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ABSTRACT—To investigate the toxicity of 3-amyloid protein, a component of the senile plaques in
Alzheimer’s disease, it was infused into the cerebral ventricle of rats for 14 days by a mini-osmotic pump.
Performances in the water maze and passive avoidance tasks in 3-amyloid protein-treated rats were im-
paired. Choline acetyltransferase activity significantly decreased in the hippocampus both immediately and
2 weeks after the cessation of the infusion. However, the learning impairment was recoverable 2 weeks after
cessation of the infusion. Both immediately and 2 weeks after the cessation of the infusion, glial fibrillary
acidic protein immunoreactivity increased. Furthermore, 3-amyloid protein altered the staining in the nuclei
of hippocampal cells for only 2 weeks after the cessation. These results suggest that 3-amyloid protein
produces some damage in the central nerveus system in vivo,
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Glial fibrillary acidic protein

Alzheimer’s disease (AD) is characterized by the
presence of senile plaques and neurofibrillary tangles ac-
companied by synaptic and neuronal Ioss. The core of the
plaque consists of 3-amyloid protein (1) and other pro-
teins (2, 3). The extent of j-amyloid protein deposition
correlates with the degree of neuronal damage, cognitive
impairment and memory loss (4). Although this protein
has been well characterized biochemically, its primary
biological function and role in the pathogenesis of AD are
unknown (5). In AD patients, learning and memory are
impaired with a concomitant loss of the cholinergic
marker enzyme, choline acetyltransferase (ChAT), in the
cerebral cortex (6). However, direct evidence that j3-
amyloid protein is related to the impairment of learning
and memory has not been demonstrated. We have
preliminarily reported that S-amyloid protein impairs
learning and memory and confirmed the accumulation of
5-amyloid protein after continuous infusion into the
cerebral ventricles in adult rats (7, 8). Furthermore, nico-
tine- and K *-stimulated acetylcholine and/or dopamine
release from the frontal cortex/hippocampus and stria-
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tum, respectively, was impaired in the S-amyloid protein-
infused rats (9). In this study, we investigated whether
memory impairment and neuronal dysfunction of
cholinergic neurons occurred and whether glial fibrillary
acidic protein (GFAP), which is one of parameters of
changes in the expression of intermediate filament pro-
tein, increases after continuous infusion of S-amyloid
protein into the cerebral ventricles of adult rats. In addi-
tion, we also investigated whether the animals could
recover from the toxicities of j-amyloid protein on their
neuronal function.

MATERIALS AND METHODS

Animals

Male Kbl Wistar rats (Oriental Bio Service, Co.,
Kyoto) weighing 280—-320 g at the beginning of the ex-
periments were used. They were housed in groups of two
or three in a temperature- and light-controlled room
(23°C, 12-hr light cycle starting at 9:00 a.m.). The animals
were treated in accordance with the institutional guide-
lines of Nagoya University. The rats had free access to
food and water, except during the task performance.
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Surgery and experimental design

The synthesized human j$-amyloid protein(1—40) was
obtained from Bachem (Torrance, CA, USA). The g-
amyloid protein was dissolved in 35% acetonitrile/0.1%
trifluoacetic acid (TFA). Continuous infusion of the 3-
amyloid protein (0, 3, 30, 100, 300 and 500 pmol/day)
was maintained for two weeks by attaching a cannula to a
modified mini-osmotic pump (Alzet 2002; Alza, Palo
Alto, CA, USA) (10). The control rats were only infused
with the vehicle (35% acetonitrile/0.1% TFA). We did
not use reverse amyloid protein(40-1), since we had
confirmed that reverse j3-amyloid protein(40—1) has no
effects on learning ability and ChAT activity in our pre-
liminary experiments. Each group consisted of seven
rats. The cannula was implanted into the right ventricle
(A —0.3,L 1.1, V3.6) on dayl. In one group, the water
maze and the passive avoidance tasks were carried out on
day 9 to day 13 and on day 14 to day 15, respectively,
after the start of infusion. In the other group, they were
carried out on day 23 to day 27 and on day 28 to day 29,
respectively. After the behavioral experiments, four rats
of each group were decapitated for the ChAT assay.
Three rats of each group were used for GFAP immuno-
chemical and Nissl’s stain.

Water maze task

Water maze task was carried out as reported previously
(11). The animal was trained for 90 sec. When it failed to
get to the hidden platform, the training was terminated
and a maximum score of 90 sec was assigned. One session
consisting of two training periods was given daily. Train-
ing was conducted on 4 consecutive days (four sessions of
two trials each).

Step-through passive avoidance rask

The step-through passive avoidance task was carried
out as reported previously (12). The criterion was whether
the animals remained in the light compartment for at least
300 sec. The results are expressed as the percent of
animals per group that showed a step-through latency of
300 sec or more (retention %).

Measurement of ChAT activity
Measurements for ChAT activity were carried out as
reported previously (12, 13).

Histochemical study

Rats were anesthetized and killed immediately after the
cessation of the 5-amyloid protein infusion by transaortic
perfusion-fixation with cold saline followed by 4%
paraformaldehyde in 0.1 M sodium phosphate buffer (pH
7.4). The brains were removed and postfixed for 12 hr in
the same fixative. The brains were left in 10% sucrose in

phosphate-buffered saline (PBS) for 4 hr, 15% sucrose in
PBS for 4 hr, and 20% sucrose in PBS for 12 hr at 4°C.
Frozen brains were cut at 20 ¢m with a cryostat, and the
areas surrounding the ventricles were collected and
stained with Nissl’s stain.

To identify GFAP, the tissue samples were stained with
rabbit anti-GFAP monoclonal antibody (Dako Japan,
Kyoto) (1 : 40). The tissues were incubated overnight at
4T with the primary antibody. Immunolabeled sections
were processed and developed with diaminobenzidine
using a Vectastain kit (Vector Laboratories, Burlingame,
CA, USA).

Sratistical analyses

The data from the maze task were analyzed by a
repeated-measure analysis of variance and Tukey’s test.
ChAT activity data were analyzed by one-way analysis of
variance and Tukey’s test. In the passive avoidance task,
the two-tailed Fisher’s Exact Probability Test was used
for the statistical analysis of the differences (retention %)
between the j-amyloid protein- and vehicle-treated
group.

RESULTS

The accumulation of 3-amyloid protein in the brain
was confirmed by the results of immunochistochemical
staining (7).

Characteristics of the impairment of water maze task
performance induced by 3-amyloid protein

The mean latencies (the time taken to escape onto the
hidden platform) in each training session of the water
maze task for the six groups are shown in Fig. 1A. The
latency of the vehicle-treated group in the first session of
training was not different from those of the 3-amyloid
protein-treated rats. Although the latencies of the 3-
amyloid protein-treated groups were only slightly short-
ened by repeated training, those in the vehicle-treated
group were shortened rapidly [F(5,3)=1.213, P<0.002].
In the third and fourth training sessions, the latencies of
the $-amyloid protein (300 pmol/day)-treated rats were
significantly longer than those of the vehicle-treated
group (Tukey’s test, P<(0.05). In Fig. 1B, the latencies of
the S-amyloid protein-treated groups described as percent
of the vehicle-treated group are shown. The latencies of
3-amyloid protein (300 pmol/day)-treated rats were long-
er than those of vehicle-treated rats at the third and
fourth training sessions, when the water maze task was
performed under the infusion of jS-amyloid protein.
However, the degree of prolongation was less at 2 weeks
after cessation of infusion compared to that under the in-
fusion of 3-amyloid protein [F(1,3)=1.3577, P<0.05]. In
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Fig. 1. Characteristics of impairment of the performance in the water maze task induced by 3-amyloid protein. The task was
carried out on days 9— 13 (under the infusion) and days 2327 (2 weeks after the cessation of the infusion) after the start of the
infusion of $-amyloid protein. Each group consisted of seven rats. A (latency: the value expresses the mean): (), 0 pmol/day;
M, 3 pmol/day; A, 30pmol/day; ¥, 100 pmol/day; @, 300 pmol/day; #, 500 pmol/day. B (percent of vehicle: the value
expresses the mean+S.E.M.): (, Opmol/day (under the infusion); /\, 0 pmol/day (2 weeks after the cessation); @, 300
pmol/day (under the infusion); A, 300 pmol/day (2 weeks after the cessation). *P<0.05 vs vehicle (3-amyloid protein: 0
pmol/day)-treated rats (under the infusion) (Tukey’s test). “P<0.05 vs 300 pmol/day under the infusion group (Tukey’s test).

the third training session, the latencies were significantly
different (Tukey’s test, P <0.05).

Characteristics of the impairment of passive avoidance
task performance induced by 3-amyloid protein

Each vaiue in Fig. 2 represents the percent of animals
that reached the criterion of 300-sec step-through latency
(retention %). As shown in Fig. 2A, the retention percent
of the 3-amyloid protein-treated (300 pmol/day) rats was
smaller than that of the vehicle-treated rats under the
infusion of the protein. However, this effect of the j3-
amyloid protein was not observed two weeks after the
cessation of the infusion (Fig. 2B).

Effects of continuous infusion of 3-amyloid protein on
ChAT activity in the frontal cortex, parietal cortex,
striatum and hippocampus in rats

ChAT activities in the frontal cortex, parietal cortex,
striatum and hippocampus in the vehicle-treated rats were
1169.4+24.4, 718.91+45.3, 4041 +691.6 and 899.7+56.9
pmol/min/mg protein, respectively. ChAT activities in
the frontal cortex (3, 30 pmol/day) and hippocampus
(300 pmol/day) were decreased by j#-amyloid protein im-
mediately after the cessation of the infusion (Table 1).

The decreased ChAT activities in the hippocampus were
also observed 14 days after the cessation of the 3-amyloid
protein infusion (Table 1).

Effects of continuous infusion of 3-amyloid protein on
the morphology of the nuclei of hippocampal cells

Figure 3 shows the results of Nissl’s stain in the hip-
pocampal area 2 weeks after the cessation of the infusion
of 3-amyloid protein. The nuclear morphological changes
were observed in CA2 and the dentate gyrus. However, in
the hippocampal area immediately after the cessation of
the infusion of 3-amyloid protein, cell death, neuronal
tangle and/or atrophy could not be observed in any hip-
pocampal areas such as the CAl, CA2 and dentate gyrus
(data not shown).

Effects of continuous infusion of S-amyloid protein on
the GFAP immunoreactivity

As shown in Fig. 4, GFAP immunoreactivity increased
both immediately (4B) and 2 weeks (4D) after the j3-
amyloid protein infusion in the hippocampal CALl area.
However, in the CA2 area, it did not increase (data not
shown),
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Characteristics of impairment of the performance in the passive avoidance task induced by 3-amyloid protein. The task

was carried out on days 14— 15 (under the infusion: A) and days 28 - 29 (2 weeks after the cessation of the infusion: B) after the
start of the infusion of 3-amyloid protein. Each group consisted of seven rats. The value of column expresses the percent of
animals per group that showed as step-through latency of 300sec or more. *P<0.05 vs vehicle (5-amyloid protein: 0

pmol/day)-treated rats (Fisher’s Exact Probability Test).

Table 1.
and hippocampus in rats

Effects of continuous infusion of 3-amyloid protein on ChAT activities in the frontal cortex, parietal cortex, striatum

Brain region

3-Amyloid protein (pmol/day)

0 3 30 100 300 500

ChAT activity (% of control), immediately after cessation of the infusion

Frontal cortex 100=2.1 85.5+5.4 81.3x7.1%* 86.4+3.6 91.5=6.6 80.8+7.6

Parietal cortex 100=6.3 90.1+6.3 91.7+6.1 89.9+5.9 99.4=9.4 85.8+1.3

Striatum 100=17.1 106.6+6.3 105.6£5.1 117.1+5.5 106.88.5 111.4+8.0

Hippocampus 100+6.3 91.8+7.5 90.6+14.4 91.3+8.5 82.1+5.1%* 91.6+7.9
ChAT activity (%o of control), 2 weeks after cessation of the infusion

Frontal cortex 100+ 4.6 — — — 97+8.8 —

Parietal cortex 100+4.7 — — —_ 110.5+£5.8 —

Striatum 100+16.7 — — — 76.6+7.6 —

Hippocampus 100+3.6 — — — 83.8+11.6* —

Each value shows the mean=S.E.M. of four animals. —: not determined. *P<0.05 vs vehicle (3-amyloid protein: 0 pmol/day)-

treated rats (Tukey’s test).

DISCUSSION

Qur experimental conditions of continuous infusion of
5-amyloid protein(1 ~40) using a mini-osmotic pump are
very similar to the deposition process of 5-amyloid pro-
tein in AD patients. The important findings in this study

are that as in AD patients, the deposition of 3-amyloid
protein in the brain is related to learning disability, mor-
phological changes and cholinergic neuronal degenera-
tion.

In agreement with our previous results (7—-9) in the 3-
amyloid protein-treated rats, the performance on the
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Fig. 3. The effects of continuous infusion of 3-amyloid protein on the morphology of nuclei of cells in the hippocampal CA1
(A, D), CA2 (B, E) and dentate gyrus (C, F) 2 weeks after the cessation of the infusion. A, B, C: S-amyloid protein (0
pmol/day)-treated rats; D, E, F: 3-amyloid protein (300 pmol/day)-treated rats. The rats were kilied 2 weeks after the cessation

of the F-amyloid protein infusion. Bars: 20 ¢m.

water maze and passive avoidance tasks was impaired and
reduction of ChAT activity in the hippocampus was
demonstrated. The S-amyloid protein-induced impair-
ment of learning and memory was confirmed by the elec-
trophysiological experiment using the hippocampal slices:
Long-term potentiation in the hippocampal CAl area of
S-amyloid-infused rats was significantly inhibited (14).
These toxicities could be observed only at the dose of
300 pmol/day of 3-amyloid protein but not at other
doses. The phenomenon may be due to the amount of
the aggregated form and the degree of penetration into
neuronal cells after aggregation of S-amyloid protein,
because following incubation under physiological condi-
tions, 3-amyloid protein adopts an aggregated form and
shows a change in its biological effects on the hippocam-

pal neurons in vitro from neurite-promoting to neuro-
toxic effects (15). These results suggest that the aged pep-
tide has an altered, aggregated structure evidenced by the
stability of the high molecular weight species and that the
aggregated forms may be related to the observed toxicity.
In the present study, the neuronal degeneration may be
also related to the aggregated protein, because the j3-
amyloid protein was incubated in the cerebrospinal fluid
(CSF) during the 14-day infusion. High doses of 3-
amyloid protein might produce a large amount of the ag-
gregated form, but low degree of penetration. However,
it is difficult to confirm this hypothesis, because mass
spectroscopy and amino acid sequence analysis are essen-
tial to determine whether the incubated and non-incu-
bated 3-amyloid proteins are the same structure in the
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Fig. 4. The effects of continuous infusion of 5-amyloid protein on the GFAP immunoreactivity immediately (A, B) and 2
weeks (C, D) after the cessation of the infusion. A, C: 3-amyloid protein (0 pmol/day)-treated rats; B, D: 5-amyloid protein

(300 pmol/day)-treated rats. Bars: 50 pm.

CSF or deposited sites (16).

We dissolved 3-amyloid protein in acetonitrile/TFA in
this study. From previous solubility studies, 3-amyloid
protein solution at 15 mg/ml in acetonitrile/TFA (80
times more concentrated than the highest dose in the
present study) does not precipitate after 24 hr at 22°C or
37T (16). When j-amyloid protein is dissolved in water
or PBS, j-amyloid protein is precipitated following incu-
bation under physiological conditions as described above
(16). If 3-amyloid protein is precipitated in the osmotic
pump, it cannot be delivered from the pump to the brain.
Acetonitrile toxicity in vivo has been reported to be linked
to its conversion to cyanide by microsomal cyto-
chrome P450 (17). Cyanide toxicity, like hypoxia, is
known to involve a compromised calcium homeostasis
caused by a deficiency in energy metabolism (18). It is also
plausible that the 35% acetonitrile may extract some
components of the membranes and allow toxic calcium
influx. Calcium-mediated neurotoxicity has been shown
to be potentiated by 5-amyloid protein (19). Acute injec-
tion of acetonitrile into the rat hippocampus produces
very serious damage to the neuronal cells (16). However,
neuronal damage was not observed under our experimen-
tal conditions in which the solvent containing ;3-amyloid

protein was infused continuously (2 weeks) and slowly
(0.5 pl/hr) by a mini-osmotic pump into the cerebral ven-
tricles. In the preliminary experiments, no differences in
learning ability and memory and activities of cholinergic
neuronal marker enzymes such as ChAT between the
acetonitrile-treated and untreated rats were demon-
strated. Based upon these observations, we used acetoni-
trile as the solvent for 3-amyloid protein. Taken together,
neurotoxicities found in the present experiments may be
induced by j-amyloid protein, but not by the used sol-
vent.

GFAP immunoreactivity increased both immediately
and 2 weeks after stopping the continuous infusion of 3-
amyloid protein. Changes in nuclear morphology in CA2
and dentate gyrus were observed 2 weeks after the cessa-
tion of the infusion. Furthermore, the decrease of ChAT
activity was also observed 2 weeks after the cessation.
Cholinergic neuronal dysfunction did not recover even 2
weeks after the cessation of S-amyloid protein infusion.
The morphological changes were not immediately ob-
served but could be seen 2 weeks after the cessation.
Small morphological changes that we could not see by
microscopy might have occurred before 2 weeks. An elec-
tron microscopy study should be done to clarify the result
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of the cholinergic dysfunction immediately after the
cessation of infusion.

However, the impairment of learning and memory
observed during the infusion of 3-amyloid protein tended
to recover 2 weeks after the cessation of infusion. The
reversible mechanism of j$-amyloid protein toxicities is
yet unknown. One possible explanation is that some other
neuronal systems may compensate for the neuronal dys-
function induced by §-amyloid protein. Further study
should be done on this point.

The present results suggest that the deposition of j3-
amyloid protein in the brain is related to learning and
memory impairment, morphological and cholinergic neu-
ronal degeneration.

Acknowledgments

This study was supported, in part, by an SRF Grant for Bio-
medical Research, by Grants-in-Aid for Science Research from the
Ministry of Education, Science, Sports and Culture of Japan (No.
07557009 and 07557303) and by grants for Gerontological Science
Research from the Ministry of Health and Welfare of Japan (No.
91A-2406 and 94A-2405).

REFERENCES

1 Masters CL., Simms G, Weinman NA, Multhaup G, McDonald
BL and Beyreuther K: Amyloid plaque core protein in Alz-
heimer disease and Down syndrome. Proc Natl Acad Sci USA
82, 42454249 (1985)

2 Abraham CR, Selkoe DJ and Potter H: Immunochemical
identification of the serine protease inhibitor a;-antichymotrypsin
in the brain amyloid deposits of Alzheimer’s disease. Cell 52,
487501 (1988)

3 Show AD, Mar H, Nochlin D, Kimata K, Kato M, Suzuki S,
Hassell J and Wight T: The presence of heparan sulfate pro-
teoglycans in the neuritic plaques and congophilic angiopathy in
Alzheimer’s disease. Am J Pathol 133, 456-463 (1988)

4 Wilcock GK and Esiri MM: Plaques, tangles and dementia. A
quantitative study. J Neurol Sci 56, 343356 (1982)

5 Miiller-Hill B and Beyreuther K: Molecular biclogy of Alzhei-
mer’s disease. Annu Rev Biochem 58, 287307 (1989)

6 Wilcock GK, Esiri MN, Bowen DM and Smith CC: Alzheimer’s
disease: Correlation of cortical choline acetyltransferae activ-
ity with the severity of dementia and histological abnormalities.

12

14

J Neurol Sci 57, 407-417 (1982)

Nitta A, Itoh A, Hasegawa T and Nabeshima T: 5-Amyloid
protein-induced Alzheimer’s disease model. Neurosci Lett 170,
63 —66 (1994)

Nabeshima T and Nitta A: Memory impairment and neuronal
dysfunction induced by j-amyloid protein in rats. Tohoku J
Exp Med 174, 241249 (1994)

Itoh A, Nitta A, Nadai M, Nishimura K, Hirose M, Hasegawa
T and Nabeshima T: Dysfunction of cholinergic and dopamin-
ergic neuronal systems in 3-amyloid protein-infused rats. J
Neurochem 66, 1113-1117 (1996)

Nabeshima T, Ogawa S, Ishimaru H, Kameyama T, Takeuchi R
and Hayashi K: Memory impairment and morphological
changes in rats induced by active fragment of anti-nerve growth
factor-antibody. Biochem Biophys Res Commun 175, 215-219
(1991)

Nitta A, Murase K, Furukawa Y, Hayashi K, Hasegawa T and
Nabeshima T: Effects of oral administration of a stimulator for
nerve growth factor synthesis in basal forebrain-lesioned rats.
Fur J Pharmacol 250, 23— 30 (1993)

Nitta A, Hayashi K, Hasegawa T and Nabeshima T: Develop-
ment of plasticity of brain function with repeated trainings and
passage of time after basal forebrain lesions in rats. J Neural
Transm [G-sect] 93, 37— 46 (1993)

Kaneda N and Nagatsu T: Highly sensitive assay for choline
acetyltransferase activity by high-performance liquid chro-
matography with electrochemical detection. J Chromatogr 341,
23-30 (1985)

Itoh A, Nitta A, Hasegawa T and Nabeshima T: Neuronal dys-
function in rats infused j5-amyloid protein into cerebral ventri-
cle. Neurobiol Aging 17, (1996)

Pike CJ, Walencewicz AJ, Glabe CG and Cotmann CW: In
vitro aging of §-amyloid protein causes peptide aggregation and
neurotoxicity. Brain Res 563, 311-314 (1991)

Waite T, Cole GM, Frautschy SA, Connor DJ and Thal LJ:
Solvent effects on beta protein toxicity in vivo. Neurobiol Aging
13, 595-599 (1992)

Freeman JJ and Hayes EP: Microsomal metabolism of aceto-
nitrile to cyanide. Biochem Pharmacol 37, 11531159 (1988)
Goldberg MP, Weiss JH, Pham PC and Choi DW: N-Methyl-
D-aspartate receptors mediate hypoxic neuronal injury in corti-
cal culture. J Pharmacol Exp Ther 243, 784-791 (1987)
Mattson MP, Cheng B, Davis D, Bryant K, Lieberburg I and
Rydel RE: 3-Amyloid peptides destabilize calcium homeostasis
and render human cortical neurons vulnerable to excitotoxicity.
J Neurosci 12, 376389 (1992)



