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K. TOIDE, M. SHINODA, T. FUIIWARA AND Y. IWAMOTO. Effect of a novel prolyl endopeptidase inhibitor, JTP-
4819, on spatial memory and central cholinergic function in aged rats. PHARMACOL BIOCHEM BEHAV 56(3), 427-434,
1997.—The effects of a novel prolyl endopeptidase inhibitor (PEP), (S)-2-[[(S)-2-(hydroxyacetyl)-1-pyrrolidinyljcarbonyl]-
N-(phenylmethyl)-1-pyrrolidinecarboxamide (JTP-4819), on performance of the Morris water maze task and on central
cholinergic function were investigated in aged rats. Spatial memory (escape latency, path length, and swimming speed to
the platform) was impaired in aged rats performing the Morris water maze task when compared to young rats. Administration
of JTP-4819 (1 mg/kg, p.o.) for 14 days improved this memory deficit in aged rats, as shown by the decrease in escape
latency and path length. In addition, when JTP-4819 (at doses of 1 and 3 mg/kg, p.o.) was administered for 3 wk, it reversed
the age-related increase of ChAT activity in the cerebral cortex and the decrease of *H-choline uptake in the hippocampus.
These data suggest that JTP-4819 ameliorates age-related impairment of spatial memory and partly reverses central cholinergic
dysfunction, possibly due to the enhancement of neuropeptide function by inhibition of PEP mediated degradation of

substance P, arginine-vasopressin, and thyrotropin-releasing hormone.
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CURRENTLY, new drugs are required that can improve
memory and learning or delay the neurodegenerative process
in conditions such as Alzheimer’s disease (AD). The most
marked and consistent neurochemical abnormality found in
AD is the degeneration of basal forebrain cholinergic neurons
innervating the cerebral cortex and hippocampus (2,4,21,
29,49). Accordingly, elucidation of the role played by damage
to the forebrain cholinergic system has been a central part of
attempts to understand the cognitive deficits associated with
this disease and the treatment of AD has been primarily based
on the use of cholinergic agents (32).

Recently, several studies have been published on the abnor-
malities of neuropeptides and their related proteases in AD,
providing evidence that some neuropeptide-containing neu-
ron populations are pathologically altered in this disorder
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(1,3,6,12,14,31). Many biologically active peptides contain pro-
line within their amino acid sequence (46,48). An enzyme that
hydrolyses peptide bonds at the carboxyl terminus of L-proline
residues was first found as an inactivator of oxytocin in the
human uterus (47), and this enzyme was subsequently purified
and named prolyl endopeptidase (PEP) (48). PEP has since
been isolated from various tissues in mammals (16,38,51,54,
55). Because of its high specificity for proline residues (20,47,
48,54), PEP has been proposed to play arole in the metabolism
of proline-containing neuropeptides such as substance P (SP),
arginine-vasopressin (AVP), thyrotropin-releasing hormone
(TRH), neurotensin, angiotensin II, oxytocin, and bradykinin
(10,18,50,51,53). It has also been shown that AVP, SP, and
TRH are capable of improving the performance of animals
in learning and memory tasks (5,11,13,33,37). However, there
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FIG. 1. Chemical structure of JTP-4819.

have been contradictory reports concerning PEP activity in the
brains of AD patients (1,7,14,39), and it still remains unclear
whether the activity of this enzyme is reduced or increased
in AD.

On the basis of the above findings, we have attempted to
develop a PEP inhibitor for the treatment of AD. Among the
various compounds tested, we found a novel PEP inhibitor, (S)-
2-[[(S)-2-(hydroxyacetyl)-1-pyrrolidinyl]carbonyl]-N-(phenyl-
methyl)-1-pyrrolidinecarboxamide (JTP-4819, Fig. 1) (19).
JTP-4819 shows strong and highly specific inhibition of PEP,
thus inhibiting the degradation of proline-containing neuro-
peptides such as AVP, SP, and TRH, reversing scopolamine
induced amnesia in the passive avoidance test (42), ameliorat-
ing memory deficits in rats with middle cerebral artery occlu-
sion in Morris water maze (34), and increasing the cortical and
hippocampal levels of SP- and TRH-like immunoreactivity in
aged rats (35,44). In the present study, we evaluated the effects
of JTP-4819 on spatial memory (Morris water maze task) and
on central cholinergic function in aged rats.

METHODS
Animals

The animals used were male Fisher (F344) rats (3 months
old: 250-310 g; 24 mo old: 360-550 g), housed at a tempera-
ture of 23 = 1°C and a relative humidity of 55 * 5% under
a 12-h light-dark cycle.

1. Morris Water Maze

Drug administration. JTP-4819 dissolved in distilled water
(0.1 ml per 100 g body) or distilled water of the same volume
were administered once daily through a stainless steel stomach
tube. Administration was done for 20 days at 60 min before
each test session.

Apparatus. The Morris water maze task (28) was used
with the modifications described below. The water maze con-
sisted of a circular pool (diameter: 144 cm, height: 45 cm) with
a featureless blue inner surface. The pool was filled to a depth
of 25 cm with 23°C (£1°C) water. The hidden platform was
a clear Plexiglass stand (diameter: 10 cm) submerged 2 cm
below the water surface so that it was invisible at water level.
A video Image Motion Analyzer (Neuroscience AXIS 30,
Tokyo) was used to measure the escape latency and swimming
path length to the platform.

Habituation. At the beginning of the experiment, the rats
were allowed to swim freely for 1 min to become habituated
to the apparatus.

Training and testing. From the day after habituation, each
animal underwent one acquisition trial per day. The platform
position and the start point, which was on the opposite side
to the platform at an angle of 160°, were kept constant during
the acquisition trials. The animals were given 120 sec to find
the platform during each acquisition trial, and were allowed
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to rest on the platform for 30 sec after they found it. The
trial was terminated after 120 sec if the rat failed to find the
platform, and the animal was placed on the platform for 30
sec by the experimenter. The latency was recorded as 120 sec
when a rat failed the trial.

Testing of the rats and observation were done in the same
way as during training. Namely, the path length (the distance
traveled by the rats), escape latency (the time to find the
platform), and velocity (the swimming rate of the rat) were
recorded during each trial using the monitoring system.

2. Determination of ChAT Activity, 3H-choline Uptake
and ACh and Choline Levels

The day after completing the behavioral studies, we exam-
ined the effects of JTP-4819 on cortical and hippocampal cho-
linergic function in the young and aged rats which had been
used in the Morris water maze task.

2-1. ChAT Activity

One hour after the completion of JTP-4819 administration
for 21 days, rats were decapitated and their brains were quickly
removed and the cerebral cortex and hippocampus were dis-
sected from the fresh brains (9). The left cerebral cortex and
hippocampus of 4 and 8 rats per each group were frozen and
stored at —80°C until the determination of ChAT activity.
The ChAT assay was described as follows (17). Namely, an
enzyme solution for the measurement of ChAT activity was
prepared from frozen brain tissue by homogenization in 3 vol-
umes of 25 mM phosphate buffer containing 0.5% triton (pH
7.4) per g wet weight, followed by centrifugation at 20,000 g
for 60 min at 4°C. Then the supernatant obtained by dilution
in 15 volumes of 25 mM phosphate buffer (pH 7.4) was used
as the enzyme solution. The reaction was initiated by adding
100 pl of substrate solution containing 10 mM choline chloride,
0.4 mM acetyl-CoA, 0.2 mM physostigmine sulfate, 0.3 mM
sodium chloride, and 20 mM EDTA-Nain 0.1 M sodium phos-
phate buffer (pH 7.4) to 100 pl of enzyme solution in 25 mM
sodium phosphate buffer (pH 7.4) at 37°C for 20 min, and the
reaction was stopped by adding 50 pl of 1 M perchloric acid
and placing the mixture in an ice-bath. After 10 min, 10 pl of
0.1 mM isopropylhomocholine (the internal standard) was
added and the reaction mixture was centrifuged at 1,600 g for
10 min at 4°C. After the supernatant was filtered through a
0.45 pm millipore filter, a 10 pl aliquot was injected into a high-
performance liquid chromatography with an electrochemical
detector (HPLC/ECD). Measurements were performed at an
applied potential of 450 mV and a flow rate of 1.0 ml/min,
using a platinum electrode 3.0 mm in diameter. The mobile
phase was 0.1 M phosphate buffer (pH 8.5) containing 0.6
mM tetramethylammonium and 1.23 mM sodium 1-decanesul-
fonate, which was degassed by passage through a 0.45 wm
millipore filter before use. The protein content of samples was
determined by the method of Lowry (22).

2-2. High Affinity Choline Uptake (HACU)

The right cerebral cortex and hippocampus of 4 rats per
each group were rinsed in ice-cold 0.32 M sucrose before the
HACU assay (52). Synaptosomes were prepared by homoge-
nizing tissue samples in 3 ml of cold 0.32 M sucrose buffered
with 5 mM Tris-HC1 (pH 7.4). The homogenate was centri-
fuged at 1,000 g for 10 min to remove cellular debris, after
which the resulting pellet was washed once with buffered
sucrose and recentrifuged. The supernatants were combined
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FIG. 2. Effect of JTP-4819 on the spatial memory deficit of aged rats in the Morris water maze. Ordinate: escape latency (left panel), path
length (middle panel) and velocity (right panel) to find the hidden platform are shown. Abscissa: each session indicated occurred at 60 min

after JTP-4819 administration. Each point represents the mean *= S.E. o

f the number of animals indicated in parentheses. *p < 0.05 versus

young control rats. Star = p < 0.05 versus aged control rats (one-factor ANOVA followed by Duncan’s multiple comparison test).

and centrifuged at 12,000 g for 20 min to yield a crude synapto-
somal pellet. This was resuspended in 3 ml of HEPES-buffered
Krebs-Ringer solution (in mM: NaCl, 124; KCl, 5; CaCl,, 1.5;
MgCl, 1.3; HEPES-NaOH (pH 7.4), 20; and glucose, 10) con-
taining 0.5 wM choline chloride. Aliquots of each sample (0.1
ml) were mixed with Krebs-Ringer solution (0.8 ml) and were
equilibrated at 37°C. Then 0.1 ml of [*H]-choline (6 n.Ci/ml)
was added and incubation was continued for an additional 20
min. Choline uptake was terminated by centrifuging the sam-
ple rapidly in the cold and washing it twice with cold Krebs-
Ringer solution to remove excess radioactivity. The protein
content of samples was determined by the method of
Lowry (22).

2-3. Determination of ACh and Choline Levels in the
Cerebral Cortex and Hippocampus

The assay of ACh and choline was performed by the
method described previously (40) with some modifications.
After 5 rats per each group were killed by microwave irradia-

tion (9.7 KW, 1.5 s), their brains were removed and dissected
to remove the cerebral cortex and hippocampus. The left cor-
tex and hippocampus were separately homogenized in 10 vol-
umes of 0.1 M perchloric acid containing 10~ M ethylhomo-
choline as the internal standard. After cooling on ice for 30
min, the samples were centrifuged at 10,000 g for 15 min at
4°C, after which ACh and choline were extracted from the
supernatant as follows. The supernatant was adjusted to pH
3.5-4.0 with 0.2 M KHCQO;, let stand for 30 min, and then
subjected to centrifugal filtration through a 0.45 pm millipore
filter. Then 10 p1 of the filtrate was injected into an HPLC/
ECD apparatus. The mobile phase and HPLC/ECD condi-
tions were the same as for the ChAT assay.

Chemicals

JTP-4819 (mol.wt. 359.43) was synthesized at our Research
Institute. JTP-4819 is colorless needles with melting point 139°C
and specific rotation [a]p, = —125° (¢ 1.01, methanol). The
compound is fairly soluble in methanol, soluble in ethanol,
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methylene chloride and distilled water, slightly soluble in tetra-
hydrofuran, and extremely insoluble in ether. The following
agents were obtained commercially: ['H]-choline (NEN), acetyl-
CoA (Sigma), choline chloride (Sigma), scopolamine hydrobro-
mide (Sigma), and physostigmine sulfate (Sigma). For all aque-
ous solutions, the water used was purified by a Milli-Q system
(Milli-RX 12: RO membrane, ELIX module; Milli-Q SP UF;
Q-Pak cartridge, ultrafiltration membrane, 0.22 mM Milli-Pak
filter, Millipore, USA).

Statistical Analysis

Significant differences in Morris water maze task perfor-
mance were assessed in two ways. First, two-factor (group X
trial) analysis of variance (ANOVA), with repeated measure
over trial, was used. Second, one-factor ANOVA followed by
Duncan’s multiple comparison test was used on the data of
each trial. For analysis of the differences in neurochemical
data between young and aged rats, Student’s t-test was used,
while changes in the aged rats due to JTP-4819 administration
were assessed by one-factor ANOVA followed by Duncan’s
multiple comparison test.

RESULTS

1. Effect of JTP-4819 on Spatial Memory in the
Morris Water Maze Task

Vehicle-treated aged rats significantly showed longer both
path length and escape latency [F(5, 92) = 30.385, p = 0.001],
and shorter swim speed [F(5, 92) = 10.228, p = 0.001] when
compared with vehicle-treated young rats (Fig. 2). These defi-
cits tended to be improved by oral JTP-4819 at a dose of 0.3
mg/kg, although the differences in path length and escape la-
tency between the rats with and without JTP-4819 administra-
tion did not always reach statistical significance. At a dose of
1.0 mg/kg orally, JTP-4819 significantly shortened both path
length and escape latency from day 14 of administration on-
wards. However, the improvement was less marked when the
dose was increased to 3 mg/kg, indicating that the dose-response
curve was bell-shaped with the maximum effect at 1 mg/kg.
JTP-4819 only showed significant but not consecutive increases
at a dose of 1.0 mg/kg, p.o. on day 10 and at doses of 0.3 and
1.0 mg/kg, p.o. on day 15, respectively (Fig. 2).

2. Effect of JTP-4819 on ChAT Activity in the
Cerebral Cortex and Hippocampus

Both cortical and hippocampal ChAT activity were signifi-
cantly increased in vehicle-treated aged rats compared with
young rats. Oral administration of JTP-4819 at doses of 1
and 3 mg/kg for 21 days significantly reversed the age-related
increase of ChAT activity in the cerebral cortex, although it
had almost no effect on ChAT activity in the hippocampus
(Fig. 3).

3. Effect of JTP-4819 on Cortical and Hippocampal
High-Affinity SH-Choline Uptake

Cortical *H-choline uptake was significantly increased in
vehicle-treated aged rats compared with young rats, while
hippocampal uptake was decreased. Oral administration of
JTP-4819 (1 and 3 mg/kg, p.o.) for 21 days significantly re-
versed the age related decrease of hippocampal *H-choline
uptake, although it had almost no effect on cortical uptake
(Fig. 4).
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FIG. 3. Effect of repeated administration of JTP-4819 on the cortical
and hippocampal ChAT activity in aged rats. ChAT activity was esti-
mated after 21 days of JTP-4819 administration and rats were killed
60 min after the final drug dose. Columns and bars represent the
mean * S.E. from four and eightrats. **p < 0.01 versus young control
rats (Student’s t-test). #p < 0.05 versus aged control rats (one-factor
ANOVA followed by Duncan’s multiple comparison test).

4. Effect of JTP-4819 on ACh and Choline Levels in the
Cerebral Cortex and Hippocampus

The cortical and hippocampal ACh levels were similar in
vehicle-treated aged rats and young rats. Oral administration
of JTP-4819 (0.3-3.0 mg/kg, p.o.) for 21 days did not signifi-
cantly alter cortical or hippocampal ACh and choline levels
in aged rats (Fig. 5).

DISCUSSION

In the present study, we investigated whether inhibition of
PEP by JTP-4819 could ameliorate spatial memory deficits in



EFFECT OF JTP-4819 ON SPATIAL MEMORY

£
s «» Cerebral cortex
=
(<))
£ 30
£ 3 *
£ (4) @
& 9 e =
S 2| & 7
g //
Y
s
-oa 10 + /
3
g /
S Y
(&) Vehicle Vehicle 0.3 1.0 3.0
p = JTP-4819 (mg/kg, p.o.)
« Young Aged rats
rats

_ Hippocampus
-5 #
° #4 ‘

80 |
g @ @ @

@ 777 T

: )

60 |
= 7 /
N
E a0} /
3 / / /
£
[]
2 20} / / /
3
2 §¢¢% ‘/// 544%
3 N
5 Vehicle Vehicle _ 0.3 1.0 3.0
+ JTP-4819 (mg/kg, p.o.)
L Young Aged rats

rats

FIG. 4. Effect of repeated administration of JTP-4819 on the cortical
and hippocampal *H-choline uptake in aged rats. Choline uptake was
estimated after 21 days of JTP-4819 administration and rats were
killed 60 min after the final drug dose. Columns and bars represent
the mean = S.E. from four rats. *p < 0.05 and **p < 0.01 versus
young control rats (Student’s r-test). #p < 0.05 and ##p 0.01 versus
aged control rats (one-factor ANOVA followed by Duncan’s multiple
comparison test).

aged rats performing a memory-related behavior task (Morris
water maze), as well as the effects of JTP-4819 on central
cholinergic function in aged rats performing this task.
Compared to young rats, vehicle-treated aged rats showed
clear impairment of path length, escape latency, and swimming
speed in the Morris water maze task with a hidden platform,
suggesting that these age-related changes were possibly due
to spatial memory deficits. JTP-4819 (1.0 mg/kg, p.o.) reversed
the age-related decrease of both path length and escape la-
tency from day 14 of administration onwards, suggesting the
amelioration of spatial memory. The swimming speed showed
no significant amelioration in JTP-4819-treated rats, indicating
that the amelioration of the water maze performance deficits
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FIG. 5. Effect of repeated administration of JTP-4819 on the ACh
and choline contents of the cerebral cortex and hippocampus in aged
rats. ACh and choline contents were estimated after 21 days of JTP-
4819 administration and rats were killed 60 min after the final drug
dose. Data represent the mean * S.E. for groups of five rats. Black
columns: ACh, Striped columns: choline.

by JTP-4819 was unlikely to be mediated via an effect on
sensorimotor function. However, it has been reported that
learning in rats released from the same point may involve the
acquisition of a habitual response mediated via the caudate
nucleus, as opposed to the formation of a true spatial represen-
tation in the hippocampus (26,36). Therefore, further experi-
ments involving the release of rats from different starting
points need to carried out using the Morris water maze to
confirm our findings. It is also necessary to carry out experi-
ments using both a visual platform version and a probe test in
order to eliminate the influence of age-induced sensorimotor
deficits and habitual responses.

JTP-4819 showed a bell-shaped dose-response curve in the
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Morris water maze task. In contrast, its inhibitory effect on
PEP and its effect on the brain levels of neuropeptides (SP,
AVP, and TRH) did not show such a bell-shaped dose-response
curve (41,42). Therefore, further studies are needed to clarify
the mechanism involved (e.g., to investigate the effects of
second messenger systems on postsynaptic neuropeptide func-
tion in memory related-behavior).

We have already demonstrated that administration of JTP-
4819 either before the acquisition or retention trial has an
anti-amnesic effect in scopolamine-treated rats performing the
passive avoidance task (42), suggesting that JTP-48 19 may
also possess the ability to enhance the acquisition and retrieval
processes of memory. More recently, we found that JTP-4819
could improve spatial memory in rats with middle cerebral
artery occlusion performing the Morris water maze task (34)
and dorsal hippocampal-lesioned rats performing the radial
arm maze task (27). These observations suggest that JTP-4819
has potent and wide-ranging effects on performance deficits in
various experimental models of memory-related performance.

After the behavioral study, we examined the effects of
JTP-4819 on central cholinergic function. ChAT activity was
increased in the cerebral cortex and hippocampus of vehicle-
treated aged rats compared with vehicle-treated young rats,
while *H-choline uptake was increased in the cortex and de-
creased in the hippocampus of the aged rats. In addition to the
previously reported decrease in the cortical and hippocampal
levels of SP and TRH (35,44), these cholinergic changes found
in aged rats suggest that the age-related deficit of spatial mem-
ory was at least partly based on both cholinergic (2,30) and
peptidergic disturbances. Our findings regarding cortical and
hippocampal ChAT activity, *H-choline uptake, and the brain
ACh content in aged rats are partly in agreement with those
of previous investigations, with the discrepancies probably
being due to differences in the species and age of the animals
used (23,24,30,52). Repeated administration of JTP-4819 for
21 days normalized ChAT activity in the cerebral cortex of
aged rats as well as *H-choline uptake by the hippocampus,
although a single dose had no effect (data not shown). The
question arises as to why JTP-4819 improved the cholinergic
imbalance in the brain after repeated administration. In con-
trast to these findings, our previous microdialysis study demon-
strated that a single dose of JTP-4819 enhanced ACh release
in the frontal cortex and hippocampus of both young and
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aged rats (42). Therefore, the primary effect of JTP-4819 on
cholinergic neurons may be the enhancement of ACh release
from nerve terminals, followed by normalization of *H-choline
uptake and ChAT activity in aged rats during repeated admin-
istration, suggesting that functional improvement may occur
through the activation of cholinergic neurotransmission by
continuous promotion of ACh release.

Regarding ACh release, our previous report and another
study have already demonstrated that TRH increases ACh
release in the cerebral cortex and hippocampus (8,45). In
addition, we recently found that ACh release was increased
in the frontal cortex and hippocampus by SP (43) and AVP
(unpublished data). At present, enhancement of ACh release
by JTP-4819 is thought to be probably due to the increase of
TRH, SP, and/or AVP in the brain secondary to PEP inhibi-
tion, although we have not assessed the effect of other proline-
containing neuropeptides such as neurotensin and angiotensin.
In addition, we have already demonstrated that administration
of JTP-48 19 reversed the age-related decrease of cortical and
hippocampal SP and TRH levels in rats, possibly due to an
inhibitory effect on PEP (35,44). Taken together, these find-
ings suggest that JTP-4819 initially inhibits PEP activity in the
brain, resulting in an increase of proline-containing neuropep-
tides like SP and TRH secondary to prevention of their degra-
dation (42), and consequently reverses central cholinergic dys-
function. These neuropeptides may also have several
neuroprotective actions (15,25,52), together with a positive
effect on memory and learning (5,11,13,33,37). Thus, the defi-
cit of spatial memory and the cholinergic dysfunction that
occur with senescence may have been reversed by the protec-
tive effect of these neuropeptides following repeated adminis-
tration of JTP-48109.

In conclusion, JTP-4819 ameliorated the deficits of water
maze performance shown by aged rats and reversed the age-
related changes of central cholinergic neurons, possibly due
to activation of peptidergic neurons via PEP inhibition. These
findings support the concept that JTP-4819 may be of some
value for treating deficits in cognitive function associated
with AD.
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