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Alzheimer’s disease (AD) is characterized by neuronal loss in the hippocampus and entorhinal cortex that is manifested by progressive
memory impairment and cognitive decline. Autosomal-dominant, familial forms of AD (FAD) are caused by mutations in genes encoding
amyloid precursor protein, presenilin-1 (PS1), and presenilin 2. Although it is established that expression of mutant PS1 variants leads to
increased production of highly fibrillogenic amyloid �42 (A�42 ) peptides that deposit in the brains of patients with AD, the mechanism(s)
by which A� deposition and expression of mutant genes induce lamina- and region-specific vulnerability of neuronal populations is not
known. We have examined the hypothesis that expression of transgene-encoded FAD-linked mutant PS1 variants in entorhinal cortex
neurons exacerbates the vulnerability of these cells to lesion-induced neuronal loss. To test this notion, we transected the perforant
pathway (PP) of transgenic mice harboring either wild-type human PS1 (PS1HWT) or the FAD-linked mutant PS1�E9 variant and
examined neuronal survival in layer II of the entorhinal cortex (ECL2). Remarkably, PP transections lead to marked reductions in the
numbers of ECL2 neurons in the ECL2 of mice expressing mutant PS1, compared with ECL2 neurons in PP-lesioned PS1HWT mice.
Finally, and in contrast to studies in nontransgenic mice and in mice expressing PS1HWT, ECL2 neurons that express mutant PS1 and the
calcium binding protein calbindin-D28k in ECL2 are also susceptible to lesion-induced neuronal loss. We conclude that expression of
FAD-linked mutant PS1 variants enhances the vulnerability of neurons in the entorhinal cortex to PP lesion-induced cytotoxicity.
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Introduction
Alzheimer’s disease (AD) is characterized by progressive memory
loss and cognitive deterioration (for review, see Price et al.,
1998b). These behavioral impairments are attributed to neuro-
pathological lesions within specific regions in the brain, includ-
ing the mediotemporal lobe (e.g., hippocampal formation, ento-
rhinal cortex, and association cortices) (Braak and Braak, 1985,
1996; Hyman and Gomez-Isla, 1994). In the entorhinal cortex
(EC), a massive loss of the large clusters of layer II (ECL2) stellate
cells and a decrease in superficial parts of layer III and the large
multipolar neurons of layer IV takes place in early stages of the
disease (Hyman et al., 1986; Gomez-Isla et al., 1996; Braak and
Braak, 1997). These cellular alterations are accompanied by amy-
loid deposits composed of amyloid � (A�) peptides and neuro-
fibrillary tangles (Hyman et al., 1984, 1986; Jellinger et al., 1991;
Braak and Braak, 1996; Price et al., 1998a).

Familial, early onset forms of AD (FAD) are caused by muta-
tions in genes encoding amyloid precursor proteins (APP), pre-
senilin 1 (PS1), and presenilin 2 (PS2), and expression of FAD-

linked mutant APP and PS elevates the production, and
subsequent deposition, of highly fibrillogenic A�42 peptides (for
review, see Selkoe, 2001). Emerging evidence has accrued to sug-
gest that expression of PS variants alters intracellular calcium
homeostasis (for review, see Leissring et al., 2000; Yoo et al., 2000;
Mattson et al., 2001), which may also be associated with altered
glutamate uptake, leading to neurotoxicity (Yang and Cook,
2004; Yang et al., 2004).

Glutamatergic stellate neurons from ECL2 give rise to the
main excitatory input to the outer two-thirds of the molecular
layer of the fascia dentata, via the perforant pathway (PP)
(Steward, 1976; Steward and Scoville, 1976; Steward and Vinsant,
1978; Witter et al., 2000) (for review, see Freund and Buzsaki,
1996), and previous studies have shown that disruption of the PP
induces neuronal loss in layer II of the entorhinal cortex (Peter-
son et al., 1994). It has been proposed that axotomy of glutama-
tergic ECL2 neurons leads to a transitory increase in local extra-
cellular glutamate concentrations that in turn allows influx of
calcium ions that ultimately cause cytotoxicity (Coyle and Putt-
farcken, 1993). Notably, ECL2 neurons that express both NMDA
receptor 1 and the calcium binding protein calbindin-D28k ap-
pear to be protected after perforant pathway lesions (Peterson et
al., 1994, 1996), suggesting that these cells can buffer the cyto-
toxic effects of calcium overload (Peterson et al., 1996).

In this report, we test the hypothesis that expression of
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transgene-encoded FAD-linked mutant PS1 variants in ECL2
neurons exacerbates the vulnerability of these cells to PP lesion-
induced toxicity. Remarkably, transgenic mice harboring the
FAD-linked PS1�E9 variant subject to PP lesions exhibit dra-
matic reductions in numbers of calbindin-positive and
calbindin-negative neurons in the ECL2, compared with neuron
numbers in the ECL2 of PP-lesioned mice harboring wild-type
human PS1 (PS1HWT). These results suggest that expression of
FAD-linked PS1 enhances the vulnerability of ECL2 neurons to
PP lesion-induced toxicity that cannot be suppressed by expres-
sion of the calcium buffering protein calbindin-D28k

Materials and Methods
Mice. Fourteen male transgenic mice, six mice harboring FAD-linked
human wild-type PS1 and eight mice harboring FAD-linked human
PS1�E9, were used in this study. Male transgenic mice harboring FAD-
linked PS1HWT [line S8-4 (Thinakaran et al., 1996)] or human PS1�E9
[line S9 (Lee et al., 1997)] were used at 4 –5 months of age. All mice were
heterozygous for the transgene. The background strain for these mice is
[C3H/HeJ � C57BL/6J F3] � C57BL/6J n1 (Lee et al., 1997).

Perforant pathway transection. Perforant pathway lesion have been de-
scribed previously (Lazarov et al., 2002). Briefly, mice were placed on a
Kopf stereotaxic apparatus (David Kopf Instruments, Tujunga, CA) after
anesthesia. An opening in the scalp at coordinates (in mm): anteropos-
terior, �4.6; mediolateral, �3.3; dorsoventral, �4.5 to �3.5 (from
dura), with the nose bar set at 3.5, was performed using electric drill, and
the dura was exposed. A wire knife assembly was used for precision
perforant pathway lesion. The assembly was set to the ventral extent of
the lesion (�4.5 mm). After penetration, the knife was extended to form
a hook that extends medially for 2 mm, the assembly was raised to the
dorsal extent of the lesion (3.5 mm), and the knife was retracted, reex-
tended, and again lowered to the ventral extent. The knife hook was
raised and lowered five times to verify complete transection of the per-
forant pathway; each retraction and reextension was performed to ensure
that any flexible axons stretched by the knife hook were cut. To verify the
accuracy of the lesion, crystals of the fluorescent dye Fluoro-Ruby (In-
vitrogen, San Diego, CA) were dissolved in saline and introduced into the
injury site concomitantly with knife penetration.

Histology and immunohistochemistry. Two weeks after perforant path-
way transection, mice were perfused transcardially under deep anesthesia
with a saline solution, followed by fixative solution composed of 4%
paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer.
The brains were removed and kept in fixative overnight, followed by
equilibration in 30% sucrose solution. Brains were sectioned horizon-
tally (50 �m) using a frozen-stage equipped microtome and then placed
at �20°C in cryoprotectant solution (glycerol and ethylene glycol-based
PBS). Every sixth tissue section was subject to immunocytochemistry, as
described below, and analyzed by confocal microscopy. Free-floating
horizontal brain sections (50 �m) were rinsed three times for 10 min
each in Tris-buffered saline (TBS), blocked using blocking–permeabiliz-
ing solution (5% donkey serum and 0.25% Triton X-100) for 1–3 h, and
incubated with mouse anti-neuronal-specific nuclear protein (anti-
NeuN; 1:500; mAB377; Chemicon, Temecula, CA), rabbit anti-
calbindin-D28k (1:1000; CB38; Swant, Bellinzona, Switzerland) for 72 h
at 4°C. Tissues were then rinsed in blocking solution for 2 h. Sections
were then incubated with secondary antibodies (1:250; Jackson Immuno-
Research, West Grove, PA) at room temperature for 2 h. Sections were
then washed three times for 10 min each in TBS and mounted on gelatin-
coated slides using polyvinyl alcohol–1,4-diazabicyclo-[2.2.2]octane
(Sigma, St. Louis, MO) mounting solution (Peterson, 2004).

Imaging and design-based stereology. Brain sections were visualized and
imaged using an Olympus (Melville, NY) Fluoview confocal laser scan-
ning microscope. Images at each wavelength were collected separately
using a separate and specific excitation filter. Image collection settings
were approximately equivalent for all specimens and were taken and
recorded using a Fluoview 2.1 program. Collection of samples for stere-
ology was performed using the StereoInvestigator software (Micro-
BrightField, Colchester, VT). For quantitative design-based stereology

analysis, Z series of 20 �m depth were collected from every sixth section,
with 2 �m intervals between images. ECL2 neurons were sampled for
three-dimensional numerical density of neurons by optical dissector
(Peterson et al., 1994). ECL2 volume was estimated using the Cavalieri
procedure (Peterson and Jones, 1993; Peterson et al., 1994). ECL2
boundaries used were according to a previous tracer study (Peterson et
al., 1994).

Results
Perforant pathway lesion induces neuronal loss in ECL2 of
transgenic mice
To examine the impact of perforant pathway lesions on neuronal
survival in ECL2, we used transgenic mice harboring mouse
prion promoter-driven transgenes that express either human
wild-type PS1 (n � 3) (Thinakaran et al., 1996) or the FAD-
linked �E9 variant (n � 3) (Lee et al., 1997). The expression of
each transgene occurs in an ubiquitous manner and in all cells of
the CNS (Borchelt et al., 1996). More importantly, we have dem-
onstrated that overexpression of either wild-type or mutant hu-
man PS1 transgenes leads to “replacement” of endogenous
mouse PS1 with human transgene-encoded PS1 polypeptides
(Thinakaran et al., 1996; Lee et al., 1997).

To induce neuronal loss in the entorhinal cortex, the per-
forant path of mice harboring either PS1HWT or the PS1�E9
variant were transected using a stereotaxically coordinated knife
lesion, as described previously (Lazarov et al., 2002). The identi-
fication of surviving cells was determined by confocal immuno-
fluorescence microscopy (Fig. 1). To verify lesion accuracy, we
introduced the fluorescent dye Fluoro-Ruby into the lesion site at
the time of the lesion (for details, see Materials and Methods; for
image, see Fig. 1). Mice were allowed to survive for 2 weeks.
Animals demonstrating retrograde labeling of ECL2 neurons
were determined to have an appropriately placed lesion and were
included for subsequent analysis. To quantify the number of neu-
rons in layer II of the entorhinal cortex, serial brain sections
immunolabeled for NeuN and calbindin-D28k were analyzed and
traced by confocal microscopy (for details, see Materials and
Methods; for image, see Fig. 1). Neuronal survival in ECL2 was
evaluated using unbiased stereology-based analysis.

Fewer neurons in ECL2 of PS1�E9 transgenic mice
To establish that neuronal loss in the ECL2 was the result of the
PP lesion and was independent of nonspecific trauma, eight mice
(three mice harboring FAD-linked PS1HWT and five mice har-
boring FAD-linked PS1�E9) were anesthetized and subjected to
the same surgical procedure as the lesioned mice but without
knife penetration and perturbation of the perforant pathway.
NeuN� neurons in the ECL2 of mice harboring either PS1HWT
or PS1�E9 of sham-operated animals were evaluated after 2
weeks (Figs. 1, 2) and quantified (Fig. 3). Surprisingly, this anal-
ysis revealed that the number of NeuN� neurons in ECL2 in
PS1�E9 transgenic mice was only 78% of the number of neurons
in the ECL2 of PS1HWT mice (Fig. 2, compare NeuN images of
sham PS1HWT and sham PS1�E9; for quantification, see Fig.
3A). We asked whether the numbers of calbindin-D28k-positive
cells were altered in the ECL2 of sham PS1�E9, compared with
sham-operated PS1HWT mice. Here again, we observed that
calbindin-D28k-positive cells in ECL2 of PS1�E9 mice were 73%
of the cell numbers in PS1HWT ECL2 (Fig. 2, compare calbindin
images of sham PS1HWT and sham PS1�E9; for quantification,
see Fig. 3B). To examine whether the calbindin-D28k-expressing
cells were neuronal, we quantified the number of cells that coex-
pressed NeuN and calbindin-D28k in the ECL2 of sham-operated
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mice. The analysis revealed that only 71% of ECL2 cells coexpress
calbindin-D28k and NeuN in PS1�E9 compared with PS1HWT
mice (Fig. 2, compare NeuN and calbindin images of sham
PS1HWT and sham PS1�E9; for quantification, see Fig. 3C).
However, differences between sham PS1HWT and sham PS1�E9
were not statistically significant (ANOVA; NeuN, p � 0.1128;
calbindin-D28k, p � 0.2474; NeuN� calbindin-D28k�,
p � 0.2692).

Enhanced neuronal loss in ECL2 of PS1�E9 transgenic mice
after perforant pathway lesion
As expected, we observed neuronal loss in the ECL2 of PS1HWT
mice, as well as in PS1�E9 transgenic mice 2 weeks after PP lesion
(Figs. 2, 3). Transection of the perforant pathway in PS1HWT
mice produced a modest reduction in the number of ECL2 neu-
rons (Fig. 2, compare NeuN images of sham PS1HWT and le-
sioned PS1HWT); quantification revealed that neuronal loss was
�10% (Fig. 3A). However, PP transection in PS1�E9 mice pro-
duced a marked reduction in the number of neurons in ECL2
with 64% survival relative to sham PS1�E9 mice (Fig. 2, compare
NeuN images of sham and lesioned PS1�E9; for quantification,
see Fig. 3A). Extent of neuronal survival in the lesioned PS1�E9
mice was found to be significantly different from all sham and
lesioned groups (ANOVA; p � 0.003 for sham PS1HWT; p �
0.0069 for lesioned PS1HWT; p � 0.034 for sham PS1�E9).

Perforant pathway lesions reduce the numbers of calbindin-
D28k-expressing neurons in ECL2 of PS1�E9 transgenic mice
To examine whether expression of calbindin-D28k might afford
protection from PP lesion-induced neuronal death, we quanti-

fied the number of calbindin-D28k-
expressing cells in sham and PP-lesioned
PS1HWT mice. We determined that 96%
of calbindin-D28k-expressing cells that
survived the lesion in PS1HWT mice are
neuronal by virtue of being NeuN positive
(Fig. 2, compare calbindin and NeuN cal-
bindin images of sham and lesioned
PS1HWT; for quantification, see Fig.
3B,C). Our quantitative analysis revealed
that 96.5% of calbindin-D28k-expressing
cells survived in PP-lesioned PS1HWT an-
imals, suggesting that any observable neu-
ronal loss in ECL2 cells after the lesion was
attributable to cells that did not express
calbindin-D28k. In contrast to the data ob-
tained in PS1HWT animals, we observed
that of the calbindin-D28k-expressing cells
detected in sham PS1�E9 mice, only 72%
of these survived the PP lesion (Fig. 2,
compare albindin images of sham and le-
sioned PS1�E9; for quantification, see Fig.
3B). This analysis further revealed that
only 64% of the surviving cells were
calbindin-D28k� NeuN� cells in the
ECL2 of PP-lesioned PS1�E9 mice (Fig. 2,
compare NeuN calbindin images of sham
and lesioned PS1�E9; for quantification,
see Fig. 3C) (t test, one-tailed; p � 0.033).
These results suggest that expression of
calbindin-D28k cannot suppress the cell
death programs induced in mutant PS1-
expressing ECL2 neurons after PP lesions.

Discussion
AD-associated neuropathology is manifested by disruption of
neuronal circuits, intracellular lesions, extracellular lesions (i.e.,
neurofibrillary tangles and amyloid deposits, respectively), and
massive neuronal loss (for review, see Buckner, 2004; Walsh and
Selkoe, 2004). Neurons in ECL2 gives rise to the PP, the major
source of the excitatory input to the hippocampus. In mild cases
of AD, 60% of the neurons in ECL2 are lost, whereas 90% loss
occurs in advanced stages of the disease (Gomez-Isla et al., 1996).
The mechanism(s) that underlie this massive region-specific cell
loss is primarily unknown.

In the present manuscript, we offer several novel insights that
impact on our understanding of the role of PS1 and FAD-linked
variants on neuronal survival in ECL2. First, we demonstrate that
expression of FAD-linked mutant PS1�E9 reduces neuronal cell
numbers in ECL2 compared with mice expressing wild-type PS1.
These findings suggest that expression of the PS1�E9 mutant
altered developmental cell fate programs that regulate neuronal
and non-neuronal cell numbers in ECL2, or alternatively, accel-
erates neuronal cell loss in the ECL2 during aging.

Second, in mice expressing PS1HWT, we only observed 9%
neuronal loss in ECL2 after the PP lesion. This result is somewhat
different from the previous demonstration in rat, wherein 30% of
ECL2 neurons die at an equivalent time point after partial aspi-
ration lesions of the EC (Peterson et al., 1994). That might result
from differences in the lesion approach, which may affect the
extent of both primary and secondary damage that each one of
the lesions induce. In addition, differential vulnerability of ECL2
neurons to PP lesions might be a species-specific effect or alter-

Figure 1. Design-based stereological analysis of neuronal survival in the entorhinal cortex of adult transgenic mice. Represen-
tative low-power confocal images of horizontal brain sections of sham and perforant-pathway-lesioned PS1HWT and PS1�E9
mice used for stereological analysis of the number of neurons in ECL2. The figure is composed of four panels: top left, brain section
of a sham mouse harboring FAD-linked PS1HWT; top right, brain section of a mouse harboring FAD-linked PS1HWT 2 weeks after
PP lesion; bottom left, brain section of a sham mouse harboring FAD-linked PS1�E9; bottom right, brain section of a mouse
harboring FAD-linked PS1�E9 2 weeks after PP lesion. Each brain section is immunostained with antibodies raised against NeuN
(left top image in each panel) and calbindin-D28k (right top image in each panel) using multiple fluorophore-conjugated second-
ary antibodies. Fluoro-Ruby [cyanine 3 (Cy3) fluorophore; left bottom image in each panel] can be detected in the lesioned mice
(top right, PS1HWT; bottom right, PS1�E9). The number of calbindin-expressing neurons was quantified using combined image
stacks of NeuN and calbindin (bottom right image in each panel).
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natively, might suggest that expression of
human PS1 alters the survival of ECL2
neurons. In this regard, recent evidence
has suggested a neuroprotective role for
human wild-type PS1 (Zhou et al., 2002)
and in cell survival pathways (for review,
see Niikura et al., 2002).

Finally, and most importantly, we pro-
vide unequivocal evidence that expression
of the PS1�E9 variant enhances the vul-
nerability of ECL2 neurons to PP lesion-
induced neuronal loss. Importantly, neu-
rons that express the calcium binding
protein calbindin-D28k are not protected
from PP-induced cell death, in sharp con-
trast to previous studies showing that these
neuronal populations are spared in rat
ECL2 (Peterson et al., 1994) or mouse
ECL2 expressing human wild-type PS1
(this study). Although it is arguable that
expression of endogenous mouse PS1 may
influence the results we have obtained, it is
important to note that endogenous mouse
PS1 fails to accumulate in the brains of
transgenic mice that express either
PS1HWT or PS1�E9 (Thinakaran et al.,
1996; Lee et al., 1997). The explanation of
this protein replacement phenomenon is
that overexpression of the human PS1
polypeptides saturates one or more cellu-
lar factors that are expressed at limiting
levels (Thinakaran et al., 1996, 1997). We
now recognize that these saturable factors
are nicastrin, APH-1 (anterior pharynx
defective), and PEN-2 (presenilin en-
hancer) (De Strooper, 2003). Hence, it is
reasonable to assume that the phenotypes
we describe in this study are attributable
entirely to the expression of the human
transgene-encoded polypeptides in ECL2,
without any influence of endogenous
mouse PS1.

The mechanism(s) by which FAD-
linked mutant PS1 variants enhance neu-
ronal vulnerability is not fully understood,
but numerous studies have provided evi-
dence suggesting that expression of mu-
tant PS1 enhances the vulnerability of cul-
tured neurons to toxic insults (Guo et al.,
1999a,b; Weihl et al., 1999; Popescu et al.,
2001; Terro et al., 2002) and accelerates
kainite-induced degeneration of hip-
pocampal neurons in CA1 and CA3 (Guo
et al., 1999a). Expression of mutant PS1
variants also perturbs calcium homeosta-
sis (for review, see Mattson and Chan,
2003) (Guo et al., 1996, 1997, 1999a; Leis-
sring et al., 2000; Yoo et al., 2000; Terro et
al., 2002).

The concentrations of free cytoplasmic
Ca 2� are tightly regulated in neurons and
essential for modulating cellular processes,
including signal transduction cascades, in-

Figure 3. Reduced survival rate of neurons in ECL2 of PS1�E9 transgenic mice 2 weeks after perforant pathway lesion. The
number of NeuN� (A), calbindin-D28k� (B), and NeuN� calbindin-D28k� (C) cells in ECL2 of sham and lesioned PS1HWT and
PS1�E9 transgenic mice was quantified by unbiased stereology. The number of NeuN� cells as well as calbindin-D28k� cells was
dramatically reduced in ECL2 of PS1�E9 compared with ECL2 of PS1HWT 2 weeks after lesion.

Figure 2. Neuronal survival in ECL2 of sham and lesioned transgenic mice harboring FAD-linked PS1HWT or PS1�E9 after
transection of the perforant pathway. High-power confocal images of ECL2 neurons as detected in brain sections of sham and
lesioned PS1HWT and PS1�E9 mice. Top to bottom: sham PS1HWT, lesioned PS1HWT, sham PS1�E9, lesioned PS1�E9. For each
animal, images show NeuN� (left image column), calbindin-D28k� (middle image column), and NeuN� calbindin-D28k�
neurons (right image column) of ECL2. Note the reduced number of neurons in ECL2 of PS1�E9 transgenic mice 2 weeks after
perforant pathway lesion. Scale bar, 60 �m.

432 • J. Neurosci., January 11, 2006 • 26(2):429 – 434 Lazarov et al. • FAD-Linked Enhanced Neuronal Loss



duction of gene transcription, and neuronal cell death (Ghosh
and Greenberg, 1995). The calcium-binding protein calbindin-
D28k buffers intracellular calcium (for review, see Baimbridge et
al., 1992) and is expressed in the EC in a lamina-specific manner,
almost exclusively in ECL2 (Peterson et al., 1994, 1996). It has
been suggested that calbindin-D28k plays a critical role in rescuing
rat ECL2 neurons from PP-induced cell death (Peterson et al.,
1994, 1996) and to block mutant PS1-induced proapoptotic pro-
cesses (Guo et al., 1998). Indeed, we have demonstrated that the
vast majority of calbindin-D28k-expressing ECL2 neurons are
spared in PS1HWT transgenic mice after PP lesions (this study).
The failure of calbindin-D28k to protect FAD-linked PS1 mutant-
expressing ECL2 neurons from PP lesion offer several plausible
hypotheses. In view of evidence that expression of mutant PS1
perturbs intracellular calcium homeostasis, it is not inconceiv-
able that excess calcium influx resulting from the perforant path
lesion might alter calcium-induced calcium release from intracel-
lular stores to levels that far exceed the buffering capacity of
calbindin-D28k, thus overwhelming those calcium-dependent
signaling pathways that would normally promote cell survival.

Alternatively, mutant PS1 could enhance PP lesion-induced
neuronal loss in ECL2 by pathways that do not involve perturba-
tions of calcium homeostasis. In this regard, it is now well estab-
lished that expression of FAD-linked mutant PS1 elevates the
production of A�42 peptides (Price and Sisodia, 1998), and it is
conceivable that increased A�42 levels and fibrillar intermediates
(Hartley et al., 1999; Chromy et al., 2003; Kayed et al., 2003) that
compromise neuronal function might enhance the vulnerability
of ECL2 neurons to a variety of insults. Future studies to examine
the potential role of A�42 peptides in this paradigm, by analysis of
neuronal vulnerability in the ECL2 of mice that harbor mutant
PS1 transgenes on an APP-deficient background, are clearly
warranted.
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