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Several lines of evidence implicate a cholinergic deficit in Alzheimer’s disease (AD). Transgenic mice
that overexpress clinical mutants of the human amyloid precursor protein (APP) have been generated
that recapitulate many aspects of AD. We now analyzed the cholinergic system in aged APP/London
transgenic mice. The major finding was the reorganization of acetylcholinesterase-positive fibers
within the hippocampus and the reduced size of cholinergic cells in the medial septum. The reduction
of acetylcholinesterase-positive fibers in the subiculum together with increased fiber density in the
CAl and in the dentate gyrus suggests a synaptic sprouting compensatory mechanism within the
hippocampus. In the cortex, amyloid plagues were associated with intense acetylcholinesterase
activity and surrounded by dystrophic acetylcholinesterase-positive fibers. Nevertheless, the overall
pattern of cholinergic innervation was unchanged. These results demonstrate that overexpression of
APP/London caused, besides amyloid plaques in aged mouse brain, also cholinergic deafferentation
and cholinergic cell shrinkage.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common type
of dementia (75%), manifesting as a severe deteriora-
tion of mental functions (Cummings & Kaufer, 1996).
Familial AD patients are due to mutations in the amy-
loid precursor protein (APP) and in the presenilin
genes. Most AD patients are sporadic cases (Pericak-
Vance & Haines, 1995).

Postmortem AD brain is characterized by the pres-
ence of amyloid plaques, neurofibrillary tangles, syn-
aptic loss and cell loss, and neurotransmitter derange-
ment. The amyloid plaques are extracellular deposits
of AB peptide, a proteolytic fragment of APP (Haass &
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Selkoe, 1993). Neurofibrillary tangles are intracellular
aggregates formed by a hyperphosphorylated form of
the microtubule-associated protein tau (Goedert,
1993). A consistent neurotransmitter derangement in
AD is the cholinergic deficit (Geula & Mesulam, 1994;
Procter et al., 1996). The cholinergic problem continues
to attract interest because its magnitude correlates
with the severity of dementia (Perry et al., 1978; Bierer
et al., 1995). Drugs that target the cholinergic system
are at this moment the main type of drugs available to
treat the symptoms of AD (Parnetti et al., 1997; Francis
et al., 1999).

Several transgenic mice models overexpressing APP
and its clinical mutants have been generated which
recapitulate aspects of AD. Amyloid plaques and neu-
ritic changes have been obtained in addition to astro-
gliosis, microglial activation and increased tau phos-
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phorylation (Higgins et al., 1995; Games et al., 1995;
Hsiao et al., 1996; Sturchler-Pierrat et al., 1998; Fraut-
schy et al., 1998; Moechars et al., 1999). Neuronal loss
has been identified in one of these models (Calhoun et
al., 1998) but not in others (Irizarry et al., 1996a,b).
Disruption of neuronal circuits was reported to be
independent of amyloid plaques (Hsia et al., 1999),
which are also not a prerequisite for early cognitive
defects (Moechars et al., 1999). Thus, these are good
models to study which of the alterations observed in
AD are related to the process of amyloid formation
(Price et al., 1998).

In one APP transgenic mouse model, amyloid
plaques colocalized with acetylcholinesterase and dys-
trophic cholinergic neurites (Sturchler-Pierrat et al.,
1998). In a double transgenic mouse, overexpressing
APP and presenilin 1 clinical mutants, a reduction in
the size of cholinergic boutons was observed in the
hippocampus and cortex without alteration of the size
of cholinergic neurons (Wong et al., 1999). In postmor-
tem brain of AD patients the cholinergic deficit has
been reported to correlate with the density of amyloid
plaques (Perry et al., 1978; Geula & Mesulam, 1994),
while a more recent study showed that the cholinergic
deficit is better correlated with tangle density (Geula et
al., 1998).

An extensive analysis of the cholinergic system in
aged transgenic mice that overexpress APP and de-
velop amyloid plaques has not been addressed. Re-
cently, we have generated and characterized trans-
genic mice that develop early and late phenotypic
traits. These APP/London transgenic mice showed as
early as 3- to 4-month robust changes in behavior, i.e.,
hyperactivity, anxiety, aggression and neophobia, and
cognitive deficits measured by Morris water maze test
and reduced long-term potentiation (Moechars et al.,
1998, 1999). Amyloid plaque deposition was a late
process (>12 months) (Moechars et al., 1999). We now
analyzed whether a cholinergic deficit was present in
aged and young APP/London transgenic mice. Dif-
ferent aspects of the cholinergic system that are af-
fected in AD (McGeer et al., 1984; Vogels et al., 1990;
Bissette et al., 1996; Rodriguez-Puertas et al., 1997;
Arendt et al., 1992) were studied: the extent of cholin-
ergic fiber innervation in the cortex and hippocampus
by quantitative acetylcholinesterase (AChE) histo-
chemistry; the AChE and choline acetyltransferase
(ChAT) activity levels in different areas of the brain, in
addition to the analysis of the molecular forms of
AChE; the cholinergic cell number and gross morphol-
ogy by immunohistochemistry against ChAT. Finally,
we included the study of high affinity choline trans-
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porter (HAChAT), a presynaptic marker and the mus-
carinic type 1 receptor (M1) a postsynaptic marker, in
young APP/London transgenic mice, to address in
more detail whether the overexpression of the London
mutant form of APP disrupted the cholinergic syn-
apse.

MATERIALS AND METHODS

Materials

The polyclonal antibody against ChAT was pur-
chased from Chemicon International (Tremula, CA)
(AB144P). FCA18 polyclonal antibody against amy-
loid peptide was used as described (Barelli et al., 1997).
Secondary antibodies conjugated with biotin were
purchased (DAKO, Glostrup, Denmark). [*H]Acetyl
coenzyme A, [’H]pirenzepine, and [*H]hemicho-
linium-3 were purchased from NEN, Life Science
Products, Inc. (Boston, MA). Atropine, hemicho-
linium-3, tetraisopropylpyro-phosphoramide (Iso-
OMPA), 1,5-bis (4-allyldimethylammoniumphenyl)
pentan-3-one dibromide (Bw284c51), choline iodide,
acetyl coenzyme A, hemicholinium-3, acetylthiocho-
line iodide, tetraphenylborate, and 3-heptanone were
purchased by Sigma (St. Louis, MO).

Mice

Transgenic mice carrying the amyloid precursor
protein London (695 isoform) mutation (V642l) were
generated as described (Moechars et al., 1996, 1999).
All mice were identically housed in a temperature and
humidity controlled vivarium, kept on a 12-h dark-
light cycle (light on 7:00 EST), with free access to food
and water. Aged APP/London between 17-22 months
and age-matched nontransgenic mice (FVB wild type)
and young APP/London between 4-6 months and
age-matched nontransgenic mice were processed si-
multaneously for all the assays performed.

Histology

The brains of six APP/London and six nontrans-
genic mice (17-22 months) were fixed by cardiac per-
fusion under deep anesthesia with 5 ml saline fol-
lowed by 20 ml cold fixative (4% paraformaldehyde,
in 0.1 M phosphate buffer, pH 7.4) and then postfixed
for 24 h in the same solution at 4°C. Fixed brains were
stored for another 24 h in 0.1 M phosphate buffer (pH
7.4), 150 mM NacCl at 4°C. From each brain, serial
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vibratome sections were obtained. The free-floating
coronal sections (40 wm) were collected in 0.1 M phos-
phate buffer and processed for amyloid immunostain-
ing, thioflavine S staining choline acetyltransferase
(ChAT) immunostaining, and acetylcholinesterase
(AChE) histochemistry.

Immunohistochemistry. ChAT immunostaining was
performed as follows: (i) 30-min incubation at 4°C
with 0.4% Triton X-100 in 0.1 M Tris-HCI, 150 mM
NaCl, pH 7.4 (TBS); (ii) 1-h incubation at 4°C with
0.1% Triton X-100, 5% rabbit serum, 5% albumin in
TBS; (iii) 48-h incubation at 4°C with antibody to
ChAT (AB144P) diluted 1:500 in 0.1% Triton X-100, 5%
rabbit serum in TBS; (iv) 1-h incubation at room tem-
perature with biotin-conjugated rabbit anti-goat 1gG
(diluted 1:300 in 0.1% Triton X-100, 5% nonimmune
rabbit serum in TBS); (v) 1-h incubation with avidin
conjugated to peroxidase (ABC, DAKO, Denmark),
followed by visualization of peroxidase activity with
diaminobenzidine (1 mg/ml), 2% ammonium nickel
sulfate, and H,0, (0.01%) in 50 mM Tris—HCI (pH 7.6).
Amyloid immunostaining was performed as follows:
(i) 1-h incubation at room temperature with 0.2% Tri-
ton X-100 and 10% goat serum in TBS; (ii) 48-h incu-
bation at 4°C with FCA18 antibody to AB peptide
(diluted 1:500 in 0.2% Triton X-100 and 10% goat se-
rum in TBS); (iii) 1-h incubation at room temperature
with biotin-conjugated goat anti-rabbit 1gG (diluted
1:300 in 0.1% Triton X-100, 5% nonimmune goat serum
in TBS); (iv) 1-h incubation with avidin conjugated to
peroxidase (ABC, DAKO, Denmark), followed by vi-
sualization of peroxidase activity with diaminobenzi-
dine (1 mg/ml), and H,0, (0.01%) in 50 mM Tris-HCL
(pH 7.6).

Acetylcholinesterase (AChE) enzyme-histochemistry.
Serial coronal vibratome sections (40 wm) were col-
lected in 0.1 M phosphate buffer (pH 7.4) and were
incubated, as free-floating sections for staining (Kar-
novsky & Roots, 1964) modified as follows (Tago et al.,
1986): (i) incubation for 30 min at room temperature
with 0.3% H,0, in 50 mM Tris—HCI buffer (pH 7.6); (ii)
incubation for 1 h at room temperature in 0.05 mg/ml
acetylthiocholine iodide, 0.1 mM tetra-isopropyl-pyro-
phosphatamide, 0.05 mM potassium ferricyanide, 0.3
mM CuSO,, 0.5 mM sodium citrate, 65 mM sodium
maleate (pH 6.0); (iii) 10-min incubation in 0.3% am-
monium nickel sulfate, 0.04% diaminobenzidine, 50
mM Tris—=HCI (pH 7.6), and ultimately H,O, to a final
concentration of 0.03% was added and incubated for
another 5 min.
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Morphometric Analysis

Cholinergic cell counting. Basal forebrain cholin-
ergic neurons were defined from anatomical land-
marks of the mouse brain atlas (Franklin & Paxinos,
1997). The anterior commissure, anterior, and the lat-
eral ventricles defined the ventral border of the medial
septum (MS). The meeting of the body of the corpus
callosum at the midline marked the anterior boundary
and the midline crossing of the anterior commissure
and the appearance of the fornix marked the posterior
boundary. Three 40-um-thick coronal sections were
considered through the complete medial septum with
a 120-um interval between each to avoid counting the
same cell twice (coordinates from Bregma: 1.10 to 0.5
mm). The cholinergic cells of the horizontal limb of the
diagonal band (DB) were defined as the group of
immunopositive cells residing below the anterior com-
missure, anterior, and the anterior commissure, pos-
terior. The appearance of the anterior commisure, pos-
terior, marked the anterior boundary and the connec-
tion of the lateral ventricles marked the posterior
boundary. Five 40-um-thick coronal sections were an-
alyzed with 80 um of interval (Coordinates from Breg-
ma: 0.38 to —0.34 mm). The cholinergic cells of the
nucleus basalis magnocellularis (NBM) straddle the
border between the lateral globus pallidus and the
internal capsule. The anterior boundary was defined
as the connection of lateral ventricles (coordinate from
Bregma: —0.34 mm) and the posterior boundary was
defined with the dorsal hippocampus (coordinates
from Bregma: —1.34). Five 40-um-thick coronal sec-
tions were analyzed with 80-um interval. In each
mouse the same number of sections and similar total
distance for each nucleus were analyzed for cholin-
ergic cell quantification to guaranty that similar vol-
ume of each nucleus was quantified.

For each section, immunopositive neuronal profiles
were counted manually on photographs taken with a
10X objective on a Zeiss IM35 inverted optic micro-
scope. Only cells with a clear nucleus were measured
and in cases when staining was too dark only cells
with a clear neuronal morphology were considered.
The final magnification of the photograph was four
times the negative (10 X 15 cm). This procedure allows
clear visualization of cholinergic cells. The total area
covered for each photograph was 670 X 1000 um,
enough to include all immunopositive cells of each
cholinergic nucleus analyzed.

The total number of neuronal profiles counted in
each set of three or five sections yielded the number of
neurons per animal, corrected according to Abercrom-
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bie (1946). In addition, ChAT immunopositive cells
were counted on images digitized on a Leica DMR
microscope (20X objective), equipped with a CCD
video camera, and connected with a computerized
image analysis system (AIS/C, Imaging Research,
Canada). The image was incremented by 200% and
using a viewing box, neurons were identified on the
screen and counted. Two fields of 665 X 470 uwm were
considered for the analysis of the MS, one for the DB,
and two for the NBM. Both procedures gave very
comparable numbers of neuronal profiles.

Size of cholinergic neurons. A total of 100 neurons
were assessed in each nucleus in each animal by mea-
surement of cross-sectional area (a total of 600 neuro-
nal profiles per genotype). Using objective 20X, fields
of 665 X 470 um were digitized and incremented by
400%. The image was processed with the detail extrac-
tor function that enhances the contrast and accentu-
ated the edges of the neuronal profiles. The neuronal
profiles were identified on screen and the cross sec-
tional area (um?) was calculated. The results are pre-
sented as the mean cross sectional area (neuronal
size) = SEM.

Fiber density. The analytical imaging station oper-
ation system AIS/C was used to quantify fiber density
(1.6X objective). The scan area function was used to
define criteria (range of relative optical density) for
automatic target detection.

Extent of cholinergic innervation was determined in
three AChE stained sections, spaced at 80 um through
the ventral hippocampus (—2.46 to —2.80 from
Bregma, approx.). The CA1l field of hippocampus
(CA1) the dentate gyrus (DG), the subiculum (S), and
the entorhinal cortex (EC) were analyzed. The areas
within the hippocampus were defined anatomically as
defined in the mouse brain atlas (Franklin & Paxinos,
1997). The entorhinal cortex was defined as the region
that included the ectorhinal, perirhinal, and lateral
entorhinal cortex as defined in the mouse brain atlas
(Franklin & Paxinos, 1997). To measure the cholinergic
innervation in the frontal cortex (FC), three AChE-
stained sections spaced at 80 um through the striatum
were analyzed (70.74 from Bregma). The somatosen-
sory cortex defined by the mouse brain atlas (Franklin
& Paxinos, 1997) was the main structure labeled. A
total of six areas were analyzed per mouse (from the
left and right side of each section). The optical density
measured in the corpus callosum was used as internal
background density per mouse.

For the CALl region the proportional area was also
calculated. This is defined as the total area of the target
pixels contained within the region of interest relative
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to the total scan area. Six CAl areas were analyzed per
mice (digitized with a 20X objective lens) and six
random fields (110 X 85 um) were considered per CA1
region.

Biochemical Assays

Sample preparation. Four APP/London and four
age-matched nontransgenic mice were killed by cervi-
cal dislocation and brains were removed. The hip-
pocampus and the cortex were carefully dissected,
washed in 0.1 M phosphate buffer saline and 150 mM
NaCl (pH 7.4), and weighed. The tissue (10% wt/vol)
was homogenized in ice cold buffer A [50 mM Tris—
HCI, pH. 7.4, 1.0 M NacCl, 2.5 mM EDTA, and 50 mM
MgCl, (pH 7.4)], containing a cocktail of proteinase
inhibitors in a glass teflon homogenizer. The suspen-
sion was centrifuged at 150,000g at 4°C for 1 h to
recover the salt-soluble (SS) fraction in a Beckman
TLA 100.4 rotor. The pellet was reextracted with
buffer A containing 1% Triton X-100 and was centri-
fuged at 30,000g at 4°C for 1 h to recover a Triton
X-100-soluble (TS) fraction. This method allows the
extraction of more than 90% of the total AChE enzy-
matic activity (Sberna et al., 1998). The protein concen-
tration was measured by the method of Bradford et al.
(1976).

AChE activity assay and analysis of molecular isoforms.
AChE activity was determined by the method of Ell-
man et al. (1961). Briefly, 5 ul of sample was mixed
with 200 wl of reaction buffer (0.5 mM phosphate
buffer, pH7.4, 0.02% DTNB, 0.02% acetyltiocholine,
and 0.1 mM iso-OMPA) The activity of the enzyme
was determined after 5 min of incubation at room
temperature and stopped with Bw284c51, a potent
AChHE inhibitor. The optical density was measured at
405 nm (Victor multilabel counter, Wallac). AChE ac-
tivity was expressed as relative units and standard-
ized by the amounts of protein of the sample.

For the analysis of the AChE molecular isoforms,
the frontal and parietal cortex were analyzed together
mixing equal amount of both homogenates. Superna-
tant fractions (SS and TS fraction) were centrifuged at
150,000g in a continuous sucrose gradient (5-20% wt/
vol) for 18 h at 4°C in a Beckman SWA41 rotor. The
gradients contained 50 mM Tris—=HCI (pH 7.4), 0.5 M
NacCl, and 50 mM MgCl, with 0.5% (wt/vol) Brij 97 or
0.5% (wt/vol) Triton X-100. Enzymes of known sedi-
mentation coefficient, alkaline phosphatase (6.1S), and
catalase (11.4S) were used in the gradients as markers
(Sberna et al., 1998). Forty fractions were collected
from the bottom of the gradients in a 96-well micro-
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plate. A 100-ul sample of each fraction of the gradient
was used to determined AChE activity as described
above, the optical density background was deter-
mined by measuring the enzymatic activity in 100 ul
of each fraction in the presence of Bw284c51.

ChAT enzymatic activity assay. ChAT activity was
measured as described (Fonnum, 1975). Briefly, 5 ul of
tissue homogenate (the salt soluble and the triton sol-
uble fraction were analyzed together mixing equal
amounts of each supernatant) was added to 10 pul
reaction buffer [75 mM sodium phosphate, pH 7.4, 600
mM NaCl, 40 mM MgCI2, 0.1 mM Bw284c51, 0.05%
bovine serum albumin, 10 mM choline iodide, and 0.3
mM [*H]acetyl-CoA ("40 mCi/mmol, performed with
a mix of cold and hot acetyl-CoA)]. This mixture was
then incubated for 30 min at 37°C. The reaction was
stopped by the addition of 150 wl of tetraphenylboron
(75 mg/ml in 3-heptanone), gently mixed, and centri-
fuged. One hundred microliters of the organic top
layer was removed and placed into scintillation vials.
The levels of ChAT activity were determined by sub-
tracting the cpm in the blank tubes (without tissue)
from the cpm in the tubes with tissue. The activity was
calculated as cpm/ug proteins/30 min. The ChAT
activity levels of the brain regions analyzed in the
transgenic mice were normalized as the percentage of
the levels obtained in nontransgenic mice.

Receptor Binding Assays

The high affinity choline transporter (HAChAT)
was labeled with [*H]hemicholinium-3. Assay of
[*H]hemicholinium-3 binding sites was performed as
described (Happe & Murrin, 1992). Serial frozen coro-
nal brain sections (16 um) from the level of the genus
of the corpus callosum to the level of the ventral
hippocampus were mounted on glass-slides and used
for binding studies. The slides were coated with poly-
lysine to reduce the nonspecific binding of [*H]hemi-
cholinium-3. The sections were air-dried and kept at
—70°C until used. Sections were equilibrated at room
temperature and incubated for 30 min in 50 mM gly-
cine—glycine (pH 7.8), 200 mM NaCl, and six different
concentrations ranging from 1.25 to 30 nM [*H]hemi-
cholinium-3 (120 Ci/mmol). After washing twice for 2
min in cold buffer, followed by rinsing in cold water,
the sections were air-dried and exposed to [°H]Hyper-
film (Amersham, UK) for 2 weeks. Nonspecific bind-
ing was determined by addition of 10 uM hemicho-
linium-3 cold to the incubation mixture. Plastic em-
bedded tritium standards ([*H]Micro-scale, activity
levels, 3-110 nCi/mg, Amersham, UK) were coex-
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posed with tissue section. Autoradiographic images
from the sections were scanned and the optical density
from the hippocampus, frontal cortex, entorhinal cor-
tex, was quantified using the analytical imaging sta-
tion AIS/C. The optical density value from the non-
specific binding was subtracted from each of the val-
ues. Each brain region was measured bilaterally in one
section per concentration for each of the mice ana-
lyzed (4 APP/London and 4 age-matched nontrans-
genic mice, 4-6 months). The K, and the B, were
obtained by Rosenthal (Scatchard) analysis of
[*H]hemicholinium-3 binding curves (Rosenthal,
1967).

The muscarinic type 1 (M1) was labeled with
[*H]pirenzepine. The Assay of [*H]pirenzepine bind-
ing sites in brain slices was performed as described
(Aubert et al., 1992). Frozen coronal brain sections (16
mwm) were mounted on gelatin coated slides, air-dried
and kept at —70°C until use. The sections were equil-
ibrated at room temperature for 15 min in Krebs buffer
(120 mM NacCl, 1.2 mM MgSO,, 1.2 mM KH,P0,, 5.6
mM glucose, 25 mM NaHCO;, 2.5 mM CaCl,, 4.7 mM
KCI, pH 7.4) and incubated for 1 h in fresh buffer
containing 15 nM [*H]pirenzepine alone or with atro-
pine (10 wM) to determine nonspecific binding. Slides
were rinsed three times in 50 mM Tris—-HCI (pH 7.4)
and once with cold water, before being air-dried and
exposed to [*H]Hyperfilm (Amersham, UK) for 2
weeks. Images from CAl, CA3, dentate gyrus, frontal
cortex, and entorhinal cortex were quantified by den-
sitometric scanning using the analytical imaging sta-
tion AIS/C. The optical density per brain area per
mouse was the average from bilateral determinations
on two sections per mouse (4 APP/London and 4
nontransgenic mice, 4—6 months).

Assay of [*H]pirenzepine binding sites in brain
membranes was performed as described (Araujo et al.,
1990). Membrane fractions were prepared from mouse
cortex and hippocampus by homogenization in Krebs
buffer (120 mM NaCl, 1.2 mM MgSO,, 1.2 mM
KH,P0,, 5.6 mM glucose, 25 mM NaHCO,, 2.5 mM
CaCl,, 4.7 mM KCI, pH 7.4, and collected by centrif-
ugation at 4°C, 20,000g, 20 min in a Beckman TLA
100.4 rotor). The pellets were washed twice by resus-
pending in fresh buffer and the final membrane pellet
was resuspended in the same buffer. Aliquots equiv-
alent to 100 ug protein were incubated with specified
concentrations of [*H]pirenzepine (70-87 Ci/mmol)
for 1 h at room temperature in a final volume of 0.5 ml.
Membranes were collected by rapid filtration under
reduced pressure on glass-fiber filters (GF/C What-
mann) presoaked in 0.5% polyethyleneimine to reduce
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FIG. 1. Amyloid plaque distribution in aged APP/London transgenic mice (17-22 months). Coronal sections through the frontal cortex (A)
and through the ventral hippocampus (B), stained with a polyclonal against the AB peptide. Scale bar, 2 mm. (C, D, E) Thioflavine-S staining
of amyloid plaques in the cortex, CA3, and subiculum, respectively, from the brain of aged APP/London transgenic mice. Scale bar, 100 um.

nonspecific binding. Filters were washed rapidly with
ice-cold buffer and radioactivity counted. Specific
binding was calculated as the difference in radioactiv-
ity bound in the presence and absence of 10 uM atro-
pine. Protein concentration was measured as de-
scribed (Bradford, 1976).

Statistics

Student’s two tailed t test was used to determine the
statistical significance. The averages were expressed as
the mean = SEM.

RESULTS

In the APP/London transgenic mice amyloid
plaque deposition is a late process that correlates with

increased levels of AB(42) peptide (Moechars et al.,
1999). Amyloid plaques stained with a polyclonal
against AB peptide (Barelli et al., 1997) were concen-
trated in the frontal cortex, mainly in layers IV-VI
(Fig. 1A). More caudally through the ventral hip-
pocampus, plaques were also evident in the enthorinal
cortex, and amygdala. In the hippocampus, amyloid
plaques were consistently present in the subiculum
and more sporadically in other regions, i.e., the stra-
tum radiatum, CA1 and CA3 regions (Figs. 1B, 2G,
and 2I). Thioflavine-S staining of adjacent sections
demonstrated the amyloid nature of the plaques in the
cortex, in the CA3 region of the hippocampus and in
the subiculum (Figs. 1C to 1E). Amyloid staining was
never seen in old nontransgenic mice (Figs. 2F and
2H), demonstrating the specificity of the process and
of the staining by the FCA 18 antibody (Barelli et al.,
1997; Moechars et al., 1999).
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We determined whether the presence of amyloid
plaques in brain of aged APP/London transgenic mice
affected the cholinergic system.

Cholinergic innervation was revealed by staining
for acetycholinesterase (AChE), a general marker for
cholinergic fibers (Kitt et al., 1994; Geula & Mesulam,
1994; Chen et al., 1997). In the hippocampus, extensive
cholinergic deafferentation became evident in the sub-
iculum of aged APP/London mice (Figs. 2A to 2D). In
the cortex, a subset of the amyloid plaques overlapped
with strong AChE activity in adjacent sections (Figs.
3A to 3D, 3F to 3l), but the overall pattern of AChE-
positive fibers remained essentially unaltered (Figs. 3E
and 3J). In some amyloid plaques the intense AChE
activity appeared to be contained in the core (Figs. 3C
and 3D, 3H and 3I), while around most plaques AChE-
positive fibers appeared distorted (Fig. 3G). Enlarged
AChE-positive neurites overlapped with the amyloid
plaques (Figs. 3C and 3D, 3H and 3I). When a specific
acetylcholinesterase inhibitor (Bw284c51) was added
to the AChE reaction buffer, AChE-positive fibers and
AChE activity associated with amyloid plagues were
not observed (data not shown).

Quantitative analysis of the AChE staining in the
hippocampus demonstrated extensive cholinergic
deafferentation of the subiculum, i.e., a 60% reduction
in AChE activity (P < 0.01) (Fig. 4A). A small increase
(20%) in AChE activity was found in DG and CAl
(P < 0.05 and P < 0.01, respectively) (Figs. 2A and 2B,
2E and 2J, and 4A).

We further analyzed the CA1 region of the hip-
pocampus, because it allows clear visualization of the
AChE positive fibers. An increased proportional scan
area was measured in the CAl (Fig. 4B), indicating
that the increase in AChE activity was due to in-
creased fiber density. Quantitative analysis of the cor-
tex demonstrated no difference in AChE activity, nei-
ther in the frontal nor in the entorhinal cortex despite
extensive amyloidosis (Figs. 3A and 3B).

To analyze if increased AChE activity in the amy-
loid plaques was associated with overall increased
AChE activity levels or with an alteration in AChE
molecular isoforms; we analyzed these parameters in
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the hippocampus and the frontal and the parietal cor-
tex. No changes in total AChE activity were found in
any of the regions analyzed, neither in the triton sol-
uble fraction (Fig. 5A) nor in the salt soluble fraction
(Fig. 5B). Also no changes in the molecular isoforms of
AChE were observed (Fig. 5C).

The cholinergic cells in mammalian brain are lo-
cated in several nuclei of the basal forebrain and are
defined as ChAT immunoreactive (IR) neurons. Many
of these neurons do not have clear boundaries and are
intermingled with non-cholinergic cells (Geula & Me-
sulam, 1994; Dutar et al., 1995). The more rostral of
these nuclei, the medial septum, sends projections to
the hippocampus, dentate girus and subiculum (Dutar
et al., 1995). More caudally, the horizontal limb of the
diagonal band of broca and the nucleus basalis mag-
nocellularis (nucleus basal of Meynert in primates and
humans) send projections to the entire cortical mantle
and the amygdala (Geula & Mesulam, 1994). The gross
morphology and the cholinergic cell number was mea-
sured after ChAT immunohistochemistry on serial
sections from the basal forebrain of aged APP/Lon-
don transgenic mice and age matched nontransgenic
mice. In the medial septum of aged APP/London
transgenic mice the cholinergic cells were reduced in
size compared to aged matched nontransgenic mice
(P < 0.05) (Figs. 6A, 6C, and 7A). The morphology of
cholinergic cells in DB and NBM was conserved (Figs.
6B, 6D, and 7A). Quantitative analysis of the number
of cholinergic neurons revealed no change in any of
the nuclei analyzed (Fig. 7B). ChAT activity level,
determined in the target regions for cholinergic neu-
rons, was increased in the hippocampus (P < 0.05) but
not in the frontal and parietal cortex (Fig. 7C).

All the parameters already analyzed in aged APP/
London transgenic mice were also evaluated in young
APP/London transgenic mice, but none of the param-
eters were altered (data not shown).

Finally, we studied the high affinity choline trans-
porter as a presynaptic marker, and the M1 receptor as
a postsynaptic marker of cholinergic synapses, in
young APP/London transgenic mice using specific
receptor binding assays. No differences were found in

FIG. 2. Cholinergic fiber reorganization in the hippocampus of aged APP/London transgenic mice. Partial view of the ventral hippocampus
following AChE histochemistry (A, B) and AB-peptide immunostaining (F, G) of aged FVB (A, F) and APP/London transgenic mice (B, G). The
biggest arrow indicates the subiculum and the smallest one indicates the dentate gyrus. Scale bar, 50 um. Higher magnification of the
subiculum region following AChE histochemistry (C, D) and AB-peptide immunostaining (H, 1) of aged FVB (C, H) and APP/London
transgenic mice (D, 1). Scale bar, 10 um. The fiber density in the CA1 field of the hippocampus is increased in aged APP London transgenic

mice (J) compared with nontransgenic mice (E). Scale bar, 7 um.
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FIG. 4. Quantitative analysis of cholinergic fibers in different areas of age-matched nontransgenic and APP/London transgenic mice brain.
(A) Optical density (O.D., relative units) of cholinergic fibers stained by AChE histochemistry in the subiculum (S), CA1 field of the
hippocampus (CAL), dentate gyrus (DG), entorhinal cortex layer | to IV (EC I-1V), entorhinal cortex layer V and VI (EC V-VI), frontal cortex
layers | to IV (FC I-1V), frontal cortex layers V and VI (FC V-VI), from FVB old (black bars) and APP/London transgenic mice (grey bars). (B)
Proportional scan area (defined as the total area of the target grains contained within the region of interest relative to the total scan area) in
the CAL1 field of the hippocampus (CAL) from aged FVB (black bar) and APP/London transgenic mice (grey bar). Mean + SEM. *Denotes a
significant difference P < 0.05. **Denotes a significant difference (P < 0.01). Student’s t test.

the distribution (Fig. 8A), the dissociation constant
(Kq) or maximum binding sites (B,...) of the HAChT.
The K, values for nontransgenic mice were 3.1 * 0.65,
2.1 = 0.28, and 3.0 = 0.5 (nM) in the hippocampus,
frontal cortex, and parietal cortex, respectively, and
the B, values were 45 + 7,27 = 5,33 = 3 (fmol/mg
tissue), in the hippocampus, frontal cortex and pari-
etal cortex respectively. No alterations were found in
the distribution, in the levels and binding parameters
of the M1 receptor (Figs. 8B and 8C, and data not
shown). This indicates that the cholinergic synapses
were fully functional in young APP/London trans-
genic mice.

DISCUSSION

We have undertaken an extensive comparative anal-
ysis of the cholinergic system in transgenic mice that

overexpress APP. The principal objective was to in-
vestigate the effects of the overexpression of APP Lon-
don mutation and the presence of amyloid plaques on
the status of the basal forebrain cholinergic system in
young and aged mouse brain.

The major finding was an extensive AChE-posi-
tive fiber depletion of the subiculum, together with
a reduction of the cholinergic cell size in the medial
septum, demonstrating a prominent alteration in
the septohippocampal pathway in these APP/Lon-
don transgenic mice. Unexpectedly, we observed
increased AChE levels in CAl and DG within the
hippocampal formation, together with increased
ChAT activity levels. In the cortex, AChE activity
was colocalized with the core of amyloid plaques
and with enlarged cholinergic neurites. Neverthe-
less, the pattern of AChE-positive fiber innervation
was conserved in the cortex and no changes in the
activity levels or alterations in the molecular AChE

FIG. 3. Overlapping of amyloid plagues with AChE activity and cholinergic dystrophic neurites in aged APP/London transgenic mice brain.

(A, F) Frontal cortex following AB peptide immunostaining (A) and AChE histochemistry (F). The arrows indicate 4 amyloid plaques (A) that
overlap with 4 spots of AChE activity (F). Scale bar, 400 um. (B, G) Higher magnification of A (B) and of F (G). The biggest and the thickest
arrows indicate the exactly amyloid aggregate (B) that overlap with accumulates of AChE activity (G). The smallest arrow indicates the local
cholinergic fiber distortion induced by the presence of the plaque. Scale bar, 50 um. (C, H) Higher magnification of an amyloid plaque (C)
indicated by the biggest arrow in B. An intense accumulation of AChE is apparent in the core of the amyloid plaque (H). The arrows indicate
dystrophic neurites. (D, 1) Higher magnification of an amyloid plaque (D) indicated by the thickest arrow in B. An intense accumulation of
AChE colocalize with the amyloid plaque (I). The arrows indicate dystrophic neurites. C,H,D,l, scale bar, 50 um. (E, J) Higher magnification
of the layer VI of the frontal cortex demonstrating that there is a conserved cholinergic innervation in age-matched nontransgenic mice (E) and
APP/London transgenic mice (J). Scale bar, 50 um.
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FIG. 5. AChE activity levels and molecular isoforms of hippocampus (H), frontal cortex (FC), and parietal cortex (PC) of age-matched
nontransgenic and old APP/London transgenic mice brain. AChE activity (relative units) in the triton soluble fraction (TS) (A), and in the salt
soluble fraction (SS) (B), of FVB old (black bars) and APP/London old (gray bars). AChE molecular isoforms (C) in the triton soluble fraction
(TS) and salt soluble fraction (SS) in the hippocampus and cortex of FVB old (black circles) and APP/London old mice brain (gray circles).
AChE activity corresponds to optical density (405 nm) standardized by proteins. Equal amount of proteins from the SS and TS homogenates
was loaded at the top of the gradients to compare the different AChE isoforms from aged FVB and APP/London transgenic mice. The white
arrow indicates the sedimentation of catalase, (G4 isoform), and the black arrow indicates the sedimentation of alkaline phosphatase, (G1

isoform).

isoforms were observed. In young APP/London
transgenic mice no alterations were found in any of
the parameters analyzed. In old APP/London trans-
genic mice, amyloid plaques in the brain contained
or colocalized with intact AChE activity and with
overlapping dystrophic cholinergic fibers, also ob-
served in AD patients and in another strain of APP
mutant transgenic mice (Moran et al., 1984;
Sturchler-Pierrat et al., 1997). We demonstrated that
this AChE activity increment in the plagues was not
associated with overall increased AChE levels or
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with altered molecular isoforms of AChE in the
hippocampus or the cortex. Mice that overexpress
the C-terminal fragment of APP have increased ac-
tivity of a monomeric form of AChE (Sberna et al.,
1998), an effect that was not evident from our anal-
ysis of APP/London transgenic mice.

We observed before that AChE activity and an amy-
loid bearing fragment of APP increased in parallel in
response to differentiation in a neuronal cell line, sug-
gesting a common cellular regulation (Bronfman et al.,
1996). Signals, triggered by the close association of
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FIG. 6. ChAT-IR neurons in the medial septum (MS) and nucleus basalis magnocellularis (NBM) of age-matched nontransgenic and old
APP/London transgenic mice brain. (A, C) ChAT-IR neurons in the MS, A, and in the NBM, C, from aged nontransgenic mice. A, the small
arrow indicates a cell of 131 um?, the big arrow indicates a cell of 135 wm?®. (B, D) ChAT-IR neurons in the MS, C, and in the NBM; D, from
aged APP/London transgenic mice. (B) The small arrow indicates a cell of 89 wm?, the big arrow indicates a cell of 112 um?. The size of
cholinergic neurons in the medial septum of aged APP/London transgenic mice appeared smaller compared with aged nontransgenic mice

(indicated by the arrows). Scale bar, 50 um.

neurons with amyloid plaques could therefore induce
the increased expression of AChE locally. Enlarged
cholinergic neurites surrounding the plaques are the
most likely source of the increased local AChE activity
in the plaques.

It has been hypothesized that AChE might partici-
pate in the process of amyloid formation by inducing
or contributing to the process of aggregation of amy-
loid peptides (Inestrosa et al., 1996; Alvarez et al., 1998)
similar to ApoE (Bales et al., 1997). In AD patients, the
association of AChE activity with amyloid plaques
was determined postmortem in the brain, when the
cholinergic system is already completely devastated
(Moréan et al., 1984). The results presented here dem-
onstrate that this association is evident, even in the
absence of a generalized or even minor cholinergic
deficit in the cortex of APP London transgenic mice,
making this an interesting model for this aspect of
cholinergic pathology.

The subiculum is a predilected pathological area in
AD brain, cholinergic fibers are reduced in this area of

AD patients (Flood, 1991; Ransmayr et al., 1989). The
subiculum is the primary output structure of the hip-
pocampal formation and it plays a major role in pro-
cessing spatial information and spatial memory, as
indicated by studies of lesions and of neuronal record-
ing (Schenk & Morris, 1985; Sharp & Green, 1994,
Commins et al., 1998, 1999).

It has been suggested that alterations in cholinergic
neurons are a retrograde effect, secondary to primary
cortical or hippocampal lesions (Cuello & Sofroniew,
1994). Indeed, denervation of cholinergic neurons
leads to cholinergic cell shrinkage in a cortical devas-
cularization animal model without loss of neurons
(Garofalo & Cuello, 1994). When cholinergic neurons
are disconnected from their target, they begin to de-
generate because the source of trophic factors is lost
(Williams et al., 1986). A disconnection of septal neu-
rons from a fraction of their target, i.e., subiculum,
might explain why the cholinergic neurons of the me-
dial septum were reduced in size in the APP/London
transgenic mice.
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FIG. 7. Quantitative analysis of basal forebrain cholinergic neu-
rons of age-matched nontransgenic (FVB) and old APP/London
transgenic mice and ChAT activity levels in target regions. Size (A)
and number (B) of ChAT-IR neurons in the medial septum (MS),
horizontal limb of the diagonal band (DB), and nucleus basalis
magnocellularis (NBM) of FVB old (black bars) and APP/London
old (grey bars) transgenic mice brain. *Denotes a significant differ-
ence in the size of ChAT-IR neurons in the medial septum of
APP/London old transgenic mice compares with the control (P <
0.05). Mean = SEM. Student’s t test. (C) ChAT activity levels of FVB
old (black bars) and APP/London old (grey bars) (expressed as
percentage of the control). An increased ChAT activity appeared
obvious in the hippocampus of aged APP London transgenic mice.
Mean = SEM. *Denotes a significant difference (P < 0.05). Student’s
t test.
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We observed an increased cholinergic fiber density
in CAl and DG of the hippocampus, in addition to the
overall increased ChAT activity in brain of aged APP/
London transgenic mice. This increased ChAT activity
was not due directly to overexpression of APP, be-
cause in young transgenic mice this effect was not
observed. We believe that the ChAT increment could
be due to the sprouting reaction observed by AChE
histochemistry in the hippocampus of aged APP/Lon-
don transgenic mice by AChE histochemistry. The
regenerative capacity of the cholinergic system is me-
diated principally by nerve growth factor (NGF), as
well as other growth factors (William et al., 1986; Ga-
rofalo et al., 1992; Garofalo & Cuello, 1994; Koliatsos et
al., 1994; Fagan et al., 1997; Chen et al., 1997). Increased
NGF levels are induced by cholinergic damage (Hell-
weg et al., 1997), which suggests a mechanism for the
terminal sprouting observed in the APP/London
transgenic mice.

The hippocampal circuitry in the brain of AD pa-
tients is capable of plastic responses along with the
regenerative events (Geddes et al., 1985), an idea that is
supported by our results. Ultrastructural studies of
affected pathological areas in AD brain, i.e., the ento-
rhinal cortex, subiculum, and CAl are being per-
formed in these APP transgenic mice to define ultra-
structural changes at synaptic level. The fact that nei-
ther the subiculum is altered to any extent or the
medial septal neurons present atrophy in young APP/
London transgenic mice demonstrated that this effect
was mediated by aging and amyloid deposition.

Overall AChE activity was unchanged in the hip-
pocampus, in contrast to the increased ChAT activity
in the aged APP/London transgenic mice. It has been
reported that ChAT activity is up-regulated more ex-
tensively than AChE activity in response to NGF in
rodent models of cholinergic injury and repair para-
digm (Willson & Hanin, 1995). A different level of
response to the deafferentation process might be the
reason for this result.

Others did not find morphological differences in the
cholinergic basal forebrain, despite an extensive amy-
loidosis and cholinergic terminals alteration in the
cortex and hippocampus of double transgenic mouse
(Wong et al., 1999). Only young mice were analyzed,
and aging is known to be the major risk factor for
neuronal injury (Jucher & Ingram, 1997).

Study of the HAChHT activity study was performed
because the high affinity transport of choline is the
limiting step in the synthesis of acetylcholine (Happe
& Murrin, 1993). The level of HAChT is regulated by
the activity of the cholinergic terminal, therefore a
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FIG. 8. Distribution of [*H]hemicholinium-3 and [*H]pirenzepine
binding sites in brain sections of young nontransgenic and APP
London transgenic mice. (A) Autoradiograms of [*H]hemicho-
linium-3 binding sites of age-matched nontransgenic (FVB) and
young APP/London transgenic mice brain. A section through the
hippocampus (left) and through the striatum (right) is shown for
FVB and APP London transgenic mice brain (indicated at the left of
the autoradiograms). The black line surrounds the regions utilized
for quantitative determination of K, (dissociation constant) B
(maximal binding sites). Hippocampus (H), entorhinal cortex (EC),
frontal cortex (FC). (B) Autoradiograms of [’H]pirenzepine binding
sites of young FVB and APP London transgenic mice brain. A
section through the hippocampus (left) and through the striatum
(right) is shown for FVB and APP/London transgenic mice brain
(indicated at the left of the sections). The black lines indicate the
regions utilized for quantitative determination of relative optical
density in C. CAl field hippocampus (CA1), CA3 field hippocam-
pus (CA3), dentate gyrus (DG), entorhinal cortex (EC), frontal cortex
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dysfunctional cholinergic synapse could cause a re-
duction of the transporter activity without an obliga-
tory loss of the terminal (Happe & Murrin, 1993). Our
results demonstrated, however, that the cholinergic
synapses were fully functional in young APP/London
transgenic mice, even at the age when behavioral and
cognitive deficits were evident (Moechars et al., 1998,
1999).

Although pathological alterations were observed in
the septohippocampal pathway in the aged APP/Lon-
don transgenic mice, the cholinergic deficit as de-
scribed in AD patients was not recapitulated com-
pletely. It is well known that the most affected cholin-
ergic nucleus in AD patients is the nucleus basalis of
Meynert (Whitehouse et al., 1981). In our APP trans-
genic model the AChE-positive innervation was con-
served in the cortex and no reduction in number or
altered morphology was observed in the nucleus basa-
lis magnocellularis, despite extensive presence of
amyloid plaques in the neocortex. Possible reasons for
this observation is that the amyloid plaques observed
in the subiculum, the region of the hippocampus with
consistent amyloid pathology, might have compo-
nents that make them “more toxic” to cholinergic fi-
bers or that these are more sensitive than in others
areas of the brain. Characterization of amyloid
plaques with different microglial markers and neuritic
components is being performed to clarify this point.
The outcome of our studies is important as it suggests
that the cholinergic problems in AD are not an early or
primary defect, corroborating another recent study
(Davis et al., 1999). These authors demonstrated that
the neocortical cholinergic deficit was evident in very
demented AD patients but was not apparent in indi-
viduals with mild AD. In vivo mapping of cholinergic
terminals in AD patients demonstrated that they were
reduced in AD, but not as extensively as suggested by
postmortem studies (Kuhl et al., 1996).

Alternatively, it remains possible that transgenic
mice do not recapitulate this aspect of AD as an early
phenotypic trait. These results implicate that none of
the early phenotypic traits, including the learning and
memory problems observed in young APP/London
mice (Moechars et al., 1999) are due to a cholinergic
deficit.

(FC). (C) Quantification of [*H]pirenzepine binding to different
brain areas (delineated in B) of coronal brain sections by densito-
metric scanning of the autoradiograms. O.D., optical density, (rela-
tive units). Mean = SEM. FVB (black bars) and APP/London trans-
genic mice (gray bars).
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Our results also establish that the presence of hu-
man APP and of amyloid peptides deposited as amy-
loid plaques in old APP/London transgenic mice was
not a sufficient trauma to affect the cholinergic system
in a great extend. The likely reason for this finding is
that the cholinergic deficit is more closely related to or
even directly triggered by the pathological lesions in-
volving protein tau, rather than by amyloid problems
(Saper et al., 1985; Terry et al., 1996; Geula et al., 1998).
It has been described that basal forebrain cholinergic
neurons show neurofibrillary degeneration as an early
change (Saper et al., 1985). The cortical load of paired
helical filaments (PHF) is correlated with cholinergic
dysfunction (Arendt et al., 1999), although this rela-
tionship is not perfect (Geula et al., 1998), suggesting
additional factors in the cholinergic pathology. Up to
now, it has been impossible to recapitulate tau pathol-
ogy in transgenic mice, leaving this question open.
Alternatively, the cholinergic deficit could be trig-
gered by different quantitative and qualitative contri-
butions of tau pathology and of amyloid formation. It
is reasonable to propose that on the one hand the
amyloid plaques are disturbing cholinergic innerva-
tion in the target region of cholinergic neurons and on
the other hand that cholinergic neurons are being
“injured” by neurofibrillary pathology. If this is the
case, the present results obtained with old APP/Lon-
don transgenic mice bearing amyloid plagues might
represent the real contribution of amyloid plaques to
the cholinergic deficit. This proposition is supported
by the alteration of the cholinergic neuropil surround-
ing the amyloid plaques and by the reduction of cho-
linergic fibers in predilected pathological areas of AD
brain as the subiculum (Ransmayr et al., 1989; Flood et
al., 1991; Bobinski et al., 1997). Evidently, the addition
of neurofibrillary pathology to the current APP/Lon-
don transgenic mouse model will undoubtedly settle
these and other questions.
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