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Abstract

We have reported that the continuous infusion of B-amyloid protein-(1-40) into the rat cerebral ventricle produces learning and
memory deficits accompanied by dysfunction in the cholinergic and dopaminergic systems. L-Pyroglutamyl-L-asparaginyl-L-seryl-L-pro-
lyl-L-arginylglycinamide (NC-1900), an active fragment analog of arginine vasopressin in the rat brain, is a stable peptide with a five-fold
longer half-life than that of arginine vasopressin-(4-9). In the present study, we examined the effects of NC-1900 on learning and
memory deficits in B-amyloid protein-(1-40)-infused rats. The rats were injected subcutaneously with NC-1900 (0.1 and 1 ng kg™ 1)
once a day throughout the period of behavioral examination. In the B-amyloid protein-infused rats, learning and memory in water maze
and passive avoidance tasks were impaired compared with these in the control rats. NC-1900 prevented the learning and memory deficits
in B-amyloid protein-infused rats. Moreover, NC-1900 tended to increase the choline acetyltransferase activity in the frontal cortex of the
B-amyloid protein-infused rats. These results suggested that NC-1900 could be useful for the treatment of patients with Alzheimer's

disease. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alzheimer’'s disease is characterized by the presence of
senile plaques and neurofibrillary tangles accompanied by
synaptic and neuronal loss (Coyle et al., 1983). The core of
the plagues consists of B-amyloid protein (Masters et al.,
1985). Although this protein has been well characterized
biochemically, its primary biological function and role in
the pathogenesis of Alzheimer’s disease are not yet com-
pletely understood (Muller-Hill and Beyreuther, 1989). In
patients with Alzheimer’'s disease, learning and memory
are impaired with a concomitant loss of the cholinergic
marker enzyme, choline acetyltransferase, in the cerebral
cortex (Wilcock et al., 1982). However, there is yet no
direct evidence that B-amyloid protein is related to the
impairment of learning and memory.

We have previously demonstrated that the accumulation
of B-amyloid protein-(1-40) in the brain results in the
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impairment of learning and memory after continuous infu-
sion into the cerebral ventricles (i.c.v.) in adult rats (Nitta
et a., 1994, 1997; Nabeshima and Nitta, 1994; Nabeshima
and Itoh, 1996, 1997). Further, we observed dysfunction of
cholinergic and dopaminergic neuronal systems as shown
by the decrease in the nicotine- and KCl-induced stimula-
tion of dopamine and acetylcholine release in vivo (Itoh et
al., 1996), changes in ciliary neurotrophic factor levels in
the brain (Yamada et a., 1995) and a deficiency of
long-term potentiation formation in the hippocampal CA1
(Nabeshima and Itoh, 1996) in B-amyloid protein-infused
rats. Therefore, we suggest that B-amyloid protein-infused
rats are useful as a model of the dementia of Alzheimer's
disease.

Arginine vasopressin-(1-9) is known to affect both
passive and active avoidance tasks in animals (Bohus et
a., 1972; De Wied and Versteeg, 1979; De Wied et 4.,
1984). It has also been reported that treatment with vaso-
pressin-like peptides can enhance memory retrieval in
humans and animals (Till and Beckwith, 1985; Alescio-
Lautier et a., 1987). L-Pyroglutamyl-L-asparaginyl-L-seryl-
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L-prolyl-L-arginylglycinamide (NC-1900, No. 302), an ac-
tive fragment [arginine vasopressin-(4-9)] analog of argi-
nine vasopressin in the rat brain, is a new synthetic
physiologically active peptide (Hirate et al., 1997). Unlike
arginine vasopressin-(1-9), NC-1900 does not influence
blood pressure. The administration of NC-1900 (1 fg,
i.c.v.) has been shown to ameliorate scopolamine-induced
spatial memory deficits (Fujiwara et a., 1997). Further,
this arginine vasopressin analogue prevents the cyclohex-
imide-induced disruption of passive avoidance behavior
(Hirate et a., 1997).

In the present study, we investigated the effects of the
repeated administration of NC-1900 on learning and mem-
ory impairment in rats which had received a continuous
infusion of B-amyloid protein-(1-40) into the cerebral
ventricle.

2. Materials and methods

2.1. Animals and surgery

Male Kbl Wistar rats (Charles River Japan, Y okohama,
Japan), weighing 240—260 g at the beginning of the exper-
iments, were used. They were housed in groups of two or
three per cage in a temperature- and light-controlled room
(23°C; 12-h light cycle starting at 0900 h) and had free
access to food and water, except during the behaviora
experiments.

B-amyloid protein-(1-40) was obtained from Bachem
California (Torrance, CA, USA). NC-1900 was kindly
provided by Nippon Chemiphar (Saitama, Japan). The
B-amyloid protein was dissolved in 35% acetonitrile /0.1%
trifluoacetic acid. A continuous infusion of the B-amyloid
protein (300 pmol 12 wl~* day ') was maintained for 34
days, by attaching a cannula to a mini-osmotic pump
(Alzet 2002; Alza, Pao Alto, CA, USA) (Nabeshima et
al., 1991). The control rats were only infused with the

A

NC-1900 s.c. (0.1 or 1 ng/kg)
~&— f -amyloid protein-(1-40) i.c.v. infusion (300 pmol/day)

vehicle (35% acetonitrile/0.1% trifluoacetic acid). We
have confirmed that the vehicle itself failed to induce any
behavioral or neurochemical changes at this flow rate (data
not shown). The cannula was implanted into the right
latera ventricle (A —0.3, L 1.2, V 4.5, according to the
atlas of Paxinos and Watson, 1986). On day 19 after the
probe tria in the water maze task, each mini-osmotic
pump was replaced with a new pump containing B-amyloid
protein at the same concentration, because the capacity of
the osmotic pump used was 230 wl.

2.2. Drug administration and experimental design

The behavioral study was started 10 days after the
commencement of the B-amyloid protein infusion and the
three tasks were carried out sequentially (Fig. 1). NC-1900
dissolved in saline was injected subcutaneously (s.c.) once
aday for 38 consecutive days, at the doses of 0.1 and 1 ng
kg~!. The administration of NC-1900 started 3 days before
the implantation of the mini-osmotic pump to detect a
possible protective effect against the g-amyloid protein-in-
duced behavioral impairments, and continued until the
animas were killed (day 34). The behavioral test was
performed in three batches, each consisted of four to six
rats, and thus the number of animals in each group at the
beginning of behavioral experiments was 14 to 16. If
connecting tubing between the mini-osmotic pump and the
infusion cannula was broken, the rats were excluded from
the study. Since one batch of animals was not subjected to
the working memory test in the water maze task, the
number of animals in the experiment was eight to 10.
Mnemonic capacity was assessed by performance in three
different tasks: Y-maze, water maze (training, probe and
working memory trials) and passive avoidance. On day 34
after the start of the B-amyloid protein infusion, the rats
were killed, and the frontal cortex and hippocampus were
dissected out. The tissue was stored at —80°C until used.
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Fig. 1. Experimental schedule.
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2.3. Y-maze task

The Y-maze task was carried out as described previ-
ously (Maurice et al., 1994) on day 10 after the start of the
B-amyloid protein infusion. The experimental 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. The rat was
placed at the end of one arm and alowed to move freely
through the maze for an 8-min session. The sequence of
arm entries was recorded manually. Spontaneous alterna-
tion behavior was defined as successive entries into the
three arms, on overlapping triplet sets (Maurice et a.,
1994). The percent spontaneous alternation behavior was
caculated as the ratio of actual to possible aternations,
defined as [(total number of arm entries — 2) X 100].

2.4. Water maze task

The training trials for the water maze task (Morris,
1984) were carried out on days 11 to 15 after the start of
the p-amyloid protein infusion. On the day before the
surgery for replacement with a new mini-osmotic pump
containing B-amyloid protein (day 18), an additional two
training trials were also carried out. The apparatus con-
sisted of a circular water tank (140 cm in diameter and
45-cm high). A transparent platform (10 cm in diameter
and 25-cm high) was set inside the tank, which was filled
to aheight of 27 cm with water at approximately 23°C; 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 many cues external to the maze (e.g., pictures,
lamps, etc.); these were visible from the pool and could be
used by the rats for spatial orientation. The position of the
cues remained unchanged throughout training. For each
training trial, the rat was put into the water at one of five
starting positions, the sequence 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 trial, the
latency to escape onto the hidden platform was recorded. If
the rat found the platform, it was alowed 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
trial was terminated and a maximum score of 90 s was
assigned. Training trials were conducted for 6 days, twice
a day, one session consisting of two trias (2 trialsX 6
sessions).

On day 19, the platform was removed from the pool
and the animals were tested on a 30-s spatial probe trial.
The time spent in the quadrant where the platform had
been located during training was measured.

The re-training trials were carried out on days 26 to 28
after the start of the B-amyloid protein infusion. The
position of the platform was the same as during the
training trials. Re-training trials were conducted on three

consecutive days, and the rats underwent two trials on each
day. Immediately after the 6th trial (day 28), the platform
was removed from the pool and the animals were tested on
a 30-s gpatia probe tridl.

The working memory test was carried out on days 29 to
31 after the start of the B-amyloid protein infusion. In
these trials, the position of the platform was changed daily.
Since the position in space to which the anima had to
swim was changed daily, this task could evaluate the
working memory component (Miyagawa et al., 1998).
First, the rat was placed on the platform in a new position
for 15 s for orientation. Then, the rat was placed into the
four quadrants of the pool in a random sequence. The time
taken to find the hidden platform was measured. Four trials
were conducted on each day. Spatial memory was assessed
as the mean latency of 12 trials (four trials per day for 3
days).

2.5. Multiple-trial passive avoidance task

The multiple-trial passive avoidance task was carried
out on days 16 and 17 after the start of the B-amyloid
protein infusion, as described previously (Yamada et al.,
1996). The experimental apparatus consisted of two com-
partments (25 X 15 X 15-cm high), one illuminated and
one dark, both equipped with a grid floor. The two com-
partments were separated by a guillotine door. In the
acquisition trial on day 16, each rat was placed in the
illuminated compartment; as soon as the anima entered
the dark compartment, the door was closed and an in-
escapable 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. In
the retention trial on day 17, given 24 h after the acquisi-
tion test, the rat was again placed in the illuminated
compartment, and the time until it entered the dark com-
partment was measured as step-through latency. When the
rat did not enter for at least 300 s, a score of 300 s was
assigned.

2.6. Measurement of choline acetyltransferase activity

The measurement of choline acetyltransferase activity
was carried out as reported previously (Kaneda and Na-
gatsu, 1985), with a minor modification (Nitta et al.,
1993).

2.7. Satistical analysis

Statistical significance was determined by one-way
analysis of variance (ANOVA) or the Kruskal-Wallis test,
followed by Bonferroni’s test for multi-group comparison.
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For two-group comparisons, the Welch test or Wilcoxon
test was utilized. Two-way ANOVA was also utilized for
the water maze task.

3. Resaults

3.1. Effects of NC-1900 on the spontaneous alternation
behavior of the B-amyloid protein-infused rats in the
Y-maze task

The incidence of spontaneous alternation behavior in
the B-amyloid protein-infused group (61.5 + 3.6%) was
lower than that in control group (66.5 + 2.1%), although
this change did not reach statistical significance. NC-1900
did not change the spontaneous aternation behavior in-
duced by the B-amyloid protein infusion (64.6 + 1.9% at
0.1 ng kg1, 67.3+ 1.8% at 1 ng kg~ 1). The number of
arm entries did not differ significantly among the control
(18.9 + 1.6), B-amyloid protein-infused (21.3 + 1.4) and

T. Tanaka et al. / European Journal of Pharmacology 352 (1998) 135-142

NC-1900-treated groups (19.3+ 1.2 at 0.1 ng kg%, 21.0
+18a 1ngkg?l).

3.2. Effects of NC-1900 on the performance of the g-
amyloid protein-infused rats in the training trials and the
probe trial in the water maze task

As shown in Fig. 2A, the latency to escape onto the
hidden platform in the B-amyloid protein-infused group in
the first training trial was not different from that in the
control group. The repeated training trials rapidly short-
ened the latencies in the control group, while in the
B-amyloid protein-infused group, they shortened the laten-
cies more slowly (P < 0.01, two-way ANOVA). In the 7th
training trial, the latency in the B-amyloid protein-infused
group was significantly longer than those in the control
group (P < 0.05). The two-way ANOVA revealed that the
daily administration of NC-1900 at a dose of 1 ng kg™ !
significantly attenuated the B-amyloid protein-induced im-
pairment of spatial learning in the water maze task (P <
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Fig. 2. Effect of NC-1900 on the performance of the g-amyloid protein-infused rats in the training trials (A) and the probe trial (B) in the water maze task.
The training trials (two trias per day) were carried out on days 11-15 and 18 after the start of the g-amyloid protein infusion. The probe tria was carried
out on day 19. Columns indicate means + S.E. The number of rats used in each group is shown in parentheses. * P < 0.05 vs. control group (Wilcoxon
test). ##P < 0.01 vs. B-amyloid protein-infused group (Bonferroni's test). Repeated training trials rapidly shortened the latencies in the control group,
while in the B-amyloid protein-infused group they shortened the latencies more slowly (P < 0.01, two-way ANOVA). NC-1900 at a dose of 1 ng kg™*
significantly attenuated the B-amyloid protein-induced impairment of spatial learning in the water maze task (P < 0.05, two-way ANOVA).
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Fig. 3. Effect of NC-1900 on the performance of the B-amyloid protein-
infused rats in the re-training trials (A) and the 2nd probe tria (B) in the
water maze task. The re-training trias (two trias per day) were carried
out on days 26—28 after the start of B-amyloid protein infusion. The 2nd
probe trial was carried out on day 28 after the 6th re-training trial.
Columns indicate means+ S.E. The number of rats used in each group is
shown in parentheses. The performance of B-amyloid protein-infused
group in the re-training trials was significantly impaired compared to that
of the control group (P < 0.05, two-way ANOVA).

0.05), while the effect of NC-1900 at a dose of 0.1 ng
kg~ was not significant (P = 0.06).

A spatial probe trial was carried out on day 19 &fter the
start of B-amyloid protein infusion to examine whether the
rats had learned the position of the platform (Fig. 2B). The
B-amyloid protein-infused group, compared with the con-
trol group, showed a decrease in the time spent in the
quadrant (platform quadrant) in which the platform had
been located during training trials (control group: 47.7 +
5.2%, B-amyloid protein-infused group: 35.6 + 2.1%) (P
= 0.051). NC-1900 reversed the decrease in time spent in
the platform quadrant in the B-amyloid protein-infused
group in a dose-dependent manner (33.8 + 2.9% at 0.1 ng
kg™, 41.9+3.3% at 1 ng kg™ 1), and the effect of NC-
1900 at a dose of 1 ng kg~ was significant (P < 0.01).

3.3. Effects of NC-1900 on the performance of the g-
amyloid protein-infused rats in the re-training trials and
the 2nd probe trial of the water maze task

The performance of B-amyloid protein-infused group in
the re-training trials of the water maze task (day 26-28)

was significantly impaired (P < 0.05), compared to that of
the control group. NC-1900 did not improve the impair-
ment of spatial learning caused by pB-amyloid protein.
After repeated training for 3 days, there were no apparent
differences in escape latency among the four different
treatment groups (Fig. 3A). The results in the re-training
trials were aso analyzed separately in the 1st re-training
trial and the 2nd to 6th trials as retrieval and re-learning
phases, respectively. Although it appears that in the 1st
re-training trial, escape latencies in the B-amyloid protein-
infused groups with or without NC-1900 treatment were
longer than that in control group, the change did not reach
statistical significance.

A spatia 2nd probe trial was carried out after the 6th
re-training trial to test whether the rats had learned the
position of the platform. The time spent in the platform
quadrant did not differ among the control, B-amyloid
protein-infused and NC-1900 (0.1 and 1 ng kg~ !)-treated
groups (Fig. 3B).

3.4. Effects of NC-1900 on the performance of the g-
amyloid protein-infused rats in the working memory trials
in the water maze task

The mean escape latency of the B-amyloid protein-in-
fused rats in the working memory test for 3 days, was
significantly longer than that of the control rats (Fig. 4;
P < 0.05). NC-1900 at a dose of 1 ng kg~! apparently
improved the working memory deficits induced by B-
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Fig. 4. Effect of NC-1900 on the performance of the B-amyloid protein-
infused rats in the working memory trials in the water maze task. The
working memory trials (four trials per day) were carried out for 3 days on
day 29-31 after the start of B-amyloid protein infusion. Bars indicate
means+ S.E. The mean escape latency in the working memory test for 3
days in B-amyloid protein-infused rats was significantly longer than that
in control rats (P < 0.05, two-way ANOVA).
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amyloid protein, but the effect was not statistically signifi-
cant.

3.5. Effects of NC-1900 on the performance of the g-
amyloid protein-infused rats in the multiple-trial passive
avoidance task

The step-through latencies and numbers of trials in the
acquisition trial were not different among the four groups
(Fig. 5A,B). In the retention trial, the step-through latency
of the B-amyloid protein-infused group was shorter than
that the control group (P = 0.05) (Fig. 5A). NC-1900 at a
dose of 1 ng kg~ ! significantly ameliorated the decrease in
the step-through latency in the retention trial of the g-
amyloid protein-infused group (P < 0.05).

3.6. Effects of NC-1900 on choline acetyltransferase activ-
ity in the B-amyloid protein-infused rats

As shown in Fig. 6, the choline acetyltransferase activ-
ity in the hippocampus and frontal cortex in the control
rats was 940.8 + 105.4 and 608.0 + 75.6 pmol min~*
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Fig. 5. Effect of NC-1900 on step-through latency (A) and the number of
training trials (B) of the B-amyloid protein-infused ratsin the multiple-trial
passive avoidance task. The task was carried out on days 16 and 17 after
the start of the B-amyloid protein infusion. Columnsindicate means+ S.E.
The number of rats used in each group is shown in parentheses. #P < 0.05
vs. B-amyloid protein-infused group (Bonferroni’s test).
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Fig. 6. Effect of NC-1900 on choline acetyltransferase activity in the
B-amyloid protein-infused rats. Rats were killed on day 34 after the start
of the B-amyloid protein infusion. Columns indicate mean+S.E. The
number of rats used in each group is shown in parentheses.

mg~! protein, respectively. The choline acetyltransferase
activity in the B-amyloid protein-infused rats did not differ
from that in the control rats in the hippocampus and frontal
cortex. NC-1900 (0.1 and 1 ng kg™1) tended to increase
the cortical choline acetyltransferase activity in the g-
amyloid protein-infused rats (P = 0.07), although it had no
effect on activity in the hippocampus.

4. Discussion

In the present study, we observed that the continuous
infusion of B-amyloid protein-(1-40) into the cerebral
ventricle caused impairments of spatia reference memory
in a water maze task and memory retention in passive
avoidance task, in agreement with results of previous
studies (Nitta et al., 1994, 1997, Nabeshima and Nitta,
1994). Moreover, we found that working memory in the
water maze task was impaired by the infusion of B-amyloid
protein. Working memory refers to memory in which the
information to be remembered changes in repeated trials
(Olton et al., 1979). Thus, working memory is trial-depen-
dent and can be assessed in versions of the water maze
task which require learning rapidly changing information
(Olton et al., 1979). Since performance in the 6th retrain-
ing trial and 2nd probe trial after the 6th retraining trial in
the B-amyloid protein-infused group did not differ from
that of the control group, it is unlikely that deficits in the
working memory task in the g-amyloid protein-infused
rats were due to the secondary effects of reference memory
formation. Instead, the continuous infusion of B-amyloid
protein into the brain results in an impairment of spatia
working memory. Furthermore, we have confirmed that
the reversed B-amyloid protein-(40-1) has no effect on
performance in these behavioral tasks (unpublished obser-
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vation). We therefore conclude that learning and memory
function in rats are impaired by the continuous infusion of
B-amyloid protein into the cerebra ventricle.

We previously reported that choline acetyltransferase
activity in the hippocampus was minimally (but signifi-
cantly) decreased by the continuous infusion of g-amyloid
protein into the cerebral ventricle (Nitta et al., 1994, 1997,
Nabeshima and Nitta, 1994), while no significant changes
in choline acetyltransferase activity were observed in the
present study. We have previously demonstrated, however,
that the continuous infusion of B-amyloid protein causes a
marked impairment of the nicotine- and KCl-induced stim-
ulation of dopamine and acetylcholine release in vivo
without apparent changes in their basal levels (Itoh et al.,
1996).

The structure of NC-1900 is with Ser substituted for
Cys—Cys in the hexapeptide of arginine vasopressin-(4—9)
which is mainly metabolized from arginine vasopressin-
(1-9). NC-1900 demonstrated a markedly improved effect,
with a 10-fold higher behavioral activity than that obtained
with arginine vasopressin-(4—9). This result indicates that
[Ser®] hexapeptide has an important role in behavioral
activity (Fujiwara et al., 1997). In the present study, we
selected the doses of NC-1900 on the basis of a earlier
results (Hirate et al., 1997). NC-1900 improved B-amyloid
protein-induced deficits in spatia reference memory for-
mation in the water maze task and the memory retention in
the passive avoidance task.

We observed that NC-1900 increased the choline acetyl-
transferase activity in the frontal cortex in rats that had
received a continuous infusion of B-amyloid protein. This
NC-1900-induced increase in choline acetyltransferase ac-
tivity may be, at least in part, related to its behaviora
effects. Arginine vasopressin-(4—9) also improves learning
and memory deficits (Burbach et al., 1983; De Wied et al.,
1987; Strupp, 1989; Dietrich and Allen, 1997; Fujiwara et
al., 1997; Hirate et al., 1997). The facilitation of memory
by arginine vasopressin-(4-9) is perhaps induced by the
stimulation of acetylcholine release in the hippocampus
(Maegawa et al., 1992; Fujiwara et al., 1997) and the
stimulation of inositol phospholipid metabolism in the
hippocampus (Stephens and Logan, 1986). Therefore, it is
also possible that the effects of NC-1900 in the B-amyloid
protein-infused rats are mediated through these mecha
nisms. However, in the present study, we injected NC-1900
after the behavioral test, and 3 days before the infusion of
B-amyloid protein. The improvement effect of NC-1900 on
B-amyloid protein-induced deficits may thus be due to
protection against the B-amyloid protein-induced toxicity.
Zhou et al. (1995) demonstrated that exogenous arginine
vasopressin-(4—9) enhances nerve growth factor (NGF)
gene expression in the hippocampus and cerebral cortex.
We have observed that propentofylline, which increases
NGF synthesis in the brain (Shinoda et a., 1990;
Nabeshima et al., 1993), ameliorates behavioral deficits in
B-amyloid protein-infused rats (Yamada et a., 1998). Ac-

cordingly, NC-1900 may improve B-amyloid protein-in-
duced learning and memory deficits by inducing NGF in
the brain. Further experiments, including investigation of
the effects of NC-1900 on mnemonic ability in intact
animals, should be carried out to clarify the mechanism of
action of this novel derivative of arginine vasopressin.

5. Conclusion

We have demonstrated that the repeated administration
of NC-1900 ameliorated learning and memory deficits in
rats which were continuously infused with B-amyloid pro-
tein into the cerebral ventricle. We therefore believe that
clinical trials of NC-1900 for the treatment of Alzheimer’'s
disease are warranted.
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