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Most autosomal dominant forms of Alzheimer disease
(AD) are related to missense mutations in the human
presenilin (PS) 1 gene. Although the underlying mecha-
nisms associated with pathophysiology of AD have yet to
be clearly established, pathogenic mutations in the PS1
gene influence the processing of �-amyloid precursor
protein, leading to increased production and deposition
of highly fibrillogenic amyloid �1-42 peptide in the brains
of AD patients. As cognitive dysfunction in AD is associ-
ated with a dramatic loss of cholinergic innervation par-
ticularly in the hippocampus and neocortex, we investi-
gated learning and cholinergic neurochemistry in trans-
genic mice expressing pathogenic mutant L286V or
wild-type (wt) human PS1 transgenes. Relative to wt, the
L286V PS1 transgenic mice exhibited reduced sensori-
motor activity and marked deterioration of object mem-
ory between 3 and 5 h after the first encounter. Activity
of the biosynthetic enzyme choline acetyltransferase
was not altered in the hippocampus, frontoparietal cor-
tex, or striatum of mutant transgenic mice relative to wt
transgenic or littermate nontransgenic controls. No dif-
ferences in the densities of M1/[3H]pirenzepine, M2/
[3H]AF-DX 384, or �7 nicotinic/125I-�-bungarotoxin recep-
tor binding sites were evident in any brain regions
among L286V PS1 transgenic, wt PS1 transgenic, and
littermate nontransgenic controls. These results suggest
that overexpression of a mutated PS1 gene induces a
subtle alteration in object memory without affecting
cholinergic neurochemistry. © 2002 Elsevier Science (USA)

Key Words: acetylcholine; Alzheimer disease; choline
acetyltransferase; memory; muscarinic receptors; nic-
otinic receptor; object recognition; presenilin.

1 Present address: Optometry School, Université de Montréal,
Montreal, Quebec, Canada.

2 To whom correspondence should be addressed. E-mail:
satyabrata.kar@mcgill.ca.
98
© 2002 Elsevier Science (USA)
All rights reserved.
INTRODUCTION

Although most cases of Alzheimer’s disease (AD)2

occur sporadically after the age of 60–65 years, a small
proportion of cases correspond to the early onset (�60
years) autosomal dominant form of the disease. To
date, mutations in three genes—the �-amyloid precur-
sor protein (APP) gene on chromosome 21, the prese-
nilin 1 (PS1) gene on chromosome 14, and the preseni-
lin 2 gene on chromosome 1—have been identified as
the cause of a large proportion of early onset familial
AD (24, 39, 44, 47, 49). Pathogenic mutations in the
PS1 gene increase the level of �-amyloid1-42/43 (A�1-42/43)
in the brain, possibly by enhancing cleavage of APP at
a �-secretase site (5, 9, 10, 13). Evidence from in vitro
studies further indicates that PS1 itself may either act
as �-secretase or mediate the catalytic activity of the
enzyme (11, 34, 38, 45). In addition to increased A�
levels and deposition, the development of a central
cholinergic deficit is considered to be a neuropatholog-
ical hallmark of AD. Cholinergic hypofunction corre-
lates with progressive memory impairment associated
with the disease and may result from loss or atrophy of
basal forebrain cholinergic neurons that innervate the
hippocampus and neocortex (3, 19, 40, 41, 52).

Transgenic (Tg) mice expressing human APP and
PS1 genes have been created to study neuropathologic
mechanisms of AD and to model some of the AD-asso-
ciated cognitive deficits. Some of these mice exhibit
molecular, cellular, and/or cognitive phenotypes that
replicate symptomatology of AD (8, 22, 23, 27, 36, 48).
Tg mice with “Swedish” mutations (K670N and
M671L) in human APP show elevation of A�1-42/43, neu-
ritic amyloid deposits, and deficits in correlative mem-
ory (27). Mice overexpressing mutated PS1 have ele-
vated A�1-42/43 levels, but do not show overt AD-like
pathology or spatial learning deficits in the Morris

3 Abbreviations used: ACh, acetylcholine; A�, amyloid �-peptide;
AD, Alzheimer disease; APP, amyloid precursor protein; ChAT, cho-
line acetyltransferase; mut, mutant; PrP, prion protein; PS1, prese-
nilin 1; Tg, transgenic; wt, wild type.
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water maze test (5, 9, 13, 23, 28). Coexpression of
mutated human APP and PS1 genes accelerates the
development of A� deposits in the brain and also in-
duces deficits in spatial memory, suggesting that mu-
tations in PS1 may act synergistically with mutant
APP to cause pathology reminiscent of the AD brain (1,
4, 8, 23, 25, 26, 35). Although A� deposits have been
well characterized in mutant APP and PS1 Tg mice,
very little information is available on the cholinergic
system in these animals (23, 35, 39). Studies on two
lines of APP Tg mice have demonstrated dystrophic
cholinergic fibers or elevated density of cholinergic syn-
apses in the cortex. Mice expressing both APP and PS1
mutant transgenes display an extensive loss of cholin-
ergic synapses in the frontal cortex and hippocampus—
two areas consistently affected in AD brains (6, 53). In
the present study, we investigated sensorimotor activ-
ity and nonspatial working memory of L286V mutant
PS1 Tg and wild-type (wt) human PS1 Tg lines ex-
pressing human PS1 protein at levels (8) similar to
those of littermate non-Tg mice. Choline acetyltrans-
ferase (ChAT) activity and cholinergic receptor binding
sites were also studied in selected brain regions of
these mice.

MATERIALS AND METHODS

Subjects

L286V mutant PS1 Tg, wt PS1 Tg, and non-Tg lit-
termate control mice were used in the study. These
were established in the FVB/N background and used in
the second backcross to C57Bl/6J strain for these stud-
ies. Studies were performed on 12- to 16-month-old
mice. To examine the age dependence of our observa-
tions, some experiments were repeated on younger
(3–7 months) animals. All animals were maintained in
a pathogen-free colony with a 12-h light/dark photope-
riod and food and water ad libitum as per the guide-
lines of the Canadian Council for Animal Care. Human
PS1 transgenes with or without Leu3 Val mutation at
codon 286 (L286V) were constructed under the control
of the prion (PrP) promoter (43), which allowed expres-
sion of the transgene in many neuronal types and, to a
lesser extent, in systemic tissues (8, 9). Animals were
genotyped by PCR of tail biopsy genomic DNA or with
transgene-specific probes positioned in the 3� untrans-
lated region of the PrP promoter (9).

Behavioral Testing

Open-field activity. Motor activity was assessed
during the light cycle. Mutant PS1 Tg (n � 5), wt PS1
Tg (n � 8), and non-Tg control (n � 14) mice were
placed individually in a clear Perspex box (42 cm L �
20 cm W � 20 cm H) that was uniformly lighted. Odors
were controlled by wiping the floor and walls of the box
with a mild ethanol solution between tests. Motor be-

havior was recorded over a 5-min test session. Dura-
tion of walking and rearing (forepaws elevated from
the floor) was analyzed as indices of spontaneous loco-
motor activity.

Sensorimotor function. Following open-field test-
ing, sensorimotor function was examined with an
Economex accelerating rotarod (Columbus Instru-
ments, Columbus, OH). The rod was covered with fine
sandpaper (120 grade) to facilitate traction. Animals
were placed on a slowly revolving (5 rpm) rod. As each
animal began to walk, the rod was set to accelerate at
a rate of 0.2 rpm/s. Latency to fall was recorded in four
daily trials, performed at 30-min intervals. After 1 day
of training, mice received 3 consecutive days of testing
and the daily score for each mouse was the summed
latency to fall, over the four test trials.

The object recognition test. L286V PS1 Tg (n � 8),
wt PS1 Tg (n � 6), and non-Tg (n � 8) mice were tested
for object recognition in clear plastic small animal
cages (36 cm L � 22 cm W � 25 cm H) as described
elsewhere (14, 46, 51). For each animal, one pair of
objects was selected at random from a set of four ob-
jects that differed in shape, surface color, contrast, and
texture. The four objects were selected from a larger
pool of objects on the basis of the criterion that mice
would spend approximately equal time exploring each
of the objects. Mice were habituated to the environ-
ment over seven daily sessions of 15 min. On the test
day, two objects were placed on the center line of the
long axis of the floor, 5 cm from each cage end. Mice
were allowed to explore the two objects for 10 min and
exploratory activity (i.e., time spent in object-directed
exploration during the initial period) was recorded.
After a delay of 3 h, mice were reexposed for 5 min to
one of the original objects and one member of a second
pair of objects. Time spent exploring each object was
recorded. At 5 h following the initial exposure, mice
were allowed to explore the other member of the orig-
inal sample object pair and the remaining member of
the second pair for 5 min. Again, time spent exploring
the objects was recorded. A mouse was considered to be
engaging in exploratory behavior if the animal touched
the object with its forepaw or nose or sniffed at the
object within a distance of 1.5 cm. Testing was per-
formed by an experimenter who was blind to the geno-
type of the mice. After each exposure, the objects and
the cage were wiped with 70% ethanol to eliminate
odor cues. A memory index (MI) was calculated for
each mouse, wherein “to” represents time exploring an
object during the original exposure and “tn” represents
time spent exploring an object that is novel on the
reexposure: MI � (tn � to)/(tn � to) (14, 46, 51).

Choline Acetyltransferase Activity

L286V PS1 Tg (n � 11), wt PS1 Tg (n � 6), and
non-Tg control (n � 6) mice were decapitated, and
selected regions of the brain (i.e., caudate nucleus,
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hippocampus, and frontoparietal cortex) were dis-
sected according to the atlas of Franklin and Paxinos
(20). Tissues were frozen in 2-methylbutane at �40°C
and stored at �80°C. ChAT activity was measured by
the method of Fonnum (18). In brief, tissues were ho-
mogenized in 40 mM phosphate buffer containing 0.5%
Triton and then incubated 20 min at 37°C in the pres-
ence of 0.25 mM [14C]acetyl coenzyme A (2.25 Ci/mol;
New England Nuclear, Boston, MA), 0.2 mM eserine
salicylate, and 12.5 mM choline chloride (Sigma, St.
Louis, MO). The reaction was terminated by addition of
400 �l acetylcholine chloride (0.2 mM; Hoffman La-
roche, Basel, Switzerland) and then all acetylcholine
(ACh) was extracted with tetraphenylboron in 3-hep-
tanone (15 g/L; Aldrich, Milwaukee, WI) as described
earlier (30, 51). ChAT activity was expressed in nmol
radioactive ACh formed/mg tissue/h.

In Vitro Receptor Autoradiography

The animals used for the object recognition test and
some additional mice from three different groups [i.e.,
L286V PS1 Tg (n � 12), wt PS1 Tg (n � 12), and non-Tg
(n � 12) mice] were subsequently processed for recep-
tor binding assays. In brief, mice were decapitated and
their brains were removed, frozen in 2-methylbutane
at �40°C and stored at �80°C. Coronal brain sections
(20 �m) were cut at �18°C on a cryostat, thaw-
mounted onto gelatin-coated slides, desiccated over-
night at 4°C, and stored at �80°C until use.

M1 and M2 receptor binding sites. Muscarinic M1
and M2 binding sites were visualized with [3H]piren-
zepine (79.5 Ci/mmol) and [3H]AF-DX 384 (106 Ci/
mmol) (New England Nuclear), respectively, as de-
scribed in detail elsewhere (2, 51). Brain sections from
different regions were first equilibrated to room tem-
perature and preincubated for 15 min in Krebs buffer
(NaCl, 120 mM; MgSO4, 1.2 mM; KH2PO4, 1.2 mM;
glucose, 5.6 mM; NaHCO3, 25 mM; CaCl2, 2.5 mM;
KCl, 4.7 mM, pH 7.4). Sections were then incubated for
1 h at 22°C in fresh Krebs buffer containing either 10
nM [3H]pirenzepine or 2 nM [3H]AF-DX 384. Alternate
sections were incubated with 1 �M atropine (a nonse-
lective muscarinic antagonist; Sigma) for the determi-
nation of nonspecific binding. Slides were transferred
sequentially through three rinses (4 min each) in Tris–
HCl buffer (50 mM, pH 7.4) at 4°C, followed by a rapid
dip in cold distilled water. Sections were dried and
juxtaposed to Hyperfilm (Amersham, Ontario, Canada)
alongside with 3H-labeled standards for 2 (3H-piren-
zepine) or 3 (3H-AF-DX 384) weeks.

125I-�-Bungarotoxin/�7 nicotinic receptor binding
sites. The �7 nicotinic receptor binding sites were de-
tected with 125I-�-bungarotoxin (2000 Ci/mmol; New
England Nuclear) as described earlier (2, 42). Brain
sections were equilibrated to room temperature and
incubated for 2 h at 22°C in Tris–HCl buffer (50 mM,
pH 7.4) containing 2.5 nM 125I-�-bungarotoxin. Non-

specific binding was determined in the presence of 1
�M unlabeled �-bungarotoxin. Sections were washed
six times (10 min each) in cold Tris–HCl buffer (50 mM,
pH 7.4), dried, and exposed to Hyperfilms with 3H-
labeled standard for 1 week.

All autoradiograms were quantified densitometri-
cally with a computerized image analysis system
(MCID Image Analysis; St Catharine, Ontario) as de-
scribed earlier (29, 51). In brief, a standard curve was
generated from the 3H microscale standard, which was
coexposed with radiolabeled sections. The optical den-
sity values of the standard curve were then converted
to femtomoles per milligram of tissue based on the
specific activity and radioactive decay of the various
ligands. Referencing this curve, the optical densities
obtained from different regions of five consecutive total
(i.e., in the absence of the unlabeled atropine or �-bun-
garotoxin) and nonspecific (i.e., in the presence of the
unlabeled atropine or �-bungarotoxin) brain sections
were converted into fmol/mg tissue. Specific binding for
each receptor was then calculated by subtracting non-
specific from total binding. Data from selected brain
regions such as caudate nucleus, frontoparietal cortex,
occipital cortex, perirhinal cortex, and hippocampus
are reported herein.

Statistical Analysis

A two-way ANOVA followed by post hoc multiple
comparisons (Tukey HSD) test was performed to exam-
ine interactions between the transgene expression and
the timing of the object recognition test. For locomotor
activity and sensorimotor performance a one-way
ANOVA followed by Fisher post hoc analysis was used
to evaluate the significance of differences between
L286V PS1 Tg, wt PS1 Tg, and non-Tg littermate
groups. For autoradiographic study, a one-way
ANOVA followed by post hoc multiple comparisons
(Tukey HSD) was used to evaluate differences for each
brain region among three littermate groups. In all
analyses � � 0.05.

RESULTS

Open-Field Activity and Rotarod Performance

Wt and L286V mutant PS1 transgenes produced op-
posite effects on sensorimotor behavior. These effects
were not influenced by aging, as similar responses
were observed in young (3–7 months) adult and aged
(12–16 months) animals. Young wt PS1 Tg mice exhib-
ited enhanced locomotor activity relative to age-
matched non-Tg and L286V PS1 Tg animals [F(2, 15) �
4.52, P � 0.03, Fig. 1A]. Aged wt PS1 Tg mice showed
a similar tendency that did not achieve significance
[F(2, 25) � 2.74, P � 0.08]. Aged L286V PS1 Tg mice
exhibited less rearing than wt PS1 Tg mice [F(2, 25) �
4.32, P � 0.02, Fig. 1B]. Differences in rearing between
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groups of young mice were less marked [F(2, 15) �
1.83, P � 0.18]. For aged mice, intergroup differences
in latency to fall from an accelerating rotarod ap-
proached but did not achieve significance [F(2, 23) �
3.09, P � 0.06, Fig. 1C]. However, the aged wt PS1 Tg
mice did perform better than their L286V PS1 Tg co-
horts (Fisher’ protected LSD P � 0.03). No significant
difference in body weight was discerned between Tg
and non-Tg mice. Tg mice did not show any spontane-
ous abnormal behaviors when observed in their home
cages.

Object Recognition Test

An object recognition test was used to evaluate the
cognitive performance because AD patients exhibit def-
icits in object recognition (17, 21). Previously we deter-
mined that PS1 Tg mice do not differ from non-Tg
littermates in the Morris water maze, a task that tests
spatial memory (28). We also found that PS1 Tg mice
swam faster than non-Tg littermates (28). In the
present study, the two-way ANOVA indicated that the
memory of a previously encountered object deterio-
rated between 3 and 5 h after the initial exposure
[main effect, F(1, 43) � 21.494, P � 0.001] and showed
that the groups differ in the rate at which memory
declines [interaction F(2, 43) � 4.3, P � 0.02]. The
genotype did not affect the level of object recognition
across trial per se [main effect, F(2, 43) � 1.2, ns].
Tukey test (� � 0.05 HSD) analysis showed that mem-
ory index was significantly (P � 0.05) decreased at 5 h
compared to 3 h after the initial exposure only in the
mutant PS1 Tg mice group. Memory for the previously
encountered object was not significantly affected in wt
or non-Tg mice between 3 and 5 h after the initial
exposure. Moreover, our results on the object recogni-
tion test indicated that performance of mutant PS1 Tg
mice did not differ from that of wt PS1 Tg mice (3 h,
0.52 � 0.07 vs 0.33 � 0.07) but improved significantly
compared to non-Tg littermate mice (3 h, 0.52 � 0.07 vs
0.23 � 0.05, P � 0.05, � � 0.05 HSD) at 3 h after the
initial exposure of the object (Fig. 2). No significant
changes of the memory index were seen between
groups during the 5-h trial. There were also no signif-
icant differences in exploratory activity between
groups during the initial exposure period [mutant PS1,
146 � 26; wt PS1, 129 � 22; and non-Tg 161 � 15; main
effect F(2, 43) � 0.74, ns] or between trials [3 h, 160 �
17, or 5 h, 130 � 18, main effect F(1, 43) � 1.43, ns].

Cholinergic Neurochemistry

ChAT enzyme activity levels in different brain re-
gions (i.e., caudate nucleus, hippocampus and fronto-
parietal cortex) were similar in L286V PS1 Tg, wt PS1
Tg, and littermate non-Tg mice (Table 1). The distri-
bution of M1/[3H]pirenzepine binding sites in the mu-
rine brain was in accord with previous results (2, 51).
High concentrations of [3H]pirenzepine sites were seen
in various cortical areas and the striatum, as well as in
the CA1 subfield and dentate gyrus of the hippocampal
formation (Fig. 3A, Table 2). No differences in the
density of [3H]pirenzepine binding sites were apparent
among L286V PS1 Tg, wt PS1 Tg, and non-Tg control
mice (Figs. 3A–3D, Table 2). A high density of M2/
[3H]AF-DX 384 binding sites in littermate control mice
was observed in the striatum, whereas moderate bind-
ing sites were evident in most cortical areas and the
hippocampal formation (Fig. 3E, Table 3). No signifi-
cant alteration in [3H]AF-DX 384 binding sites was
apparent in any brain region between the three groups

FIG. 1. Open-field activity and sensorimotor function in non-
transgenic (non-Tg), wild-type PS1 transgenic (wt PS1 Tg), and
L286V mutant PS1 transgenic (mut PS1 Tg) mice. Young and aged
animals were respectively 3–7 months and 12–16 months of age.
Data represent means � SEM. (A) Spontaneous locomotor activity
was enhanced in 3- to 7-month young wt PS1 Tg mice compared to
non-Tg and mut PS1 Tg mice. (B) Rearing was significantly de-
creased in 12- to 16-month old mut PS1 Tg mice relative to wt PS1 Tg
mice. (C) Rotarod performance, as measured by latency to fall from
an accelerating rotarod, was significantly lower in 12- to 16-month
old mut PS1 Tg mice compared to wt PS1 tg mice. *P � 0.05.
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of mice studied (Figs. 3E–3H, Table 3). In keeping with
earlier reports (2, 42), high levels of �7 nicotinic/125I-�-
bungarotoxin binding sites in littermate control mice
were evident particularly in cortical areas and thala-
mus, whereas a lower density of sites was found in the
hippocampus. Striatum displayed an even lower den-
sity of binding sites (Fig. 3I). Compared to non-Tg
controls, no significant difference in �7 nicotinic/125I-�-
bungarotoxin binding sites was apparent in any brain
region of L286V PS1 or wt PS1 Tg mice (Figs. 3I–3L,
Table 4).

DISCUSSION

We found that L286V PS1 Tg mice exhibited reduced
sensorimotor activity and deterioration of object mem-
ory between 3 and 5 h after initial exposure compared
to wt PS1 Tg or non Tg mice. Wt PS1 Tg mice displayed

a relative increase in locomotor activity but no alter-
ation in object memory. Neither the activity of ChAT
enzyme nor the density of M1/[3H]pirenzepine, M2/
[3H]AF-DX 384, or �7 nicotinic/125I-�-bungarotoxin re-
ceptor binding sites was altered in any brain regions of
Tg mice compared to non-Tg littermates. These results,
taken together, suggest that expression of the human
PS1 transgene alters locomotor activity and induces
subtle differences in object memory, without affecting
cholinergic parameters.

Memory Recall Is Decreased in L286V PS1 Tg Mice

The object recognition test is based on the spontane-
ous, differential exploration of familiar and novel ob-
jects and does not depend on spatial cues. This test
allows assessment of subtle changes in nonspatial
working memory (7, 14, 46). Our results indicate that
object recognition memory was not significantly al-
tered over a 5-h test period in wt PS1 Tg mice and
non-Tg controls. Relative to wt PS1 Tg mice, L286V
PS1 Tg mice displayed a significant deterioration in
object memory between 3 and 5 h after initial exposure.
Given that memory for a familiar object in this para-
digm usually lasts 6 h in control C57Bl/6J mice (see
51), it seems that long-term retention is impaired in
L286V PS1 Tg mice compared to wt PS1 Tg mice. The
deficit in object recognition might be attributed to an
increased level of basal memory ability in PS1 mice, as
the 3-h performance was found to be better for this
group compared to non-Tg mice. Whether this is re-
lated to a reduced rearing activity or other motor dis-

FIG. 2. Memory of wild-type PS1 transgenic (wt PS1 Tg), L286V mutant PS1 transgenic (mut PS1 tg), and non-Tg mice at 3 and 5 h in
the object recognition task. Performance of mut PS1 Tg mice was better than that of non-Tg mice at 3 h, but memory of the previously
encountered object was deteriorated significantly in these mice compared to non-Tg and wt PS1 Tg mice. #P � 0.05 mut PS1 Tg vs non-Tg;
*P � 0.05 5 h vs 3 h in mut PS1 Tg mice.

TABLE 1

Choline Acetyltransferase Activity in Selected Brain
Regions of Non-Tg, Wt PS1 Tg, and L286V PS1 Tg Mice

Brain region

Non-Tg
littermates

(n � 4)
Wt PS1 Tg

(n � 6)
L286V PS1 Tg

(n � 11)

Caudate nucleus 429 � 40 409 � 24 431 � 14
Frontoparietal cortex 81 � 9 91 � 8 90 � 6
Hippocampus 125 � 7 120 � 4 124 � 5

Note. Values represent mean activities � SEM expressed in nmol
of acetylcholine synthesized/mg tissue/h.
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turbances in mutant PS1 Tg mice remains unclear but
seems unlikely as mutant PS1 Tg mice exhibit normal
exploratory activity during the initial exposure period.
It is possible that PS1 mutation may alter the consol-
idation processes of memory traces.

Mutant PS1 Tg mice, which are reported to be spared
on a spatial discrimination paradigm (28), are found to
exhibit deficits in long-term retention of object recog-
nition memory. PDAPP mice, which overexpress
V717F hAPP, on the other hand, manifest impair-

ments both in the spatial discrimination and in the
object discrimination paradigms (12). A series of recent
data from rodents with lesion of specific brain regions
indicates a significant role for hippocampus in spatial
memory, whereas integrity of medial temporal lobe
structures such as the perirhinal and entorhinal corti-
ces is more critical for object recognition than for spa-
tial memory performance (7, 15, 16, 31, 46). Thus over-
expression of the mutant PS1 transgene may possibly
elicit an influence on the functioning of the medial

FIG. 3. Photomicrographs of [3H]pirenzepine (A–C), [3H]AF-DX 384 (E–G), and 125I-�-bungarotoxin (I–K) binding sites in brain regions
through hippocampal formation in non-Tg (A, E, I), wt PS1 Tg (B, F, J), and L286V mut PS1 Tg (C, G, K) mice. (D, H, and L) Nonspecific
binding of [3H]pirenzepine (D), [3H]AF-DX 384 (H), and 125I-�-bungarotoxin (L). No significant differences between animal groups were
apparent in the distribution profiles or in densities of [3H]pirenzepine, [3H]AF-DX 384, or 125I-�-bungarotoxin binding. FrPar, frontoparietal
cortex; PRh, perirhinal cortex; Th, thalamus; DG, dentate gyrus.
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temporal lobe, which leads to a deficit in long-term
retention of object memory.

Cholinergic Neurochemistry in PS1 Tg Mice

L286V PS1 or wt PS1 overexpression did not alter
ChAT enzyme activity in any region of the brain, thus
indicating that synthesis of ACh remains unaffected in
Tg mice. These findings are in contrast with a previous
in vitro study (37), which showed that PC12 cells trans-
fected with mutant human PS1 gene displayed reduced
ChAT activity compared to untransfected cells. How-
ever, a parallel decrease in ChAT protein levels impli-
cated decreased ChAT expression rather than direct
effect on the enzyme activity (37). The densities of
muscarinic M1 and M2 and nicotinic �7 receptor bind-
ing sites were also unaltered in PS1 Tg mice compared
to non-Tg controls. Changes in cholinergic activity are
usually associated with alteration in cholinergic recep-
tor levels (33, 50) and/or cholinergic fibers density (32).
Neither cholinergic function nor ACh synthesis was
altered in L286V PS1 or wt PS1 Tg mice. Given the
evidence that ChAT activity was determined in tissue
homogenates and cholinergic receptor levels were mea-
sured using film autoradiography, the methods which
offer limited cellular resolution, it remains possible
that cholinergic abnormalities might be detected by

approaches with better cellular and/or synaptic speci-
ficity. However, a recent study showed no significant
differences in size or number of cholinergic nerve ter-
minals in the hippocampus or cortical areas of mice
overexpressing M146L PS1 (53). Conversely, studies
from two different lines of APP transgenic mice dem-
onstrated dystrophic cholinergic fibers in the vicinity of
neuritic plaques and elevation in density of cholinergic
synapses in the hippocampus and cortical areas. Dou-
ble transgenic mice overexpressing both mutant APP
and mutant PS1 have been found to display extensive
loss of cholinergic synapses in the frontal cortex and
hippocampus—suggesting that overexpression of hu-
man A� peptide combined with a shift toward longer
forms of A� terminating at residues 42 or 43 due to
mutation of PS1 is required to elicit cholinergic deficits
in mice (6, 53). Thus in summary, mutation of the
human PS1 gene may alter sensorimotor activity and
long-term retention of object recognition memory but
not ChAT enzymatic activity or cholinergic receptor
binding sites. Whether this cognitive deficit is due to
the alteration in APP processing of the endogenous
mouse APP holoprotein by the L286V PS1 mutation or
relates to altered functions of other neurotransmit-
ter(s) remains to be examined.
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