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Abstract

Ž .To investigate the neurotoxicity of amyloid-b- 25–35 , which is thought to be the active site of amyloid-b, the peptide was injected
Ž . Ž .into the lateral ventricle of rats. A single intracerebroventricular i.c.v. injection of amyloid-b- 25–35 at a dose of 15 nmolrrat induced

Ž . Ž .a marked decrease in latency in step-through passive avoidance task. Amyloid-b- 35–25 , reverse sequence of amyloid-b- 25–35 , was
Ž .without harmful effects on passive avoidance performance. The amyloid-b- 25–35 at a dose of 5 or 15 nmolrrat impaired radial-arm

maze performance, and induced a decrease in choline acetyltransferase activity in the medial septum, cortex and hippocampus, but not in
the basal forebrain. The number of choline acetyltransferase-immunoreactive cells in the medial septum was decreased, in conformity
with the decrease in choline acetyltransferase activity of the area. These results suggest that learning and cognitive disturbance induced by

Ž .i.c.v. injection of amyloid-b- 25–35 is associated with the dysfunction of cholinergic neuronal system in the brain. q 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Alzheimer’s disease is characterized by the presence of
senile plaques, reactive astrocytes and neurofibrillary tan-
gles, and synaptic and neuronal loss in several areas of the
brain. The principal protein component of the plaques is
39- to 43-amino acid amyloid peptide, derived from a

Žlarger amyloid precursor protein Glenner and Wong, 1984;
.Masters et al., 1985 . It has been suggested that the

accumulation of amyloid-b in the brain plays a crucial role
Ž .in the pathogenesis of Alzheimer’s disease Selkoe, 1991 .

Positive correlation of amyloid precursor protein levels in
the neocortex and hippocampus with escape latency in a

Ž .water maze task was found in rats by Lin et al. 1999 . In
their study, the cognitive changes caused by cholinergic
lesions were reversed by muscarinic receptor agonist, which
was also effective in decreasing amyloid precursor protein
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levels in tissues. Among the neurochemical parameters
described for the brain of Alzheimer’s disease patients, the
decrease in the choline acetyltransferase activity is the
most prominent and serves as an excellent biochemical
correlate on the severity of Alzheimer’s disease dementia
ŽBartus et al., 1982; Koshimura et al., 1986; Bierer et al.,

.1995 . These findings support the hypothesis that choliner-
gic neurons are particularly vulnerable in Alzheimer’s

Ž .disease brain Whitehouse et al., 1982 and that choliner-
gic function is important in the learning and memory

Ž .processes Dutar et al., 1995 .
Ž . Ž .Pedersen et al. 1996 reported that amyloid-b- 1–28 ,

Ž . Ž .amyloid-b- 25–35 , and amyloid-b- 1–42 reduced the
choline acetyltransferase activity and intracellular concen-
tration of acetylcholine in a cell line that expresses cholin-

Žergic characteristics SN56; generated by the fusion of
.neuroblastoma cells with primary mouse septal neurons .

Ž .In vivo experiments by Nitta et al. 1994 demonstrated
Ž .that chronic infusion of amyloid-b- 1–40 into the cerebral

ventricle for 14 days by using mini-osmotic pump caused
performance impairment in the water maze learning and
decrease in the choline acetyltransferase activity in the
frontal cortex and hippocampus in the rat. Moreover,
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Ž .Harkany et al. 1999 found that a single injection of
Ž .amyloid-b- 1–42 into the right magnocellular nucleus

basalis caused impairment of passive avoidance learning
and reduction in the choline acetyltransferase activity in
the cerebral cortex. However, in primary cultures of the rat
septum the choline acetyltransferase activity was not
reduced following a 12-h treatment with solubilized

Ž . Ž . Ž .amyloid-b- 1–42 Hoshi et al., 1997 . Kar et al. 1998
likewise demonstrated that the choline acetyltransferase
activity was not altered by 1 or 2 h incubation with

Ž .amyloid-b- 1–40 in tissue homogenates or slice prepara-
tions of the rat striatum, cortex and hippocampus. More-

Ž .over, Sigurdsson et al. 1997 reported that bilateral injec-
Ž .tions of amyloid-b- 25–35 into the amygdala of rats

induced histopathological changes like the appearance of
reactive astrocytes and neuronal shrinkage, but that it
failed to cause any disturbance in the Morris water maze
performance or in the one-way conditioned avoidance

Ž .response, and that no influence of the amyloid-b- 25–35
injections was observed in amygdaloid choline acetyltrans-
ferase activity. They suggested that amyloid-b-induced
histopathological changes were not associated with the
reduction of cholinergic terminals projecting from the
magnocellular nucleus basalis. Moreover, repeated intrac-

Ž . Ž .erebroventricular i.c.v. injections of amyloid-b- 25–35
for 7 days failed to modify choline acetyltransferase activ-

Ž .ity in the cerebral cortex Pavia et al., 2000 . Thus, the
results on the effects of amyloid-b on choline acetyltrans-
ferase activity and cognitive function are variable, perhaps
due to the differences in the sites of administration and
experimental models. In the present study, the effect of a

Ž .single i.c.v. injection of amyloid-b- 25–35 , in amount
Žsufficient to induce neurotoxicity in neuronal cultures Pike

.et al., 1993, 1995 , was examined whether cognitive deficits
could be induced by this direct injection, using passive
avoidance and radial-arm maze tasks. Furthermore, we

Ž .studied whether amyloid-b- 25–35 injections affect
choline acetyltransferase activity and choline acetyltrans-
ferase-immunoreactivity in discrete areas of the brain.

2. Materials and methods

2.1. Animals

All animal care and treatments were conducted in ac-
cordance with the guidelines of the animal use and care
committee of the Research Laboratory, Zenyaku Kogyo, in
conformity to the NIH Guide for the Care and Use of

Ž .Laboratory Animals 1978 , and were approved by the
above committee.

Ninety-five male rats of the Sprague–Dawley strain
Ž .Charles River, Kanagawa, Japan at 7 weeks of age
Ž .200–260 g body weight were used in the experiments.
Separate groups of rats were used in each experiment
except for the measurement of choline acetyltransferase

activity where the animals were those used for the experi-
ment of passive avoidance task. Rats were housed in a
cage in a group of 4 to 6 rats, in a room maintained at
around 228C with a 12-h lightrdark cycle. However, in the
radial-arm maze study, rats were kept individually at the
beginning of pretraining.

2.2. Peptide injection

Ž . ŽAmyloid-b- 25–35 H-GSNKGAIIGLM-OH, Peptide
.Institute, Osaka, Japan was dissolved in distilled water,

Ž .which favors aggregation Pike et al., 1995 , at the concen-
tration of 5 or 15 nmolr5 ml. Reverse sequence of amy-

Ž . Ž Ž .loid-b- 25–35 amyloid-b- 35–25 , H-MLGIIAGKNSG-
.OH, Sigma, St. Louis, MO, USA was used as a reference

peptide. It was dissolved in distilled water at the concentra-
tion of 15 nmolr5 ml. These solutions were incubated at
378C for 4 days before use, since this procedure is known
to produce insoluble precipitates and markedly facilitated

Žthe appearance of learning deficits in several tasks Maurice
.et al., 1996; Delobette et al., 1997 . I.c.v. injection was

Ž .performed under pentobarbital sodium 50 mgrkg anes-
thesia by means of a stereotaxic apparatus. Referring to the

Ž .atlas of Paxinos and Watson 1982 , injection cannula was
inserted stereotaxically at a site 0.8 mm posterior and 1.5
mm lateral to the bregma and 4.0 mm below the surface of
the cranium to place the tip of the cannula in the left

Ž .lateral ventricle. Five ml of amyloid-b- 25–35 or vehicle
was injected with Hamilton syringe. After surgery, the
animals were returned to their home cages. The injection
site was checked by injecting trypan blue in stead of
peptide in preliminary experiments.

2.3. PassiÕe aÕoidance task

The passive avoidance test was started 4 days after the
Ž . Žinjection of amyloid-b- 25–35 . The apparatus Neurosci-

.ence, Tokyo, Japan consisted of small illuminated cham-
ber connected with a larger dark chamber. Two chambers
were separated by a guillotine door. On the first and
second days of testing, each rat was placed in the appara-
tus and left for 3 min to habituate to the apparatus. On the
third day, an acquisition trial was performed. Rats were
individually placed in the illuminated chamber. Immedi-
ately after entering the dark chamber, the door was closed

Žand an inescapable scrambled electric shock 100 V, 0.3
.mA, 0.5 s once was delivered through the floor grid. Then

the rats were returned to their home cages. Twenty-four
hours later, each rat was again placed in the illuminated

Ž .chamber retention trial . The interval between the place-
ment in the illuminated chamber and the entry into the
dark chamber was measured as latency in both acquisition

Ž .and retention trials maximum 300 s .
The flinch, vocalization and jump thresholds with elec-

tric footshock were measured, 8 days after the injection of
Ž .amyloid-b- 25–35 at the dose of 15 nmolr5 ml. Each rat
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Table 1
Ž .Effects of amyloid-b- 25–35 on the flinch, vocalization and jump thresh-

olds with electric footshock in rats

Ž .n Threshold mA

Flinch Vocalization Jump

Vehicle 8 0.31"0.03 0.41"0.03 0.73"0.08
Ž .Amyloid-b- 25–35 8 0.30"0.03 0.39"0.04 0.75"0.07

Each value shows the mean"S.E.M.

was placed on the grid floor and scrambled electric foot-
shock was delivered. The shock intensity was raised step-

Žwise manually from 0.1 to 1.0 mA at 0.1 mA intervals;
.shock duration: 0.5 s; inter-shock interval: 5 s until a

flinch, vocalization and jump were observed. The shock at
0.3 mA was the threshold for flinch, but subthresholds for

Ž .vocalization and jump Table 1 .

2.4. Radial-arm maze performance

Each rat was tested in a standard radial-arm maze
Ž .Muromachi Kikai, Tokyo, Japan that was a slightly
modified version of the one originally used by Olton and

Ž .Samuelson 1976 . Details of apparatus have been de-
Žscribed in a previous paper Yamaguchi and Kobayashi,

.1994 . A restricted feeding schedule and pretraining began
Ž .6 days after the i.c.v. injection of amyloid-b- 25–35 .

ŽBody weights at the beginning of test trials 11 days after
.the amyloid-b injection were reduced to about 80% of the

time of pretraining by reduction of the daily ration of food
Ž .CE-7, Clea Japan, Tokyo, Japan . Subsequently, the body
weight of each rat was increased at 5 g per week by
manipulation of the supply of food. In order to habituate
the rats to the maze, they were pretrained once a day for 3
days. On the first day of pretraining, rats were placed in
groups of six rats in the maze without any reward bait
Ž .crystallized sugar and left explore the arms for 10 min.
On the second and third days of pretraining, rats of the
same groups were placed in the maze with bait scattered
on the platform and arms including food cups, and left for
10 min. The test trials started 3 days after pretraining and
were carried out for 15 days. In each trial, a rat was placed
on the central hub of the maze and allowed to visit the
wells at the end of each of the eight arms, each of which
had been baited one sugar crystal. Running paths were
tracked with a camera fixed on the ceiling of the room and

Ž .stored in a computer BTA-2 system, Muromachi Kikai .
Each trial was continued until the bait of all eight wells
had been consumed, or until 16 choices had been made, or
until 10 min had elapsed, whichever occurred first. An
interval of 3 min was inserted between the fourth and fifth
choices. This procedure is thought to be a more sensitive
assessment of short-term memory for previous choices due
to the increase in cognitive load added by the interval
Ž .Sweeney et al., 1997 . During interval-interposition, the
rat was returned to its home cage. Rats were required to

learn how to obtain bait in the well and remember not to
re-enter those arms that had been visited. Re-entry into the
arm that had been visited before was scored as an error.
The number of consecutive correct choices prior to re-en-

Žtry into a previously visited arm the number of initial
.correct responses and the running speed were recorded as

indices of performance. For the analysis of performance,
15 test trials were divided into the following five blocks,
each of which consisted of three trials: block 1, trials 1–3;
block 2, trials 4–6; block 3, trials 7–9; block 4, trials
10–12; block 5, trials 13–15. The mean values and stan-
dard errors of the three trials in each block were calcu-
lated.

2.5. Choline acetyltransferase actiÕity measurement

Choline acetyltransferase activity was assayed as de-
Ž .scribed by Fonnum 1975 , 8 days after the injection of

Ž . Ž .amyloid-b- 25–35 1 day after passive avoidance tests .
Rats were killed by decapitation and brains were quickly
removed and placed on an ice-cooled glass plate. The brain
was placed on its dorsal surface and a coronal section was
made through the optic chiasm. The medial septum, read-
ily visible and situated between the lateral ventricles, was
pinched out with fine dissecting forceps. The basal fore-
brain, the region directly ventral to the anterior commisure
containing the nucleus basalis, was then removed from the
remaining anterior portion of the brain. A piece of the
cerebral cortex was dissected out at the motor area of the
frontoparietal cortex. Then, the hippocampus was dissected
out and a piece of dorsal hippocampus was separated.
These tissues were homogenized in 1.5 ml tubes contain-

Ž .ing 400 ml of cold 50 mM phosphate buffer pH 6.8 with
10 mM EDTA and 0.5% Triton X-100. The tubes were
centrifuged at 20,000=g for 5 min at 48C, and the
supernatants were used as the enzyme solution. Each en-
zyme solution was incubated at 378C in a medium contain-

w14 x Žing radiolabelled C acetyl coenzyme A Amersham,
.Tokyo, Japan to produce acetylcholine, acetyl coenzyme

A being combined with choline in the medium by the
action of choline acetyltransferase. The amount of radioac-
tive acetylcholine in each tube was measured for 5 min in
a scintillation counter. Protein concentration of the sample
in each tube was measured by the method of Bradford
Ž . Ž1976 with a Protein Assay Kit I Bio-Rad Laboratories,

.CA, USA with bovine gamma globulin as a standard.
Choline acetyltransferase activity is expressed as nmol
acetylcholine synthesized per mg protein per h.

2.6. Immunohistochemistry

Ž .After the i.c.v. injection of amyloid-b- 25–35 at a dose
of 5 or 15 nmolrrat in 5 ml as stated in Section 2.2, the
animals were returned to their home cages. Eight days
later, the rats were deeply anaesthetized with sodium
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pentobarbital and perfused through the ascending aorta
with 50 ml of saline solution followed by 200–250 ml of

Žice-cold paraformaldehyde solution 4% in phosphate-
.buffer, pH 7.4 . The brains were removed, postfixed in the

same fixative for 4 h, cryoprotected in sucrose solution
Ž .18% in phosphate-buffer for at least 24 h at 48C, and
coronal sections 20 mm-thick were cut in a cryostat at the
level of the septum. The sections were mounted on
gelatin-coated slides, and allowed to dry at room tempera-
ture.

The sections were immunostained by the streptavidin–
Žbiotin method with a commercial Kit Histofine SAB-PO,

.Nichirei, Tokyo, Japan . After 1 h of preincubation at
room temperature in 10% normal goat serum in

Ž .phosphate-buffered saline PBS and 0.3% Triton-X-100,
the slides were incubated overnight at room temperature
with the choline acetyltransferase-specific antibody
Ž .Chemicon, CA, USA at a dilution of 1: 1000 in PBS. On
the following day, the sections were washed in PBS and
incubated for 1 h at room temperature with biotinylated

Ž . Žanti-rabbit immunoglobulin Ig G Nichirei Kit, Tokyo,
.Japan . After a further PBS wash, incubation with the

peroxidase-conjugated streptavidin was followed for 1 h at
room temperature. For the peroxidase reaction, the sections
were immersed in 0.02% solution of 3,3X-diaminobenzidine

Ž .in 0.05 M Tris–HCl buffer pH 7.6 that contained 0.005%
H O for 10–15 min at room temperature. Then the2 2

sections were washed in distilled water for 5 min, dehy-
drated through an ethanol series, cleared in xylene and
mounted. Negative control slides were incubated overnight
without primary antibody and run through the entire proce-
dures.

For microscopic analysis, cell counting was performed
under a 10= objective using a calibrated eyepiece grid.
The choline acetyltransferase-immunoreactive cells were
identified by purple-black deposits in the cytoplasm. Four
sections were selected in each animal. The sections were
selected one each from consecutive 5th–7th ones of serial
coronal sections. The total number of choline acetyltrans-
ferase-positive cells in the four sections was counted in the
region of the medial septum.

2.7. Statistical analysis

Results were expressed as mean"S.E.M. The data of
passive avoidance were analyzed using the Kruskal–Wallis
analysis of variances by ranks, which was followed by the
non-parametric Dunn’s multiple comparison test. In the
data of flinch, vocalization and jump thresholds, statistical
comparisons were made with Mann–Whitney U-test. In
the data of radial-arm maze, choline acetyltransferase ac-
tivity and the number of choline acetyltransferase-positive
cells, the data showed normal distribution, and the statisti-
cal significance of differences between groups was calcu-

Ž .lated by two-way repeated analysis of variance ANOVA
or one-way ANOVA, which was followed by Dunnett’s

multiple comparison test. The criterion for significance
was P-0.05 in all the analyses.

3. Results

3.1. PassiÕe aÕoidance task

Since we found no difference between vehicle-treated
Ž .control rats and reverse peptide amyloid-b- 35–25 at dose

Žof 15 nmolrrat in the acquisition and retention trials Fig.
.1A , all the following experiments were carried out com-

paring between vehicle-treated control rats and amyloid-b-
Ž . Ž25–35 -treated rats. In the acquisition trial 6 days after

.the operation , we found no difference between the vehi-
Ž .cle-injected control and amyloid-b- 25–35 -treated rats in

Ž .the step-through latency on acquisition trials Fig. 1B .
The results of Kruskal–Wallis test was Hs0.439, P)

0.05. Therefore, the analgesia 6 days after the operation
was not strong enough to induce any effect on passive
avoidance tasks. However, the i.c.v. administration of

Ž .amyloid-b- 25–35 reduced step-through latency in the
Ž .retention trials Fig. 1B . The results of the Kruskal–Wal-

lis test was Hs12.58, P-0.01. Dunn’s multiple range
Ž .test revealed that amyloid-b- 25–35 at the dose of 15

Žnmol significantly reduced the step-through latency P-
.0.01 . As changes in the responses to electric footshock in

Ž . ŽFig. 1. Effects of i.c.v. injection of amyloid-b- 35–25 15 nmolrrat,
Ž ..Ž . Ž . Žreverse sequence of amyloid-b- 25–35 A , and amyloid-b- 25–35 5

.Ž .or 15 nmolrrat B on passive avoidance task. Each column represents
the mean latency and vertical bars show S.E.M. The number in parenthe-
ses indicates the number of animals. ) ) P -0.01, compared with

Ž .vehicle-treated control rats Dunn’s multiple range test .
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the acquisition trial could influence passive avoidance
learning, we examined the effect of amyloid-b on the
response to electric footshock. As shown in Table 1, i.c.v.

Ž .injection of amyloid-b- 25–35 at dose of 15 nmolrrat did
not alter the flinch, vocalization and jump thresholds sig-

Ž .nificantly P)0.05, Mann–Whitney U-test , showing no
Ž .changes in the footshock sensitivity by amyloid-b- 25–35

Ž .treatment. Thus, amyloid-b- 25–35 -treated rats exhibited
decreased retention of passive avoidance memory.

3.2. Radial-arm maze performance

Ž .The rats given i.c.v. injection of amyloid-b- 25–35
showed a significantly smaller number of initial correct

Žresponses compared with vehicle-injected control rats Fig.
.2A . A two-way repeated ANOVA revealed significant

Ž . w Ž .effects of injection of amyloid-b- 25–35 F 2,105 s
x w Ž . x70.59, P-0.01 and trials F 4,105 s8.61, P-0.01

w Ž .and no significant effect of interaction F 2,105 s0.99,
xP)0.05 . In the trials 2–4 at the dose of 5 nmolrrat and

trials 1–5 at the dose of 15 nmolrrat, the initial correct
responses were reduced compared with matched vehicle-

Žinjected control rats P-0.01, Dunnett’s multiple compar-
. Žison test . The rats given i.c.v. injection of amyloid-b- 25–

.35 showed a significantly larger number of total errors
Ž .compared with vehicle-injected control rats Fig. 2B . A

two-way repeated ANOVA revealed significant effects of
Ž . w Ž .injection of amyloid-b- 25–35 F 2,105 s11.36, P-

x w Ž . x0.01 and trials F 4,105 s5.04, P-0.05 and no signif-

Ž .Fig. 2. Effects of i.c.v injection of amyloid-b- 25–35 on radial-arm maze
performance. Each value with standard errors represents the mean number

Ž . Ž .of initial correct responses A and total errors B in each block of
consecutive three trials. ) ) P -0.01, compared with vehicle-treated con-

Ž .trol rats Dunnett’s multiple comparison test .

Ž .Fig. 3. Effects of i.c.v. injection of amyloid-b- 25–35 on choline
acetyltransferase activity in four brain regions of rats. Choline acetyl-
transferase activity is expressed as nmol acetylcholine synthesized per mg
protein per h. ) ) P -0.01, ) P -0.05, compared with vehicle-treated

Ž .controls Dunnett’s multiple comparison test .

w Ž . xicant effect of interaction F 2,105 s0.69, P)0.05 . In
the trial 3 at the dose of 15 nmolrrat, the total errors were
significantly increased compared with matched vehicle-in-

Žjected control rats P-0.01, Dunnett’s multiple compari-
. Žson test . Running speed of amyloid-b-treated rats ranged

from 24.2"0.7 to 30.9"1.7 s for 5 nmol group, and
.from 23.2"0.4 to 28.0"1.3 s for 15 nmol group was

not significantly different from that of vehicle-injected
Žcontrol rats ranged from 24.1"0.5 to 32.7 to 1.6

.w Ž . Ž .s F 2,21 s0.98, P)0.05 on block 1; F 2,21 s1.08,
Ž .P)0.05 on block 2, F 2,21 s1.14, P)0.05 on block 3;

Ž . Ž .F 2,21 s2.34, P)0.05 on block 4; F 2,21 s2.32, P
x)0.05 on block 5 . Thus, amyloid-b-treated rats showed

impaired learning in interval-interposed radial-arm maze
task.

3.3. Choline acetyltransferase actiÕity

Choline acetyltransferase activities in the basal fore-
brain containing the nucleus basalis, medial septum, cortex

Ž .Fig. 4. Effect of i.c.v. injection of amyloid-b- 25–35 on the number of
choline acetyltransferase-immunoreactive cells in the medial septum in a
total of four sections. The number in each column indicates the number of

) ) Žanimals. P -0.01, compared with vehicle-treated control Dunnett’s
.multiple comparison test .
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and hippocampus of the vehicle-treated rats was 109.9"

3.4, 98.0"3.4, 23.0"0.7 and 30.9"1.5 nmolrmg pro-
teinrh, respectively. Choline acetyltransferase activities
were decreased by i.c.v. injection of amyloid-b in the

w Ž . xmedial septum F 2, 21 s 4.78, P - 0.05 , cortex
w Ž . x w Ž .F 2,21 s4.25, P-0.05 and hippocampus F 2,21 s

x w Ž .4.76, P-0.01 , but not in the basal forebrain F 2,21 s
x1.23, P)0.05 as compared with vehicle-injected controls

Ž .Fig. 3 . In the medial septum and cortex, administration of
Ž .amyloid-b- 25–35 at the dose of 5 or 15 nmolrrat signifi-

cantly decreased choline acetyltransferase activity com-
Žpared with matched vehicle-injected control rats P-0.05,

.Dunnett’s multiple comparison test . In the hippocampus,
Ž .administration of amyloid-b- 25–35 also reduced choline

Žacetyltransferase activity at the dose of 5 P-0.05, Dun-
. Žnett’s multiple comparison test and 15 nmolrrat P-

.0.01, Dunnett’s multiple comparison test . There were no
significant differences between the two doses.

3.4. Choline acetyltransferase immunohistochemistry

The number of choline acetyltransferase-immunoposi-
tive cells in the medial septum is shown in Fig. 4. A
significant reduction was found in the amyloid-b-treated
groups as compared with vehicle-injected control group

Fig. 5. Choline acetyltransferase-immunoreactive cells in the medial
Ž . Ž . Ž .septum. A Vehicle-injected control and B amyloid-b- 25–35 -injected

rats. Note that the amyloid-b-treated rat showed neuronal loss and
Ž .perikaryal shrinkage arrowheads . Scale bars50 mm.

w Ž . x Ž .F 2, 12 s15.28, P-0.01 . Amyloid-b- 25–35 at the
dose of 5 or 15 nmolrrat significantly decreased the

Žcholine acetyltransferase-immunoreactive cells P-0.01,
.Dunnett’s multiple comparison test . Shrinkage of perikarya

was evident in several choline acetyltransferase-
immunoreactive cells in the medial septum of amyloid-b-

Ž .treated rats Fig. 5 .

4. Discussion

In the present study, a single i.c.v. injection of amyloid-
Ž .b- 25–35 induced a significant learning disturbance in the

passive avoidance and radial-arm maze tasks in the rat.
Several previous studies have shown that the infusion of

Ž .amyloid-b- 25–35 into the brain induced amnesia in ro-
Ž .dents. Maurice et al. 1996 demonstrated that i.c.v. injec-

Ž .tion of amyloid-b- 25–35 induced impairments in the
Y-maze, passive avoidance and water-maze tasks, and
moderate neuronal loss and Congo red-stained amyloid
deposits in the cortex, hippocampus and caudate. Delobette

Ž .et al. 1997 confirmed the effect of i.c.v. injection of
Ž .amyloid-b- 25–35 on learning disturbance in the water-

Ž .maze task. Similarly, Harkany et al. 1998 demonstrated
Ž Ž .24 . Žthat bilateral injection of amyloid-b Phe SO H - 25–3

.35 in rat nucleus basalis magnocellularis induced impair-
ment of passive-avoidance task.

It is well known that passive avoidance response can be
affected by pain threshold or fear. In addition, it was also
known that the lesion in the septum caused an impairment

Ž .in fear condition Gray and McNaughton, 1983 and an
Žincrease in defensiveness and attack Albert and Chew,

.1980 . These findings point out the possibility that amy-
Ž .loid-b- 25–35 -induced impairment in passive avoidance

responses was due to the change in pain threshold or fear.
However, in the present study, we found no difference
between vehicle-treated control rats and amyloid-b-treated
rats either in the step-through latency in the acquisition
trial and shock sensitivity. These results indicate that the

Ž .decrease in latency by i.c.v. injection of amyloid-b- 25–35
might not be due to the changes in pain threshold or fear.
These results altogether suggest that the i.c.v. injection of

Ž .amyloid-b- 25–35 caused impairments in memory and
learning ability.

The present study demonstrated that a single i.c.v.
Ž .injection of amyloid-b- 25–35 reduced choline acetyl-

transferase activity in the medial septum, cortex and hip-
pocampus. These results accord well with the findings of
other investigators using full-length amyloid-b peptides

Ž .showing that chronic infusion of amyloid-b- 1–40 de-
creased choline acetyltransferase activity in the frontal

Ž .cortex and hippocampus Nitta et al., 1994 and the injec-
Ž .tion of amyloid-b- 1–42 in the nucleus basalis reduced

Žcholine acetyltransferase activity in the cortex Harkany et
.al., 1999 . In this connection, the findings by Sigurdsson et
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Ž . Ž .al. 1997 that bilateral injections of amyloid-b- 25–35
into the amygdala failed to cause a reduction in amyg-
daloid choline acetyltransferase activity appear to be at

Ž .variance from so far known effects of amyloid-b- 25–35 .
However, their interpretation is rational in that the cholin-
ergic termini in the amygdala are originated from the
nucleus basalis that was not affected in their experiments.
In the present study, the nucleus basalis also escaped from
the influence of amyloid-b treatment. Further, Pavia et al.
Ž . Ž .2000 reported that i.c.v. injections of amyloid-b- 25–35
for 7 days did not modify choline acetyltransferase activity
in the cerebral cortex in the rat. The reason for this
discrepancy is presently unknown, but it may be related to

Ž .the state of amyloid-b used. We used amyloid-b- 25–35
Ž .after 378C incubation for 4 days, but Pavia et al. 2000

Ž .used non-incubated amyloid-b- 25–35 . In support of this
Ž .possibility, Maurice et al. 1996 demonstrated that incu-

Ž .bated amyloid-b- 25–35 , but not non-incubated amyloid-
Ž .b- 25–35 , caused impairment in passive avoidance and

Y-maze tests.
Ž .Giovannelli et al. 1995 demonstrated that if amyloid-

Ž .b- 25–35 was given directly on the nucleus basalis, the
number of choline acetyltransferase-immunoreactive neu-

Žrons was significantly decreased in the amyloid-b- 25–
.35 -injected side as compared to the contralateral non-in-

jected side 1 or 2 weeks postsurgery. Similarly, Chen et al.
Ž . Ž .1996 demonstrated that injection of amyloid-b- 25–35
at a 3-nmol dosage to the hippocampus once a week for 2
weeks resulted in a marked decrease in choline acetyltrans-
ferase immunoreactivity in the medial septum. We found
that the number of choline acetyltransferase-immunoreac-
tive cells in the medial septum was decreased by a single

Ž .i.c.v. injection of amyloid-b- 25–35 . These findings indi-
cate that the decrease in choline acetyltransferase activity
was due to the decrease in the number of cholinergic
neurons.

In the present study, choline acetyltransferase activity
Ž .was decreased in the cortex by amyloid-b- 25–35 treat-

ment, but not in the basal forebrain. The region of mea-
surement as the basal forebrain was the region directly
ventral to the anterior commisure containing the nucleus

Ž .basalis, which is distant about 2.5 mm from the nearest
lateral ventricle. The region of measurement as the cortex
was the motor area of the frontoparietal cortex, which was
located immediately above the lateral ventricle. Therefore,

Ž .it is possible that amyloid-b- 25–35 might not diffuse
from the lateral ventricle to all the region of the measured
basal forebrain. In support of this possibility, the reduction
of choline acetyltransferase-immunoreactive cells in the
medial septum of amyloid-b-injected side was much greater

Ž .than that of the contralateral side data not shown , indicat-
Ž .ing that the diffusion of amyloid-b- 25–35 is limited.

Ž .Itoh et al. 1996 reported that high potassium- and
nicotine-induced increase in acetylcholine release in the
hippocampus and cerebral cortex was markedly impaired

Ž .by continuous amyloid-b- 1–40 infusion by means of

microdialysis, although the basal levels of acetylcholine in
Ž .the amyloid-b- 1–40 -infused rats were not different from

Ž .those in vehicle-infused control rats. Abe et al. 1994
Žsimilarly demonstrated that injection of amyloid-b- 12–

. Ž . Ž .28 , amyloid-b- 25–35 or amyloid-b- 1–40 to the sep-
tum of rats resulted in a marked decrease in basal and
potassium-evoked acetylcholine release. Moreover, injec-

Ž .tion of amyloid-b- 25–35 into the nucleus basalis de-
creased the basal acetylcholine release from the parietal

Ž .cortex ipsilateral to the lesion Giovannelli et al., 1995 . In
Ž .vitro experiments showed that amyloid-b- 1–28 , amyloid-

Ž . Ž . Ž .b- 25–35 , amyloid-b- 1–40 and amyloid-b- 1–42 in-
hibited potassium-evoked acetylcholine release in the rat

Ž .hippocampal and cortical slices Kar et al., 1996 . Amy-
Ž . Ž . Ž .loid-b- 1–28 , amyloid-b- 25–35 and amyloid-b- 1–42

caused a reduction of intracellular concentration of acetyl-
choline as well as choline acetyltransferase activity in a

Žcell line that expresses cholinergic characteristics Peder-
.sen et al., 1996 . These results altogether suggest that

amyloid-b induces the dysfunction of cholinergic neuronal
systems. It is well known that a disruption of learning and
cognitive function is associated with the central choliner-
gic hypofunction induced by scopolamine treatment
Ž .Molchan et al., 1992 , by the lesioning of nucleus basalis

Ž .and medial septum Miyamoto et al., 1987 or during
Ž .aging Bartus et al., 1982 .

In summary, we demonstrated that a single i.c.v. injec-
Ž .tion of amyloid-b- 25–35 induced learning deficits in

passive avoidance and radial-arm maze tasks and reduced
choline acetyltransferase activity in the medial septum,
cortex and hippocampus. The decrease in the number of
choline acetyltransferase-immunoreactive cells in the me-
dial septum was also evident. These results led us to
conclude that the dysfunction of cholinergic neuronal sys-

Ž .tem induced by amyloid-b- 25–35 is associated with the
disturbance of learning and cognitive function.
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