In addition, transfected cells showed higher molecular
weight PS1 aggregates and lower molecular weight PS1 deriva-
tives. In contrast, untransfected COS cells and primary cultures of
human fibroblasts, human cortical neurons, and rat hippocampal
neurons showed a major 28–30 kDa N-terminal derivative of PS1
that was abolished by antibody preabsorption (Fig. 1A). Western
blotting with Ab R28, which is directed against the PS1 C-terminal
loop, showed full-length PS1 in transfected COS cells and an
additional 20–22 kDa species; both PS1 species were abolished by
antibody preabsorption (Fig. 1B). In untransfected COS cells and
primary neuronal cultures, the 20–22 kDa band was the predom-
inant species recognized by Ab R28. The full-length PS1 species
was detectable at only low levels in primary neuronal and fibro-
blast cultures using either antibody. These results suggest that PS1
undergoes constitutive proteolytic cleavage to N- and C-terminal
fragments in human neurons and in other nontransfected cell
types. Antibodies 231 and R28 were not immunoreactive with PS2
in Western blots of COS cells transfected with the PS2 cDNA
(data not shown).

Immunofluorescence microscopy of endogenous PS1 in the
human neuroblastoma cell line SH-SY5Y demonstrated a reticu-
lar and perinuclear distribution characteristic of the endoplasmic
reticulum (ER) (Fig. 2A). The ER localization of endogenous
PS1 was confirmed by double labeling for PS1 and BiP, a marker
of the rough endoplasmic reticulum. Confocal microscopy dem-
onstrated co-localization of PS1 with the ER marker BiP (Fig.
2B,C). Endogenous PS1 did not co-localize with a marker of the
Golgi complex (data not shown). These results suggest that en-

Figure 1. Expression of PS1 in transfected and primary cell cultures. A,
Western blot analysis of cell lysates with Ab 231 directed against the PS1
N terminus. B, Western blot analysis with Ab R28 directed against the PS1
C-terminal loop. Lanes: 2, wild-type COS cells; PS1, PS1-transfected COS
cells; PS1/Preab, PS1-transfected COS cells blotted with preabsorbed
antibody; Fib, primary human fibroblasts; Fib/preab, fibroblasts blotted
with preabsorbed antibody; Neurons (Cort), cultured human cortical neu-
rons; Neurons (Cort)/Preab, cultured human cortical neurons blotted with
preabsorbed antibody; Neurons (Hipp), cultured rat hippocampal neurons.
Note the predominant 28–30 kDa N-terminal and 20–22 kDa C-terminal
PS1 fragments in nontransfected cells and primary neurons.
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dogenous PS1 is localized predominantly to the endoplasmic
reticulum in an undifferentiated neuronal cell line.

Broad distribution of PS1 during
neuronal differentiation
To investigate the pattern of appearance of PS1 during neuronal
differentiation, the localization of PS1 was determined in primary
E18 rat hippocampal cultures at different stages of neuronal
differentiation. Immunofluorescence microscopy of rat hippocam-
pal cultures using both the N- and C-terminal loop antibodies
showed predominantly neuronal labeling; astrocytes were only
very weakly labeled. After 1 d in culture, hippocampal pyramidal
neurons exhibited primary neuritic processes that labeled in-
tensely for PS1 (Fig. 3A). PS1 was also detected in growth cones
in filopodia-like structures (Fig. 3B). After several days in culture,
hippocampal neuritic processes became polarized into axons and

dendrites that can be distinguished morphologically and by im-
munoreactivity for tau and MAP-2, respectively. Double labeling
for PS1 and either MAP-2 or tau in 10-d-old cultures demon-
strated that PS1 was concentrated in the MAP-2-positive soma-
todendritic compartment (Fig. 4C,D). However, tau-positive ax-
ons were also clearly immunoreactive for PS1, but at lower levels
(Fig. 4A,B). The specificity of staining was confirmed by preab-
sorption of the PS1 antibody with the antigenic PS1 peptide or
fusion protein, which abolished immunoreactivity (Fig. 3C). A
similar pattern of PS1 immunoreactivity was observed in differ-
entiated cultures of primary human cortical neurons (data not
shown). These results suggest that PS1 is broadly distributed in
neurons during early stages of differentiation and is concentrated
in the somatodendritic compartment in mature neurons.

Association of PS1 with neurofibrillary tangles and
dystrophic neurites in Alzheimer’s disease
The distribution of PS1 in the adult human brain was examined in
paraffin-embedded sections by immunocytochemistry with the an-
tibodies to the N terminus and the C-terminal loop. Using either
antibody, PS1 immunoreactivity was detected predominantly in
neurons of the cortex and hippocampus (Fig. 5A,B). Astrocytes

Figure 2. PS1 is a resident protein of the endoplasmic reticulum in
SH-SY5Y neuroblastoma cells. A, SH-SY5Y neuroblastoma cells show a
reticular pattern of PS1 immunoreactivity (Ab R28) characteristic of the
ER. B, C, Localization of PS1 in the endoplasmic reticulum is confirmed
by double label immunofluorescence with the PS1 C-terminal loop anti-
body R28 (B) and anti-BiP (C). Confocal microscopy demonstrates the
overlap of both antigens in an image section taken 5 mm above the
substrate plane. PS1 does not co-localize with the Golgi marker JE4 in
SH-SY5Y cells (data not shown). Scale bars, 10 mm.

Figure 3. Localization of PS1 during the initial stages of neuronal differ-
entiation. A, Rat hippocampal neurons after 1 d in culture show PS1
immunoreactivity homogeneously distributed in the cell body and primary
neuritic processes. Immunocytochemistry was performed with Ab 231 to
the PS1 N terminus. Scale bar, 10 mM. B, Examination at a higher
magnification shows that PS1 is present in neuritic growth cones. Scale
bar, 3 mM. C, Negative immunostaining is obtained after preabsorption of
the antibody with the antigenic PS1 peptide.
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did not exhibit significant levels of staining (Fig. 5D,E). Immuno-
fluorescence microscopy of hippocampal pyramidal neurons at
high magnification demonstrated a somatodendritic localization
of PS1, similar to that observed in differentiated neuronal cultures
(Fig. 5C). However, neuropil staining for PS1 was also observed,
consistent with an axonal component at low levels, similar to that
detected in differentiated hippocampal cultures (Fig. 4A,B). Thus,

the localization of PS1 in the adult brain is similar to that observed
in differentiated neuronal cultures and suggests that PS1 is
broadly distributed in neuritic processes.

We then determined whether the localization of PS1 is per-
turbed in the brain in AD. To determine the spatial relationship
of PS1 to neurofibrillary tangles (NFTs), immunocytochemical
labeling was performed on adjacent hippocampal sections from

Figure 4. Polarized distribution of PS1 after neuronal differentiation. Rat hippocampal neurons were cultured for 10 d and then double labeled for PS1
using Ab R28 to the PS1 C-terminal loop (A) and tau using Ab tau-1 (B). Arrows show co-localization of PS1 and tau in axons. Double labeling for PS1
(C) and MAP-2 (D) using Ab AP20 shows that PS1 is predominantly localized to the somatodendritic compartment (arrows) in differentiated neurons.
Scale bars, 10 mm.

Figure 5. Localization of PS1 in the human brain. A, PS1
immunoreactivity in the perikarya of pyramidal neurons in
layer CA1 of the hippocampus. Shown is immunocytochemi-
cal staining with the PS1 C-terminal loop antibody R28. B,
Preabsorption of Ab R28 with the PS1 fusion protein (PS1
residues 263–407) abolishes neuronal immunoreactivity. Cel-
lular profiles are still detected by the Nissl counterstain. C,
Immunofluorescence microscopy with Ab 231 at a higher
magnification shows PS1 immunoreactivity in the cytoplasm
and primary dendrite of a pyramidal neuron. Adjacent sec-
tions of hippocampus labeled with PS1 Ab 231 ( D) and
anti-GFAP (E) demonstrate the absence of detectable PS1 in
astrocytes. Sections were derived from the hippocampus of a
normal 60-year-old man. Scale bar, 10 mM.
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cases of sporadic AD with the monoclonal antibody PHF-1
(Greenberg and Davies, 1990), which is specific for tau phosphor-
ylated at Ser-396 and Ser-404, and antibodies to the N terminus or
C-terminal loop domain of PS1. The antibody to the PS1
C-terminal loop specifically labeled a subpopulation of intraneu-
ronal NFTs (Fig. 6B,C). The specificity of PS1 staining was
confirmed by loss of staining after antibody preabsorption with the
antigenic fusion protein. Quantitative analysis of adjacent sections
stained with PHF-1 or the PS1 antibody R28 showed that 29 6 2%
(mean 6 SD) of intraneuronal NFTs were positive for PS1 in
three separate cases of sporadic late-onset AD. In contrast, the
N-terminal PS1 antibody (Ab 231) showed the normal PS1 soma-
todendritic staining pattern in AD hippocampal sections but did
not clearly label NFTs in sections adjacent to those in which NFTs
were labeled by the C-terminal antibody (Fig. 6C,D). To confirm
that the structures labeled by the C-terminal PS1 antibody were
NFTs, double label immunofluorescence was performed with an-
tibody PHF-1 to phosphorylated tau and either the N- or
C-terminal PS1 antibodies. PHF-1-immunoreactive NFTs were
not labeled by Ab 231 against the PS1 N terminus, although
N-terminal PS1 immunoreactivity was present in perikarya of
tangle-bearing neurons (Fig. 7C, arrows). However, when double
labeling was performed with PHF-1 and the PS1 C-terminal loop
antibody, double-labeled NFTs that stained light blue were clearly
apparent (Fig. 7D, arrow). Because PS1 is constitutively processed
to 28–30 kDa N-terminal and 20 kDa C-terminal fragments in
human neurons (Fig. 1), these results raise the possibility that the
PS1 C-terminal fragment may selectively associate with NFTs.

To determine the relationship of PS1 to amyloid deposits in
AD, double labeling of cortical sections was performed with
antibodies to amyloid b protein (Ab) and PS1. PS1-positive neu-
rons were detected adjacent to and surrounding amyloid plaques,
but significant PS1 immunoreactivity was not detected in most
plaque cores (Fig. 7A). The spatial relationship of PS1 to plaques
was further analyzed by high-resolution double label immuno-
fluorescence for PS1 and Ab. PS1 was detected in plaque dystro-
phic neurites and in surrounding cell bodies (Fig. 7B). Very low
levels of PS1 immunoreactivity were detected in the region of the
amyloid core, which showed strong immunoreactivity for Ab (Fig.
7B, arrowhead). Thus, PS1 is selectively associated with dystrophic
neurites in plaques, where it could potentially play a role in
amyloid deposition or in the degenerative process.

DISCUSSION
These experiments suggest that during the early stages of neuro-
nal differentiation PS1 is localized in the cell body and in all
neuritic processes. After differentiation, PS1 is concentrated in
the somatodendritic region but is still detected at lower levels in
axons. These findings provide information on the localization of
endogenous PS1 in neurons in culture and in vivo and therefore
provide information that is different than that obtained in trans-
fected cells or in transgenic mice, in which PS1 is overexpressed,
possibly altering its localization. A previous study suggested that
PS1 is restricted to the cell body and dendrites in the NT2N
neuronal cell line after infection with a recombinant PS1 Semliki
virus (Cook et al., 1996). However, the overexpression of PS1 in

Figure 6. Differential labeling of NFTs by antibodies to the N- and C-terminal loop domains of PS1. Paraffin sections of hippocampus from a case of
sporadic late-onset AD were immunocytochemically labeled with antibodies to phosphorylated tau and PS1. A, Labeling of an NFT with antibody PHF-1
to phosphorylated tau. B, Same region of an adjacent section immunostained with Ab R28 to the PS1 C-terminal loop labels an NFT with similar
morphology. C, Section showing several NFTs (arrows) labeled by PS1 Ab R28. D, Section adjacent to the one shown in C immunostained with Ab 231
to the PS1 N terminus shows somatodendritic staining (arrow). NFTs are not labeled.
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this system and its detection by epitope tagging precluded the
detection of endogenous PS1. In contrast, our findings suggest
that endogenous PS1 appears in both axons and dendrites. Fur-
thermore, the widespread distribution of PS1 in neurites and
growth cones during the early stages of neuronal differentiation
raises the possibility that PS1 may play a role in neuronal differ-
entiation. This possibility is supported by the observation that
proteolytic processing of PS1 is regulated by neuronal differenti-
ation and exhibits a brain-specific pattern (Hartmann et al., 1997).

PS1 is constitutively cleaved to N- and C-terminal fragments in
human and rat neurons (Fig. 1). Although full-length PS1 is
present at high levels in transfected cells, it is present at low levels
in cultured neurons and other nontransfected cell lines. These
results are in agreement with recent reports that demonstrated
constitutive cleavage of PS1 in cell lines and in the mouse brain
(Lee et al., 1996; Thinakaran et al., 1996). Thus, it is likely that
PS1 detected in neuritic processes is composed predominantly of
the N- and C-terminal proteolytic cleavage products. Because
both N- and C-terminal antibodies show identical PS1 recognition
patterns in culture and in the normal adult human brain, it is likely
that the N- and C-terminal fragments are coordinately trans-
ported in neuritic processes. This could occur if the N- and
C-terminal fragments form a complex or are complexed with
other membrane proteins.

PS1 has previously been localized to the ER and Golgi complex
in transfected cells (Kovacs et al., 1996). The results reported here

confirm an ER localization for endogenous PS1 in nontransfected
SH-SY5Y neuroblastoma cells. However, it remains to be deter-
mined whether PS1 in neurons is localized exclusively to the ER.
We have observed that the rough ER marker BiP does not
co-localize with PS1 in the distal neuritic processes of differenti-
ated neurons (unpublished results). However, PS1 may still be
associated with smooth ER in these compartments. Smooth ER
has been demonstrated in all neuritic processes in cultured rat
hippocampal neurons, as well as in some growth cones (Terasaki
et al., 1994; Krijnse-Locker et al., 1995). Additional ultrastructural
studies will be required to determine the precise localization of
PS1 in neurites. Nevertheless, the presence of PS1 in distal neu-
rites suggests that PS1 may be involved in functions that are
unrelated to protein synthesis and processing in the ER.

In the brains of individuals with sporadic AD, PS1 is present in
neurons that are adjacent to and surround amyloid plaques. Using
a new technique for high-resolution immunofluorescence micros-
copy on paraffin sections, we have localized PS1 in the dystrophic
neurites of mature plaques; much lower levels of PS1 immunore-
activity were detected in plaque cores. It has been reported
previously that significant immunoreactivity for PS1 could be
detected in amyloid plaque cores (Wisniewski et al., 1995). Al-
though the difference between this result and ours may reflect
differences in antibody specificity, we were unable to demonstrate
high levels of PS1 immunoreactivity in plaque cores with antibod-
ies to either the PS1 N terminus or C-terminal loop. However, the

Figure 7. Association of PS1 with amyloid plaques and NFTs in AD. Shown are sections of hippocampus from an individual with sporadic AD. A, Double
labeling with Ab 231 to PS1 (brown) and the monoclonal antibody b1 to Ab (red) shows that PS1-positive neurons (arrow) surround amyloid plaques
(arrowhead). B, Analysis of a single mature plaque by double label immunofluorescence for PS1 ( green) and Ab (dark blue). Note that PS1 appears in
dystrophic neurites, which are labeled green for PS1 or light blue from the overlap of PS1 and Ab. A low level of PS1 immunoreactivity appears in the
amyloid core (arrowhead), which is stained dark blue for Ab. C, Double labeling for phosphorylated tau (dark blue, Ab PHF-1) and the N-terminal epitope
of PS1 ( green, Ab 231). Two neurons with NFTs (arrows) are labeled for both phosphorylated tau and PS1, but the N-terminal PS1 Ab does not double
label NFTs, which are labeled with Ab PHF-1. D, Double labeling for phosphorylated tau (dark blue, Ab PHF-1) and the C-terminal loop region of PS1
( green, Ab R28). Shown is an NFT that is double-labeled (arrow, light blue). An example of a neuron showing predominantly PHF-1 labeling (dark blue)
is seen in the bottom right corner.
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presence of PS1 in plaque dystrophic neurites raises the possibility
that PS1 may be involved in the process of amyloid deposition.
This possibility is supported by a recent report, which showed that
plasma levels of the highly amyloidogenic 42 amino acid form of
Ab are increased in individuals that harbor PS1 mutations, and
that cultured fibroblasts from these individuals secrete higher
levels of Ab42 than controls (Scheuner et al., 1996).

PS1 co-localized with a subset of intraneuronal NFTs in the
hippocampi of patients with sporadic late-onset AD. The speci-
ficity of this association was suggested by the antibody preabsorp-
tion controls. The proportion of labeled NFTs (about 30%) was
quite similar in three separate cases of late-onset sporadic AD. It
will be of interest to determine whether the proportion of PS1-
positive tangles is increased in cases of early-onset familial AD
associated with PS1 mutations. Another recent study suggested
that NFTs are labeled by an antibody to PS1 (Murphy et al., 1996).
These authors did not detect PS1 labeling in any normal brain
structures, a result that is difficult to interpret given the wide-
spread distribution of PS1 in the brain, as demonstrated in this
report and in other studies (Cribbs et al., 1996; Kovacs et al., 1996;
Lee et al., 1996; Giannakopoulos et al., 1997). NFTs were specif-
ically labeled by our antibody to the PS1 C-terminal loop but not
by our antibody to the PS1 N terminus. Because PS1 is constitu-
tively cleaved to N- and C-terminal fragments, our results are
consistent with the possibility that the C-terminal fragment may
selectively associate with cytoskeletal elements. Recent analysis of
the membrane topography of PS1 suggests that the large hydro-
philic loop is cytoplasmic (Doan et al., 1996; Li and Greenwald,
1996). The hydrophilic loop may therefore be accessible to the
cytoskeleton. Further biochemical studies will be required to
determine whether PS1 binds directly to NFTs or cytoskeletal
elements, and whether PS1 plays a role in cytoskeletal function.
The association of PS1 with amyloid plaques and NFTs raises the
possibility that PS1 may be involved in the pathogenesis of both of
these degenerative lesions.
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