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Abstract

Ž .We have reported that continuous infusion of b-amyloid protein- 1-40 into the cerebral ventricle produces learning and memory
Ž .deficits in rats. Propentofylline has potent stimulatory effects on nerve growth factor NGF synthesisrsecretion in mouse astrocytes in

vitro and increases cerebral NGF content in aged rats. In the present study, we examined the effects of propentofylline on learning and
memory deficits in b-amyloid protein-infused rats. The rats were given propentofylline orally once a day throughout the period of
behavioral examination. In the b-amyloid protein-infused rats, spontaneous alternation behavior in a Y-maze, and performance in water
maze and passive avoidance tasks were significantly impaired compared to sham-operated rats. Propentofylline prevented these behavioral
deficits, but did not change the reduction of the activity of choline acetyltransferase in the hippocampus in the b-amyloid protein-infused
rats. These results suggest that propentofylline is useful for the treatment of patients with Alzheimer’s disease. q 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

In Alzheimer’s disease, learning and memory deficits
are caused, at least partly, by loss of neurons in the

Ž .cholinergic system Bartus et al., 1982; Sims et al., 1983 .
Ž .Several studies have shown that nerve growth factor NGF

is a neurotrophic factor for the magnocellular cholinergic
Žneurons of the basal forebrain Hefti et al., 1984; Honeg-

.ger and Lenoir, 1982 . These neurons project from the
medial septal area and nucleus basalis magnocellularis to
the hippocampus and neocortex, respectively. It has been
reported that NGF infusion into the cerebral ventricle of
patients with Alzheimer’s disease increases the nicotine
receptor activity in the frontal and temporal cortices, and

Ž .cortical blood flow Olson et al., 1992 . Thus, NGF may
counteract the cholinergic dysfunction in Alzheimer’s dis-
ease. However, in terms of the quality of life of the patient,
the insertion of an i.c.v. delivery catheter is not an ideal
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therapeutic means. In addition, NGF does not cross the
blood–brain barrier and is readily metabolized by pepti-
dases when administered peripherally. NGF itself, there-
fore, may have a limited usefulness for medical treatment,
unless an appropriate drug delivery system can be devel-

Ž .oped Friden et al., 1993 .
w Ž .Propentofylline 3,7-dihydro-3-methyl-1- 5-oxohexyl -

x7-propyl-1H-purine-2,6 dione , a xanthine derivative, ex-
hibits several effects in the brain, e.g., prevention of

Žcerebral metabolic disorder during anoxia Stefanovich and
. ŽNagata, 1983 , improvement of cerebral edema Mrsulja et

. Žal., 1983 and rescuing of microglia from cytoxicity Banati
.et al., 1993 . It has been reported that propentofylline

stimulates NGF synthesis and secretion in quiescent as-
Ž .troglial cells Shinoda et al., 1990 . Since propentofylline

can cross the blood–brain barrier, it could be expected to
stimulate NGF synthesis in the brain. Indeed, we found
that this compound attenuated the reduced NGF content in

Ž .the brains of aged rats Nabeshima et al., 1993 . Further-
more, the drug improved the memory impairment and
cholinergic dysfunction observed in basal forebrain-le-
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Ž .sioned rats Fuji et al., 1993a,b and in rats which received
continuous infusion of anti-NGF antibody into the septum
Ž .Nitta et al., 1996 . Because of these findings, we believe
NGF stimulators such as propentofylline may provide a

Žnew approach to the treatment of Alzheimer’s disease see,
for review, Nabeshima and Itoh, 1997; Yamada et al.,

.1997 .
Regarding clinical effects of propentofylline, a 12-

month, randomized, placebo-controlled trial has shown
that propentofylline has a favorable effect on cognitive
function in patients with Alzheimer’s disease as well as

Ž .vascular dementia Marcusson et al., 1997 . To support the
clinical data and clarify the mechanism of action, further
studies of propentofylline should be carried out using an
animal model of Alzheimer’s disease.

We have previously demonstrated that continuous infu-
Ž .sion of b-amyloid protein- 1-40 into the rat cerebral

ventricle causes learning and memory deficits and a de-
crease in choline acetyltransferase activity in the frontal

Žcortex and hippocampus Nabeshima and Nitta, 1994;
.Nitta et al., 1994, 1997; Nabeshima and Itoh, 1996, 1997 .

In the present study, we investigated whether propento-
fylline exerts an effect on cognitive dysfunction in this
animal model of Alzheimer’s disease.

2. Materials and methods

2.1. Animals and surgery

ŽMale Kbl Wistar rats Charles River Japan, Yokohama,
.Japan , weighing 240–260 g at the beginning of the exper-

iments, were used. They were housed in groups of two or
Žthree in a temperature- and light-controlled room 238C;

.12-h light cycle starting at 9:00 AM and had free access
to food and water, except during the behavioral experi-
ments.

Ž .b-Amyloid protein- 1-40 was obtained from Bachem
Ž .Torrance, CA, USA . Propentofylline was kindly provided

Ž .by Nippon Hoechst Marion Roussel Tokyo, Japan . The
b-amyloid protein was dissolved in 35% acetonitriler0.1%
trifluoacetic acid. Continuous infusion of the b-amyloid

Ž .protein 300 pmolrday was maintained for at least two
weeks by attaching a cannula to a mini-osmotic pump
Ž . ŽAlzet 2002; Alza, Palo Alto, CA, USA Nabeshima et

.al., 1991 . The control rats were infused with the vehicle
Ž .only 35% acetonitriler0.1% trifluoacetic acid . We have

confirmed that the vehicle itself failed to induce any
behavioral and neurochemical changes at this flow rate
Ž .data not shown . The cannula was implanted into the right

Ž .ventricle A y0.3, L 1.2, V 4.5 according to the atlas of
Ž .Paxinos and Watson 1986 .

2.2. Drug administration and experimental design

Propentofylline dissolved in distilled water, was admin-
istered orally for 21 consecutive days at doses of 10 and

Ž25 mgrkg per day Fuji et al., 1993a,b; Nabeshima et al.,
.1993; Nitta et al., 1996 . One group consisted of 10–12

rats. Learning and memory capacity was measured by
performance in four tasks: habituation, Y-maze, water
maze and passive avoidance. The behavioral study was
started 8 days after the surgery and the four tasks were
carried out sequentially. The oral administration of
propentofylline started 3 days before the implantation of
the mini-osmotic pump, and continued throughout the
period during which the behavioral studies were con-
ducted.

2.3. Habituation task

Ž .The habituation task Platel and Porsolf, 1982 was
carried out on days 8 and 9 after the start of b-amyloid
protein-infusion. The apparatus consisted of a locomotor

Ž .cage 25=42=20 cm , with photobeams placed 2 cm
above the floor at 1-in. intervals along two sides of the

Ž .cage Colombus Instruments, USA . Locomotor activity
was measured for 10 min on the first and the second days.
Locomotor activity was measured at the same time each
day to avoid the influence of the circadian rhythm.

2.4. Y-maze task

The Y-maze task was carried out on day 10 after the
start of b-amyloid protein infusion, as described previ-

Ž .ously Yamada et al., 1996 . The apparatus consisted of a
black-painted Y-maze made of plywood. Each arm of the
Y-maze was 35 cm long, 25 cm high and 10 cm wide and
positioned at an equal angle. Each rat was placed at the
end of one arm and allowed to move freely through the
maze for an 8-min session. The sequence of arm entries
was recorded manually. Spontaneous alternation behavior
was defined as the entry into all three arms on consecutive
choices in overlapping triplet sets. The percent sponta-
neous alternation behavior was calculated as the ratio of

Žactual to possible alternations defined as the total number
.of arm entriesy2 =100.

2.5. Water maze task

The water maze was carried out on day 11 to 15 after
Ž .the start of b-amyloid protein infusion Morris, 1984 . The

Žapparatus consisted of a circular water tank 140 cm in
. Ždiameter and 45 cm high . A transparent platform 10 cm
.in diameter and 25 cm high was set inside the tank, which

was filled, to a height of 27 cm, with water at approxi-
mately 238C; the surface of the platform was 2 cm below
the surface of the water. The pool was located in a large
test room, in which there were several cues external to the

Ž .maze e.g., pictures, lamps, etc. : these were visible from
the pool and could be used by the rats for spatial orienta-
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tion. The position of the cues remained unchanged
throughout training. For each training session, the rat was
put into water at one of five starting positions, the se-
quence of the positions being selected randomly. The
platform was located in a constant position in the middle
of one quadrant, equidistant from the center and edge of
the pool. In each training session, the latency to escape
onto the hidden platform was recorded. If the rat found the
platform, it was allowed to remain there for 15 s and was
then returned to its home cage. If the rat was unable to find
the platform within 90 s, the training session was termi-
nated and a maximum score of 90 s was assigned. Training
was conducted for 5 consecutive days, twice a day, one

Ž .session consisting of 2 trials. 2 trials=5 sessions .
Immediately after the 10th trial, the platform was re-

moved from the pool and animals were tested on a 60-s
spatial probe trial. The time spent in the quadrant where
the platform had been located during training was mea-
sured.

2.6. Multiple-trial passiÕe aÕoidance task

Multiple-trial passive avoidance task was carried out on
day 16 and 17 after the start of b-amyloid protein-infu-

Ž .sion, as described previously Yamada et al., 1996 . The
experimental apparatus consisted of two compartments
Ž .25=15=15 cm high , one illuminated, and one dark,
both equipped with a grid floor. The two compartments
were separated by a guillotine door. In the acquisition trial,
each rat was placed in the illuminated compartment; when
the animal entered the dark compartment, the door was

Ž .closed and an inescapable footshock 0.3 mA, 5 s was
delivered through the grid floor. The rat was removed after
receiving the footshock and was placed back into the light
compartment by the experimenter. The door was again
opened 30 s later to start the next trial. Training continued
in this manner until the rat stayed in the light compartment
for 120 s on a single trial. In the retention trial, given 24 h
after the acquisition test, the rat was again placed in the
illuminated compartment and the time until it entered the
dark compartment was measured as step-through latency.
When the rat did not enter for at least 300 s, a score of 300
s was assigned.

2.7. Measurement of choline acetyltransferase actiÕity

Choline acetyltransferase activity was measured as re-
Ž .ported previously Kaneda and Nagatsu, 1985 .

2.8. Statistical analysis

Statistical significance was determined by one-way
Ž .analysis of variance ANOVA or the Kruskal–Wallis test,

followed by Bonferroni’s test for multi-group comparison.
For two group comparison, the Welch test or Wilcoxon

test was utilized. Paired t-test was also utilized for the
habituation task.

3. Results

3.1. Effects of propentofylline on performance in the habit-
uation task of the b-amyloid protein-infused rats

Locomotor activity in a novel environment was recorded
Ž .for a 10-min period on 2 successive days Fig. 1 . On the

first day, the locomotor activity did not differ among
sham-operated, b-amyloid protein-infused and propento-
fylline-treated groups. On the second day, locomotor activ-
ity was significantly decreased, compared with that on the

Ž .first day, in all treatment groups Fig. 1A . As shown in
Fig. 2B, the mean values for the percent reduction in
locomotor activity on the second day were 29.6, 22.0, 27.6
and 33.9% in the sham-operated, b-amyloid protein-in-

Ž .fused and propentofylline 10 and 25 mgrkg -treated
groups, respectively. The percent reduction of motor activ-

Fig. 1. Effects of propentofylline on performance of the b-amyloid
protein-infused rats in the habituation task. The task was carried out on
day 8 and day 9 after the start of b-amyloid protein infusion. Locomotor
activity was measured for 10 min. Columns indicate mean"S.E. The
number of rats used in each group is shown in parentheses. ) P -0.05;
)) P -0.01 vs. day 1 of each treatment.
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Ž .Fig. 2. Effects of propentofylline on spontaneous alternation behavior A
Ž .and the number of arm entries B during an 8-min session in the Y-maze

task of the b-amyloid protein-infused rats. The task was carried out on
day 10 after the start of b-amyloid protein infusion. Columns indicate
mean"S.E. The number of rats used in each group is shown in parenthe-
ses. ) P -0.05 vs. sham, aP -0.05 vs. b-amyloid protein.

ity on the second day in the b-amyloid protein-infused
Žgroup was less than that in the sham-operated group Fig.

.1B . Propentofylline showed a tendency to improve the
impairment of motor habituation caused by b-amyloid
protein.

3.2. Effects of propentofylline on spontaneous alternation
behaÕior of the b-amyloid protein-infused rat in the Y-maze
task

As shown in Fig. 2A, the spontaneous alternation be-
havior in the b-amyloid protein-infused group was signifi-

Ž .cantly less than that in the sham-operated group P-0.05 .
Both doses of propentofylline significantly attenuated the
impairment of this behavior induced by b-amyloid

Ž .protein-infusion P-0.05 . On the other hand, the num-
ber of arm entries did not differ significantly among the
sham-operated, b-amyloid protein-infused and propento-

Ž .fylline-treated groups Fig. 2B .

3.3. Effects of propentofylline on performance in the wa-
ter-maze task of the b-amyloid protein-infused rats

The mean values of the latencies of the four groups to
escape onto the hidden platform in each training session of
the water maze task are shown in Fig. 3A. The latency in
the b-amyloid protein-infused group on the first training
trial was not different from that in the sham-operated
group. Repeated training rapidly shortened the latencies in
the sham-operated group, while in the b-amyloid protein-
infused group it shortened the latencies more slowly. From
the 6th to 10th training trials, the latencies in the b-amyloid
protein-infused group were significantly longer than those
in the sham-operated group. Daily administration of
propentofylline attenuated the b-amyloid protein-induced
impairment of spatial learning in the water maze task in a
dose-dependent manner. In the 8th and 10th training trials,

Ž .the latencies of the propentofylline 25 mgrkg -treated

Ž .Fig. 3. Effects of propentofylline on performance in the training trials A
Ž .and in the probe trial B of the water maze task of the b-amyloid

protein-infused rats. The training trials were carried out on day 11–15
after the start of b-amyloid protein infusion. The probe trial was carried
out on day 15 after the start of b-amyloid protein infusion, immediately
after the 10th training trials. Columns indicate mean"S.E. The number
of rats used in each group is shown in parentheses. ) P -0.05; )) P -

0.01 vs. sham, aP -0.05 vs. b-amyloid protein.
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group were significantly shorter than those of the b-
amyloid protein-infused group Fig. 5.

A spatial probe trial was carried out after the 10th
training trial to examine whether the rats had learned the
position of the platform. The b-amyloid protein-infused
group, compared with the sham-operated group, showed a
significant decrease in the time spent in the quadrant in the

Ž .which the platform had been located platform-quadrant
Žduring training sham-operated group: 44.3"1.2%, b-

. Ž .amyloid protein-infused group: 30.9"2.8% Fig. 3B .
Ž .Propentofylline at 25 mgrkg treatment showed a ten-

dency to reverse the decrease in time spent in the platform
Žquadrant in the b-amyloid protein-infused group pro-

pentofylline 10 mgrkg: 33.7"2.8%, 25 mgrkg: 37.3"
.2.0% .

3.4. Effects of propentofylline on performance in the multi-
ple-trial passiÕe aÕoidance task of the b-amyloid protein-
infused rats

The step-through latencies and numbers of trials in the
Žacquisition trial did not differ among the 4 groups Fig.

.4A,B . The step-through latency in the b-amyloid protein-

Ž .Fig. 4. Effects of propentofylline on step-through latency A and the
Ž .number of training trials B in the multiple-trial passive avoidance task

of the b-amyloid protein-infused rats. The task was carried out on day
16–17 after the start of b-amyloid protein infusion. Columns indicate
mean"S.E. The number of rats used in each group is shown in parenthe-
ses. )) P -0.01 vs. sham, aP -0.05 vs. b-amyloid protein.

Fig. 5. Effects of propentofylline on the choline acetyltransferase activity
in the b-amyloid protein-infused rats. Rats were killed on day 18 after the
start of b-amyloid protein infusion. Columns indicate mean " S.E.
Ž .ns6 . ) P -0.05 vs. sham.

infused group in the retention trial was significantly shorter
Ž .than that in the sham-operated group Fig. 4A . Propento-

fylline at a dose of 10 mgrkg markedly ameliorated the
decrease in the step-through latency in the retention trial in
the b-amyloid protein-infused group Fig. 5.

3.5. Effects of propentofylline on choline acetyltransferase
actiÕity in the b-amyloid protein-infused rats

Choline acetyltransferase activity in the frontal cortex,
parietal cortex, hippocampus and striatum in the sham-op-
erated rats was 1106.7"45.6, 1039.6"95.0, 1209.1"

75.1 and 4229.5"190.8 pmolrmin per mg protein, re-
spectively. The activity in the hippocampus in the b-
amyloid protein-infused rats was reduced significantly
compared to that in the sham-operated rats. Treatment with

Ž .propentofylline 10 and 25 mgrkg did not affect the
reduction caused by b-amyloid protein infusion. Choline
acetyltransferase activity in the frontal cortex, parietal
cortex and striatum did not change among the sham-oper-

Žated, b-amyloid protein-infused and propentofylline 10
.and 25 mgrkg -treated rats.

4. Discussion

We have previously demonstrated that continuous infu-
Ž .sion of b-amyloid protein- 1-40 into the cerebral ventricle

of rats causes learning and memory deficits, reduction in
choline acetyltransferase activity in the frontal cortex and

Žhippocampus Nabeshima and Nitta, 1994; Nitta et al.,
.1994; Nabeshima and Itoh, 1997 , impairment of the nico-

tine- and KCl-induced stimulation of dopamine and acetyl-
Ž .choline release in vivo Itoh et al., 1996 , changes in

Ž .ciliary neurotrophic factor CNTF levels in the brain
Ž .Yamada et al., 1995 , and lack of appearance of long-term
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potentiation in the CA1 field of the hippocampus
Ž .Nabeshima and Itoh, 1996 . Therefore, this animal model
of Alzheimer’ disease may be useful for screening the
compounds for Alzheimer’s disease and investigating the

Žmechanism of action of the drugs Nabeshima and Nitta,
.1994; Nitta et al., 1994 .

Exogenous NGF has been shown to ameliorate brain
Ž .dysfunction in Alzheimer’s disease Olson et al., 1992 .

Propentofylline, a prototype of NGF stimulators
Ž .Nabeshima and Itoh, 1997; Yamada et al., 1997 , is also
reported to be efficacious for the treatment of patients with

ŽAlzheimer’s disease and vascular dementia Marcusson et
.al., 1997 . To support the clinical effects of propentofylline

and clarify the mechanism of action, we investigated the
effects of this drug on learning and memory impairment
and dysfunction of the cholinergic system in the b-amyloid
protein-infused rat.

Ž .Infusion of b-amyloid protein- 1-40 caused learning
and memory deficits, as assessed by spontaneous behavior
in Y-maze, and performance in water maze and passive
avoidance tasks. On the other hand, habituation of locomo-
tor activity to novelty in the b-amyloid protein-infused rat
did not differ from that in sham-operated rats. Since the
habituation task was carried out on day 8 and 9, like the
first behavioral task, the accumulation of b-amyloid pro-
tein may be not have been sufficient to demonstrate behav-
ioral neurotoxicity. In the other 3 behavioral tasks, Y-maze,
water maze and multiple-trial passive avoidance tasks, the
rats, which were continuously infused with b-amyloid
protein, exhibited significant learning and memory impair-
ments. Since these behavioral tasks utilized different rein-
forcements and need different motor skill for performance,
it is unlikely that the impairment of performance was due
to changes in motivation and other sensorimotor functions.
Furthermore, we have confirmed that the reversed b-

Ž .amyloid protein- 40-1 has no effect on performance in
Ž .these behavioral tasks unpublished observation . There-

fore, it is considered that learning and memory function in
rats is impaired by the continuous infusion of b-amyloid
protein into the cerebral ventricle.

In the present study, we found that repeated administra-
tion of propentofylline at doses of 10 and 25 mgrkg
ameliorated the learning and memory impairments in b-
amyloid protein-infused rats. Previous studies have shown
that successive administration of propentofylline amelio-
rates the basal forebrain lesion- and anti-NGF antibody-in-
duced impairment of performance in several behavioral

Ž .tasks in rats Fuji et al., 1993b; Nitta et al., 1996 . These
experiments showed that the improving effects of
propentofylline on learning and memory impairment are
dose-dependent. However, a low dose of propentofylline
Ž . Ž10 mgrkg was more effective than a high dose 25

.mgrkg in the passive avoidance test in b-amyloid pro-
Žtein- and anti-NGF antibody-infused rats Nitta et al.,

.1996 . In the basal forebrain-lesioned rats, both 10 and 25
mgrkg of propentofylline were effective to ameliorate the

deficits in the passive avoidance test. Since in vivo phar-
macological effects can be influenced by the absorption,
distribution and metabolism of the drug, these factors
might be different among basal forebrain-lesioned, anti-
NGF antibody-infused and b-amyloid protein-infused rats.
Another possible explanation for the bell-shaped dose-re-
sponse curve is that a high dose of propentofylline affects
inhibitory neuronal systems and thereby causes an imbal-
ance of various neuronal systems. Also, it has been re-
ported that in vitro, stimulation of NGF synthesisrsecre-
tion by propentofylline shows a bell-shaped dose-response

Ž .curve Shinoda et al., 1990 .
There are previous reports that improvement by

propentofylline of behavioral deficits is associated with
changes in choline acetyltransferase activity or muscarinic
acetylcholine receptors in the hippocampus of rats with
basal forebrain lesions or an infusion of anti-NGF antibody

Ž .in the septum Fuji et al., 1993a,b; Nitta et al., 1996 .
In the b-amyloid protein-infused rats, the reduction of

choline acetyltransferas activity in the hippocampus is
rather slight, and not related to doses of b-amyloid protein

Ž .infused into the cerebral ventricle Nitta et al., 1994 .
Behavioral deficits in b-amyloid protein-infused rats,
therefore, may not be directly related to the reduction of
choline acetyltransferase activity. In fact, propentofylline
did not prevent the reduction of choline acetyltransferas
activity in the hippocampus although it improved behav-
ioral deficits in the b-amyloid protein-infused rats. Since
release of acetylcholine and dopamine evoked by nicotine
or potassium depolarization in vivo is markedly impaired

Ž .in the b-amyloid protein-infused rats Itoh et al., 1996 ,
failure of the stimulus-induced increase in acetylcholine
andror dopamine release may be a possible mechanism
for the learning and memory deficits induced by b-amyloid
protein. To clarify the mechanism of action of propento-
fylline, it is important to examine whether it improves
acetylcholine and dopamine release in the b-amyloid pro-
tein-infused rats. Furthermore, it should be determined
whether propentofylline increases NGF protein and its
mRNA levels, in the brains of rats infused with b-amyloid
protein into the cerebral ventricle.

Propentofylline is known to enhance some actions of
adenosine as an uptake inhibitor, and to increase cerebral

Žblood flow Hadlicka et al., 1981; Wu et al., 1984; Fred-
.holm and Lingstrom, 1986 . Therefore, it is also possible¨

that propentofylline ameliorates learning and memory im-
pairments in the b-amyloid protein-infused rats by increas-
ing cerebral blood flow or potentiating the action of adeno-
sine. In this regard, we have previously reported that
coadministration of theophylline, an adenosine receptor
antagonist, with propentofylline failed to inhibit the im-
proving effects of propentofylline on impairment of perfor-
mance in the passive avoidance task in basal forebrain-le-

Ž .sioned rats Fuji et al., 1993b . The use of a more specific
adenosine receptor antagonist than theophylline would be
more appropriate for investigating whether anti-amnesiac
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effects of propentofylline in b-amyloid protein-infused
rats are caused by the inhibition of adenosine uptake.

5. Conclusion

We have demonstrated that the repeated administration
of propentofylline ameliorates learning and memory deficits

Ž .in rats continuously infused with b-amyloid protein- 1-40
into the cerebral ventricle, the findings being consistent
with the recently reported clinical effects for Alzheimer’s
disease. Based on these experimental and clinical effects,
we believe that expanded clinical trials of propentofylline
for the treatment of Alzheimer’s disease are warranted.
Further studies are necessary to clarify the mechanism of
action of propentofylline.
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