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Abstract. Soybean lecithin transphosphatidylated phosphatidylserine (SB-tPS) is already
known to improve the learning ability of aged or drug-induced amnesic rodents. In this study, its
effect on normal adult rodents was evaluated using several learning tasks. Firstly, three
behavioral tests (open-field, Y-maze, and active avoidance test) were consecutively carried out
after the daily oral administration of SB-tPS (50 mg/kg per day, for 34 days). Repeated oral
administration of SB-tPS did not affect either exploratory behavior in the open-field test or
spontaneous alternation behavior in the Y-maze test, while mice pretreated with SB-tPS showed
significant enhancement of conditioned avoidance response. Secondly, the brightness discrimi-
nation test was used to evaluate the effect of SB-tPS on learning ability. The daily oral admin-
istration of SB-tPS (50 mg/kg per day, for 27 days) to normal rats significantly increased the
correct response ratio in the brightness discrimination test. Finally, to elucidate the necessity of
SB-tPS pretreatment, another active avoidance test was carried out, and no enhancement of
conditioned avoidance response was observed in non-pretreated mice. These results suggest that
repeated administration of SB-tPS could enhance the learning ability of normal adult rodents as

those of aged ones.
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Introduction

Phosphatidylserine (PS) is a constituent of biological
membranes, abundant in the brain, and is known to exert
several effects on the central nervous system, parti-
cularly regarding amnesia (1). The attenuating effects of
PS on memory impairment associated with Alzheimer’s
disease or aging have been demonstrated in several
clinical studies (2—6). In these clinical studies, PS
extracted from bovine cortex (BC-PS) was used;
however, the use of BC-PS as a foodstuff has been
limited because of the risk of contamination by the
prion, which is likely to cause bovine spongiform
encephalopathy (7).

Our group developed a method for producing PS
from soybean lecithin and L-serine by the trans-
phosphatidylation reaction of phospholipase D; and PS
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produced by this method, which we call “soybean
lecithin transphosphatidylated PS (SB-tPS)”, was shown
to ameliorate the drug-induced memory impairment in
rodents similar to BC-PS (8 — 10). Recently, our group
also showed that the oral administration of SB-tPS for
60 days improved spatial memory impairment in aged
rats (11). Furthermore, SB-tPS has also been demon-
strated to prevent ischemic damage to the brain in gerbils
(12).

There are many reports showing that BC-PS improves
learning ability in aged or drug-induced amnesic animals
(13—15) and the mice during postnatal development
(16, 17), but there are few reports on normal adult
animals. Only one report (18) showed a positive effect of
BC-PC on normal adult rats. In this report, rats were
divided into two groups by their avoidance learning
capability and the effect of BC-PS (15 mg/kg per
day, i.p., for 30 days) on the avoidance learning was
evaluated in both groups. BC-PS administration in-
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creased the avoidance performance only in poor per-
forming rats without changing that in those performing
well. Thus, it remains unclear whether PS can enhance
the learning ability of normal adult animals.

In this study, the nootropic effects of orally admin-
istered SB-tPS on normal adult rodents were determined
using the open-field test, Y-maze test, active avoidance
test, and brightness discrimination test.

Materials and Methods

Animals

Male ddY mice (8- and 12-week-old; Nihon SLC,
Shizuoka) were used for experiments 1 and 3. The
mice were given free access to food and water. In
experiment 2, male Fischer 344 rats (8-week-old, Nihon
SLC) were used for brightness discrimination tests
after acclimatization to handling and food pellets. The
rats were maintained at 85% of their free-feeding weight
by restricted feeding throughout the experiment. All
animals were housed under standard conditions (22 +
2°C, 50+ 10% humidity, 12-h light-dark cycle with
lights on at 8:00 a.m.). The care and treatment of the
animals complied with the guidelines for the ethical
treatment of laboratory animals at Meijo University.

Materials

SB-tPS was prepared from soybean phosphatidyl-
choline and L-serine by transphosphatidylation using
phospholipase D as reported previously (8). SB-tPS
emulsified by sonication in isotonic saline was orally
administered (50 mg/kg) with a probe according to each
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experimental schedule. Isotonic saline was administered
as a control. All behavioral tests were begun 1 h after
administration.

Experiment 1

The open-field test, Y-maze test, and active avoidance
test were consecutively conducted on the 35th, 36th, and
41st to 56th day from the beginning of SB-tPS treatment,
respectively, as shown in Fig. 1. This experiment used
8-week-old ddY mice.

Open-field test: A white Plexiglas box with the floor
(40 x 40 cm) divided into 25 squares with black lines
was used. Each mouse was put in the corner of the box
and its movements (ambulation, rearing, line-crossing,
grooming, and defecation) were recorded for 5 min.

Y-maze test: A black Y-maze made of plywood was
used. Each arm was 40-cm-long, 12-cm-high, 3-cm-
wide at the bottom and 10-cm-wide at the top and
positioned at an equal angle. The testing procedure was
the same as in the previous report (19). Each mouse was
placed at the end of one arm and was allowed to move
freely through the maze for a 8-min test session. The
sequence of arm entries was recorded manually. An
alternation was defined as an entry into all three arms on
consecutive occasions. The number of maximum alter-
nations was therefore the total number of arms entered
minus 2, and the percent alternation was calculated as
(actual alternations / maximum alternations) x 100.

Active avoidance test: A skinner box (18 x 15 x
18 cm; MED, St. Albans, VT, USA) was used. On the
front wall, a cue-lamp was mounted above a stainless
steel lever. The floor was made of stainless steel bars

active avoidance
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Fig. 1.
administration.

Experimental schedule of three experiments in this study. Bold line indicates the period of SB-tPS or saline
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for electrical shocks, and a buzzer was installed. All
equipment in the box was controlled with a computer
system (MED-PC; Neuroscience, Tokyo). A session of
60 trials per day was conducted for 16 consecutive days.
A 1-min trial consisted of a 40-s intertrial interval (ITI),
a 10-s presentation of the conditioned stimulus (CS)
with the cue lamp and buzzer, and a 10-s presentation of
unconditioned stimulus (UCS) with the cue lamp,
buzzer, and scrambled electrical shocks (0.3 mA). When
the mouse pushed the lever during the presentation of CS
or UCS, the trial was cancelled and the next trial was
begun. The percentage of trials in which an electrical
shock was avoided (i.e., the mouse pushed the lever
during the presentation of CS) was defined as a learning
index (20). The number of lever presses in ITI was also
counted.

Experiment 2

A brightness discrimination test was performed using
8-week-old rats as shown in Fig. 1. A one-lever opera-
tion chamber (30 x25x27cm; Muromachi Kikai,
Tokyo) with some modifications was used. Its bank of
three white cue lamps mounted above the response lever
on the front wall was covered with a half cylindrical
piece of white translucent plastic to make it look like one
lamp. A food magazine, which delivered a 45-mg food
pellet, was also mounted on the wall. The experimental
procedures were described in a previous report (21).
Brightness discrimination was carried out at a variable
interval of 15s (VI-15) after shaping the animals.
When the brighter light (all three lamps inside the half
cylindrical cover turned on) was presented as a positive
stimulus (S") for 20 s, the lever-pressing responses were
reinforced by food pellets at VI-15. In contrast, when the
dimmer light (S, only one center lamp turned on) was
on, the food pellet was not given for any response with
the lever. One session consisted of 20 rounds each of S*
and S (20 S" and 20 S°) in a random order, and the
session was run daily for 27 consecutive days. The

correct response ratio, R'/(R"+R7)x 100, was
calculated from the number of correct lever-pressing
responses (R") during the S* presentation and that of
incorrect responses (R7) during the S~ presentation in
one session. After the shaping stage of the brightness
discrimination test, rats were divided into two groups
and SB-tPS administration was started. Since the rats
were trained to press a lever to receive a food pellet at
the shaping stage, individual differences in response at
the start of brightness discrimination can be excluded.

Experiment 3

Another active avoidance test was conducted using
8- and 12-week-old mice as shown in Fig. 1. In 8-week-
old mice, SB-tPS was administered for 4 weeks before
the test, and therefore active avoidance was started at
12 weeks of age. In 12-week-old mice, SB-tPS was
administered only during the 15-day test period. The
procedure was as described in Experiment 1.

Statistical analyses

Regarding the parameters in the open-field test and
the Y-maze test, significant differences were evaluated
by Student’s #-test. For active avoidance and brightness
discrimination, differences between the two groups were
determined with 2-way ANOVA, and the difference of
each session between the two groups was analyzed by
the Wilcoxon rank-sum test. P<0.05 was considered
significant.

Results

Experiment 1

Open-field test and Y-maze test: Table 1 shows the
performances in the open-field and the Y-maze test. In
the open-field test, there were no significant differences
in any parameters between the control and SB-tPS
group. SB-tPS did not affect percent alternation or the
total number of arm entries in the Y-maze test.

Table 1. Effects of oral administration of SB-tPS in the open-field test and Y-maze test

Control SB-tPS

Ambulation 140.8£12.9 160.0 £ 12.7
Oven-field Rearing 33.6+3.5 349422

- test

pen-hieid tes Grooming (s) 148+2.6 113+£2.1
Feces 35+04 29403
v Total arm entries 21.6+1.0 23.8+1.6
-maze test % Alternation 722424 70.7+2.8

SB-tPS (50 mg/kg, p.o.) was administered for 34 days before the open-field test, and the Y-maze test was
performed on the day after the open-field test. Data represent the mean = S.E.M. (n = 20). No difference was
detected between the control and SB-tPS (Student’s #-test).
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Active avoidance: Although the avoidance rates of
both groups gradually increased in the early session, the
rate of the control group showed little change after
session 7 (Fig. 2A). There was a significant difference
between the control and the SB-tPS group (F[1, 608] =
17.1, P<0.01, 2-way ANOVA), and post hoc analysis
showed significant differences in each session after
session 10 (P<0.05, Wilcoxon rank-sum test). The
number of lever presses in ITI was significantly fewer
in the SB-tPS group than the control (F[1, 608] =4.39,
P<0.05, 2-way ANOVA) (data not shown).

In the early session (sessions 1 to 7), about one third
of the mice in both groups seldom avoided the electrical
shock. Therefore, we defined mice whose avoidance
rate was below 10% in every early session from 1 to 7 as
the low responding (LR) group and the rest of mice as
the high responding (HR) group (Fig.2B). In the LR
group, 3 out of the 7 SB-tPS-treated mice began to avoid
the electrical shock in the later session, while none of
the control mice could avoid the electrical shock
throughout the test period (F[1, 192]=17.8, P<0.01, 2-
way ANOVA). Significant improvement (F[1,384]=
20.5, P<0.01, 2-way ANOVA) was also shown in the
HR group.
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Experiment 2

The correct response ratios in brightness discrimina-
tion are shown in Fig. 3A. A significant effect of SB-tPS
on the control was revealed by 2-way ANOVA
(F[1,486]=7.14, P<0.01), although the significant
difference was not detected in each session (Wilcoxon
rank-sum test). When the brightness discrimination
period was divided into three (the first 9, middle 9, and
last 9 sessions), statistical significance was only detected
in the last 9 sessions (F[1, 162] =7.19, P<0.01, 2-way
ANOVA). The number of lever presses in the brightness
discrimination is shown in Fig. 3B. The correct response
number did not differ between the two groups
(F[1,486]=0.84, P>0.05, 2-way ANOVA), while the
incorrect responses were significantly fewer in the
SB-tPS group than in the control group (F[1,486]=
8.82, P<0.01, 2-way ANOVA).

Experiment 3

When SB-tPS was administered for 4 weeks before
the beginning of the test, the avoidance rate significantly
increased (Fig. 4A; F[1,570]=8.47, P<0.01, 2-way
ANOVA). In contrast, when SB-tPS was administered
only during the 15-day test period, SB-tPS was without
any significant effects (Fig.4B; F[1,570]=0.359,
P>0.05, 2-way ANOVA). In this experiment, no
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Fig. 2. Effect of the oral administration of SB-tPS (50 mg/kg) on the active avoidance test. The test was started on the 41st day
from the beginning of SB-tPS administration. A: Data were not divided (n = 20). B: Data were divided into two groups (LR: low
responding, HR: high responding) by their performance level between sessions 1 and 7 (LR: n=7, HR: n = 13). Data represent
the mean + S.E.M. Comparisons between two groups in the total sessions (session 1 to 16) were carried out by 2-way ANOVA.
#P<0.01. Post hoc comparisons between two groups in each session were carried out by the Wilcoxon rank-sum test. *P<0.05,

**P<0.01.
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Fig. 3. Effect of oral administration of SB-tPS (50 mg/kg) on the brightness discrimination test. A: Correct response ratio in
each session. Data represent the mean £ S.E.M. (n = 10). P values of each 3 terms of 9 sessions (2-way ANOVA) are also shown.
B: Response number of each session in both brighter and darker period. Data represent mean values (n= 10). Comparisons
between two groups in the total sessions (session 1 to 27) were carried out by 2-way ANOVA. *P<0.01. N.S. = not significant.

(A) Pretreated mice (B) Non-pretreated mice
60 60
50 50
S X
2
= 40 *:-é 40
=2 &
8 3
g 30 £ 30
= =
3 3
<2 <20 SB-tPS
-+ SB-tPS .- -
-o- control :I # -o- control :I S
10 10
| T
S ,
5 10 15 5 10 15
Session Session

Fig. 4. Effect of SB-tPS pretreatment on the active avoidance test. A: SB-tPS administration (50 mg/kg, p.o.) was started 4
weeks before the test. B: SB-tPS was administrated only during the test period. Data represent the mean =+ S.E.M. (n=20).
Comparisons between two groups in the total sessions (session 1 to 15) were carried out by 2-way ANOVA. #P<0.01. N.S. = not
significant.
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difference was detected in each session (Wilcoxon rank-
sum test).

Discussion

In this study, we evaluated the nootropic effects of
SB-tPS in several learning and memory tests and found
that repeated oral administration of SB-tPS raised the
active avoidance rate (Fig. 2A) and the correct response
ratio in brightness discrimination (Fig. 3A).

It has been confirmed that SB-tPS does not alter the
pain threshold of mice in the hot plate test (9). In
addition, as mentioned above, SB-tPS did not affect
any parameters in the open-field test (Table 1). The
improved performance in Fig. 2 is therefore not derived
from changes in general or emotional behavior.

In the active avoidance test, about one third of the
mice in both groups seldom avoided the electrical
shock in the early session (sessions 1 to 7). One explana-
tion is that they spent most of the test period in a freezing
or crouching posture without touching the lever. These
mice did not seem to acquire the normal avoidance
response, and we therefore defined mice whose avoid-
ance rate was below 10% in every early session from 1
to 7 as the low responding (LR) group and the rest of the
mice as the high responding (HR) group.

In the HR group, mice treated with SB-tPS showed a
significantly higher avoidance rate than control mice
(Fig. 2B), clearly showing that SB-tPS could enhance
the learning ability in normal adult animals. In the LR
group, the control mice could not avoid the electrical
shock even in the last session, but 3 out of 7 mice treated
with SB-tPS developed avoidance in the later session
(Fig. 2B). This result is consistent with the report that an
intraperitoneal administration of BC-PS (15 mg/kg for
30 days) increased the avoidance performance of low-
responding rats (18) and may be partly explained by the
anti-depressive effect of PS (22).

In addition to the active avoidance test, the brightness
discrimination test was used to evaluate learning ability.
Contrary to the active avoidance test, the method of the
brightness discrimination test includes shaping stage in
which rats are trained to press the lever for food pellets
prior to the discrimination stage. Therefore, individual
differences in response to the lever shown in the active
avoidance test could be excluded. The improvement of
the correct response ratio by SB-tPS (Fig.3A) also
supported the hypothesis that SB-tPS could enhance the
learning ability of normal adult animals. As shown in
Fig. 3B, SB-tPS decreased the incorrect responses
(responses to dark stimuli), and the increase in the
correct response ratio was therefore not due to increased
random lever pressing during the test. A similar observa-

tion was noted in the active avoidance test in
Experiment 1. Mice treated with SB-tPS pressed the
lever less often than control mice during ITI in the active
avoidance test (data not shown).

The brightness discrimination test was started without
SB-tPS pretreatment to exclude its influence on the
acquisition of lever-pressing performance (shaping
stage). This may be one reason why the difference in
the correct response ratio in this test was not clear
compared with the active avoidance test in which SB-
tPS was pretreated. When the test period was divided
into three (the first 9, middle 9, and last 9 sessions),
the difference in the correct response ratio only appeared
in the last 9 sessions (Fig. 3A).

To elucidate the necessity of SB-tPS pretreatment,
another active avoidance test was carried out and the
performance of mice that had been given SB-tPS for
4 weeks before the test was compared with that of mice
that received SB-tPS only during the 15-day test period.
Since the effect of PS was observed within 27 days in
experiment 2, we considered that 4 weeks was enough to
evaluate the necessity of pretreatment. As shown in
Fig. 4A, the 4-week pretreated mice showed a signifi-
cant increase in avoidance rate, while mice treated with
SB-tPS only during the test period did not (Fig. 4B).
These results (Experiments2 and 3) suggest that
enhanced learning ability by SB-tPS may be achieved
after 4 weeks from the first treatment. In this study,
however, the SB-tPS administration conditions were
fixed to 50 mg/kg per day for about one month, and it
therefore remains unclear whether one-month pretreat-
ment of SB-tPS is necessary to improve the learning
ability of normal adult rodents.

Since PS is an important constituent of neuronal
membranes, its effect on the membranous environment
is proposed as a mechanism of SB-tPS. PS increased
the fluidity of dog synaptosomal plasma membranes and
Na',K"-ATPase activity (23), and in our previous study,
the improvement of synaptosomal Na',K'-ATPase
activity of aged rats by the oral administration of SB-tPS
was observed (11). PS is also known to affect the
exocytosis of neurotransmitters by interacting with
membrane-binding proteins (24 —27), and therefore it is
possible that repeated administration of SB-tPS can
induce membranous changes in neurons and thereby
enhance the learning activity of normal adult rodents.

Actually, there are many reports showing the effect of
PS on cholinergic neurotransmission. We have already
reported that acetylcholine (ACh) release from the
cerebral cortical synaptosomes of young mice was
increased by the in vitro treatment of SB-tPS (28) and
that the oral administration of SB-tPS (60 mg/kg for
60 days) to aged rats improved not only the performance
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in the Morris water maze task but also in synaptosomal
ACh release (11). As enhanced ACh release during the
acquisition of lever-pressing operant behavior was
observed in microdialysis studies (29, 30), the action
of SB-tPS on learning ability could be partly explained
by changes in these cholinergic functions.

Recently, transgenic mice overexpressing the NMDA
receptor 2B in the forebrain (31) or growth-associated
protein-43 (GAP-43) (32) were reported to show
enhanced learning and memory activity. Interestingly,
Cohen et al. (33) reported that the repeated intraperito-
neal administration of PS (20 mg/kg per day) for
3 weeks restored the age-related decrease in NMDA
receptor density in the forebrain of mice. In addition,
Gianotti et al. (34) reported that the 17-day intraperito-
neal administration of PS (15 mg/kg per day) improved
the age-induced deterioration of endogenous GAP-43
phosphorylation, although 7 days’ administration was
insufficient.

These observations are well consistent with the results
of this study in which about one-month pretreatment
of SB-tPS was necessary to enhance the learning ability
of normal adult rodents (Fig. 4). The NMDA receptor
and GAP-43 could be considered key components of
long-term potentiation (LTP), which is accepted as the
molecular basis of memory and learning (35). We are
interested in the possibility of whether the same action
of PS could occur in the brain of normal adult rodents
as aged rodents.

In conclusion, this study demonstrated that orally
administered SB-tPS enhances the learning ability of
normal adult rodents, suggesting that SB-tPS may be
useful for complementary and alternative medicine as
well as cognitive disease.

Acknowledgments

We thank Dr. M. Hiramatsu, Dr. J-I. Oka, and Dr. T.
Mamiya of the Department of Chemical Pharmacology
of Meijo University for useful advice.

References

1 Pepeu G, Pepeu IM, Amaducci L. A review of phosphati-
dylserine pharmacological and clinical effect. Is phosphati-
dylserine a drug for the ageing brain? Pharmacol Res.
1996;33:73-80.

2 Delwaide PJ, Gyselynck-Mambourg AM, Hurlet A, Ylieff M.
Double-blind randomized controlled study of phosphatidylserine
in senile demented patients. Acta Neurol Scand. 1986;73:136—
140.

3 Amaducci L, the SMID group. Phosphatidylserine in the treat-
ment of Alzheimer’s disease: Results of a multicenter study.
Psychopharmacol Bull. 1988;24:130—134.

4 Crook T, Tinklenberg J, Yesavage J, Petrie W, Nunzi MG,
Massari D. Effects of phosphatidylserine in age-associated
memory impairment. Neurology. 1991;41:644—649.

5 Engel RR, Satzger W, Gunther W, Kathmann N, Bove D, Gerke
S, et al. Double-blind cross-over study of phosphatidyl-serine vs.
placebo in patients with early dementia of Alzheimer type. Eur
Neuropsychopharmacol. 1992;2:149-155.

6 Cenacchi T, Bertoldin T, Farina C, Fiori MG, Crepaldi G.
Cognitive decline in the elderly: a double-blind, placebo-
controlled multicenter study on efficacy of phosphatidylserine
administration. Aging Clin Exp Res. 1993;5:123-133.

7 Prusiner SB. Molecular biology of prion disease. Science.
1991;252:1515-1521.

8 Sakai M, Yamatoya H, Kudo S. Pharmacological effects of
Phosphatidylserine enzymatically synthesized from soybean
lecithin on brain functions in rodents. J Nutr Sci Vitaminol.
1996;42:47-54.

9 Furushiro M, Suzuki S, Shishido Y, Sakai M, Yamatoya H,
Kudo S, et al. Effect of oral administration of soybean lecithin
transphosphatidylated phosphatidylserine on impaired learning
of passive avoidance in mice. Jpn J Pharmacol. 1997;75:447—
450.

10 Suzuki S, Kataoka A, Furushiro M. Effect of intracerebro-
ventricular administration of soybean lecithin transphosphatidy-
lated phosphatidylserine on scopolamine-induced amnesic mice.
Jpn J Pharmacol. 2000;84:86—88.

11 Suzuki S, Yamatoya H, Sakai M, Kataoka A, Furushiro M, Kudo
S. Oral administration of soybean lecithin transphosphatidylated
phosphatidylserine improves memory impairment in aged rats.
J Nutr. 2001;131:2951-2956.

12 Suzuki S, Furushiro M, Takahashi M, Sakai M, Kudo S. Oral
administration of soybean lecithin transphosphatidylated phos-
phatidylserine (SB-tPS) reduces ischemic damage in the gerbil
hippocampus. Jpn J Pharmacol. 1999;81:237-239.

13 Drago F, Canonico PL, Scapagnini U. Behavioral effects of
phosphatidylserine in aged rats. Neurobiol Aging. 1981;2:209—
213.

14 Zanotti A, Valzelli L, Toffano G. Reversal of scopolamine-
induced amnesia by phosphatidylserine in rats. Psycho-
pharmacol. 1986;90:274-275.

15 Zanotti A, Valzelli L, Toffano G. Chronic phosphatidylserine
treatment improves spatial memory and passive avoidance in
aged rats. Psychopharmacol. 1989;99:316-321.

16 Fagioli S, Castellano C, Oliverio A, Pavone F, Populin R,
Toffano G. Phosphatidylserine administration during postnatal
development improve memory in adult mice. Neurosci Lett.
1989;101:229-233.

17 Ammassari-Teule M, Fagioli S, Maritati M, Populin R, Pavone
F. Chronic administration of phosphatidylserine during ontogeny
enhances subject-environment interaction and radial maze
performance in C57BL/6 mice. Physiol Behav. 1990;47:755—
760.

18 Zanotti A, Aporti F, Toffano G, Valzelli L. Effects of phosphati-
dylserine on avoidance relearning in rats (preliminary observa-
tions). Pharmacol Res Commun. 1984;16:485-493.

19 Ukai M, Miura M, Kameyama T. Effects of galanin on passive
avoidance response, elevated plus-maze learning, and spontane-
ous alternation performance in mice. Peptide. 1995;16:1283—
1286.

20 Nishiyama N, Zhou Y, Takashina K, Saito H. Effects of DX-



314

21

22

23

24

25

26

27

A Kataoka-Kato et al

9386, a traditional Chinese preparation, on passive and active
avoidance performances in mice. Biol Pharm Bull. 1994;17:
1472-1476.

Nomura M. Effects of aspartame on schedule controlled
behavior in rats. Res Commun Psychol Psychiat Behav.
1984;9:373-384.

Maggioni M, Picotti GB, Bondiolotti GP, Panerai A, Cenacchi
T, Nobile P, et al. Effects of phosphatidylserine therapy in
geriatric patients with depressive disorders. Acta Psychiatr
Scand. 1990;81:265-270.

Tsakiris S, Deliconstantinos G. Influence of phophatidylserine
on (Na"+K")-stimulated ATPase and acetylcholinesterase
activities of dog synaptosomal plasma membranes. Biochem J.
1984;220:301-307.

Popoli M, Venegoni A, Buffa L, Racagni G. Ca2+/phospho-
lipid-binding and syntaxin-binding of native synaptotagmin I.
Life Sci. 1997;61:711-721.

Miyazaki M, Shirataki H, Kohno H, Kaibuchi K, Tsugita A,
Takai Y. Identification as f-adducin of a protein interacting with
rabphilin-3A in the presence of Ca*" and phosphatidylserine.
Biochem Biophys Res Commun. 1994;205:460-466.

Kojima T, Fukuda M, Aruga J, Mikoshiba K. Calucium-
dependent phospholipid binding to the C2A domain of
ubiquitous form of double C2 protein (Doc2b). J Biochem.
1996;120:671-676.

Inui M, Watanabe T, Sobue K. Annexin VI binds to a synaptic
protein, synapsin I. J Neurochem. 1994;63:1917-1923.

28

29

30

31

32

33

34

35

Yamatoya H, Sakai M, Kudo S. The effect of soybean trans-
phosphatidylated phosphatidylserine on cholinergic synaptic
functions of mice. Jpn J Pharmacol. 2000;84:93-96.

Yamamoto Y, Hori K, Tanaka J, Iwano H, Nomura M. Septo-
hippocampal cholinergic system under the discrimination
learning task in rat: a microdialysis study with the dual-probe
approach. Brain Res. 1995;684:1-7.

Orsetti M, Casamenti F, Pepeu G. Enhanced acetylcholine
release in the hippocampus and cortex during acquisition of an
operant behavior. Brain Res. 1996;724:89-96.

Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, Zhuo
M, et al. Genetic enhancement of learning and memory in mice.
Nature. 1999;401:63-69.

Routtenberg A, Cantallops I, Zaffuto S, Serrano P, Namgung U.
Enhanced learning after genetic overexpression of a brain
growth protein. Proc Natl Acad Sci USA. 2000;97:7657-7662.
Cohen SA, Miiller WE. Age-related alternations of NMDA-
receptor properties in the mouse forebrain: partial restoration by
chronic phosphatidylserine treatment. Brain Res. 1992;584:174—
180.

Gianotti C, Porta A, De Graan PN, Oestreicher AB, Nunzi MG.
B-50/GAP-43 phosphorylation in hippocampal slices from aged
rats: effects of phosphatidylserine administration. Neurobiol
Aging. 1993;14:401-406.

Bliss TV, Collingridge GL. A synaptic model of memory: long-
term potentiation in the hippocampus. Nature. 1993;361:31-39.



